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A b st r a ct  
 

T h e i nfl a m m at or y r es p o ns e is a c o m pl e x bi ol o gi c al pr o c ess i niti at e d f oll o wi n g t h e 

r e c o g niti o n of n o xi o us sti m uli. It is c o m p os e d of a n el a b or at e c as c a d e of b ot h pr o- a n d 

a nti -i nfl a m m at or y m e di at ors, ess e nti al  f or eff e cti v e d ef e ns es a g ai nst i nf e cti o n, t h e 

r e m o v al of d a m a g e d c ells, a n d t h e i niti ati o n of tiss u e r e p air pr o c ess es. At t h e c or e of 

t h es e r es p o ns es is p h a g o c yt osis, a n e v ol uti o n aril y c o ns er v e d m e c h a nis m criti c al  t o 

i m m u n e d ef e ns e a n d t h e m ai nt e n a n c e of h o m eost asis. P h a g o c yt osis is i niti at e d t hr o u g h 

t h e r e c o g niti o n of l ar g e p arti cl es ( > 1µ M) b y r e c e pt ors o n t h e c ell s urf a c e, l e a di n g t o a cti n 

p ol y m eri z ati o n, p arti cl e i nt er n ali z ati o n, a n d a di v ers e arr a y of d o w nstr e a m r es p o ns es.  

N e utr o p hils ar e ess e nti al eff e ct or c ells t h at f or m t h e first li n e of d ef e ns e a g ai nst 

i n v a di n g p at h o g e ns. T h e m ai n o bj e cti v e of m y t h esis r es e ar c h w as t o c h ar a ct eri z e t h e 

f u n cti o n al r ol es of t el eost n e utr o p hils, w h er e v ari o us m e c h a nis ms  ar e i n v ol v e d i n t h e 

i n d u cti o n of pr o-i nfl a m m at or y r es p o ns es, t h e r e g u l ati o n of i nfl a m m ati o n, a n d n e utr o p hil -

dri v e n m e c h a nis ms of r es ol uti o n .  

Si mil ar t o m a m m ali a n p h a g o c yt es, I f o u n d t h at g ol dfis h a n d l a m pr e y p h a g o c yt es 

c o ntri b ut e  t o b ot h pr o-i nfl a m m at or y a n d pr o-r es ol vi n g r es p o ns es e x vi v o . H o w e v er, I 

f o u nd si g nifi c a nt diff er e n c es wit h r e g ar ds t o t h e l e v el of r es p o nsi v e n ess t o z y m os a n a n d 

a p o pt oti c c ells. I nt er esti n gl y, g ol dfis h p h a g o c yt es dis pl a y e d a r e d u c e d s e nsiti vit y t o 

a p o pt oti c c ells , i nst e a d dis pl a yi n g a gr e at er i n d u cti o n of a nti mi cr o bi al r es pir at or y b urst 

r es p o ns es d uri n g c o -sti m ul ati o n. M or e o v er, t el e ost p h a g o c yt es r e m ai ne d  as c e ntr al 

c o ntri b ut ors t o t h e r e s ol uti o n p h as e of i nfl a m m ati o n, e v e n t h o u g h t h e y s h o w c as e d a n 

i m pr o v e d a bilit y t o i n d u c e str o n g a nti mi cr o bi al i nfl a m m at or y r es p o ns es.  
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W h e n I b e g a n f o c usi n g o n n e utr o p hils, I f o u n d t h at t h e n u m b er of cir c ul ati n g 

n e utr o p hils i n t el e ost fis h w as f ar b el o w t h eir m a m m ali a n c o u nt er p arts. D es pit e t his, 

m a n y ot h er as p e cts of n e utr o p hil bi ol o g y a n d r e g ul ati o n r e m ai n e d  t h e s a m e. Wit hi n t h e 

h e m at o p oi eti c tis s u e, I f o u n d t h at t el e ost n e utr o p hils e xist i n  a l ar g e st or a g e p o ol , fr o m 

w hi c h t h e y r a pi dl y e xit , e nt er i nt o cir c ul ati o n, a n d i nfiltr at e t h e i nfl a m m at or y sit e w h e n 

c all e d  u p o n. It h as pr e vi o usl y b e e n s h o w n t h at b ot h m a m m ali a n  a n d t el e ost m a cr o p h a g es 

e x hi bit  e xt e nsi v e r ol es i n i nfl a m m at or y c o ntr ol. I nt er esti n gl y, I d e m o nstr at e d t h at 

n e utr o p hils alt er t h eir  p h e n ot y p e t hr o u g h o ut t h e a c ut e i nfl a m m at or y r es p o ns e,  a n d 

c o ntri b ut e t o b ot h t h e i n d u cti o n a n d t h e r es ol uti o n  of i nfl a m m ati o n. N e utr o p hils is ol at e d 

d uri n g  t h e pr o-i nfl a m m at or y p h as e dis pl a y e d el e v at e d R O S r es p o ns es a n d r el e as e d 

i nfl a m m ati o n-ass o ci at e d l e u k otri e n e B 4 . I n c o ntr ast, n e utr o p hils is ol at e d d uri n g  pr o -

r es ol uti o n dis pl a y e d l o w l e v els of  R O S a n d r el e as e d li p o xi n A4 . N ot a bl y, ei c os a n oi d 

r el e as e b y n e utr o p hils pl a y e d a r ol e, at l e ast i n p art, i n r e g ul ati n g di v er g e nt m a cr o p h a g e 

r es p o ns es, i n cl u di n g i n d u ci n g t h eir u pt a k e of a p o pt oti c c ells .  

T h es e o bs er v ati o ns w er e t h e n a p pli e d t o st u d y  t h e t el e ost i nfl a m m at or y r es p o ns e 

f oll o wi n g i nf e cti o n wit h t h e n at ur al fis h p at h o g e ns, A er o m o n as v er o nii  or 

M y c o b a ct eri u m f ort uit u m. B ot h b a ct eri a h a v e b e e n  ass o ci at e d wit h si g nifi c a nt o ut br e a ks 

i n a q u a c ult ur e,  oft e n  l e a di n g t o m ass di e offs. I f o u n d t h at si mil ar t o t h e z y m os a n m o d el, 

n e utr o p hils r a pi dl y mi gr at e d t o t h e sit e of i nf e cti o n. I n a d diti o n, b ot h p at h o g e ns 

sti m ul at e d t h e pr o d u cti o n of R O S i n t el e ost n e utr o p hils. H o w e v er, n e utr o p hils w er e o nl y 

c a p a bl e of si g n ifi c a ntl y killi n g A. v er o nii , u nli k e M. f ort uit u m , w hi c h r e q uir e d t h e t ot al 

p o p ul ati o n of l e u k o c yt es f or si g nifi c a nt eli mi n ati o n. H o w e v er, m ost i nt er esti n gl y, w as t h e 

c a p a cit y of n e utr o p hils t o i nt er n ali z e  d yi n g m a cr o p h a g es pr e vi o usl y i n c u b at e d wit h A. 
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v er o nii , d es pit e r e m ai ni n g u n a bl e t o i nt er n ali z e ot h er f or ms of a p o pt oti c c ells. N ot a bl y , 

f oll o wi n g t h e u pt a k e of d yi n g m a cr o p h a g es, n e utr o p hils r e m ai n e d vi a bl e a n d i n cr e as e d 

t h eir pr o d u cti o n of R O S, r e m ai ni n g pr o-i nfl a m m at or y i n n at ur e.  

O v er all, t h e e x a mi n ati o n of t h e t el e ost i nfl a m m at or y r es p o ns e m o u nt e d a g ai nst 

p at h o g e n mi mi cs a n d n at ur al b a ct eri al i nf e cti o ns  pr o vi d es a d diti o n al i nsi g hts i nt o t h e 

c o m pl e x m e c h a nis ms b y w hi c h n e utr o p hils o p er at e wit hi n a n i nfl a m m at or y sit e a n d 

c o ntri b ut e t o t h e i n d u cti o n a n d  r e g ul ati o n of a c ut e i nfl a m m at or y r es p o ns es. 
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P r ef a c e  
	

T his t h esis is a n ori gi n al w or k b y J effr e y J. H a vi x b e c k. T h e r es e ar c h pr oj e ct, of 

w hi c h t his t h esis is a p art, r e c ei v e d r es e ar c h et hi cs a p pr o v al fr o m t h e U ni v ersit y of 

Al b ert a R es e ar c h Et hi cs B o ar d as p art of a n N S E R C Dis c o v er y Gr a nt e ntitl e d 

" C o m p ar ati v e bi ol o g y of p h a g o c yti c a nti mi cr o bi al r es p o ns es " a w ar d e d t o Dr. D a ni el R. 

B arr e d a, h el d fr o m 2 0 0 8 -2 0 1 3 a n d 2 0 1 3 -2 0 1 8:  

 

1.  C o m p ar ati v e bi ol o g y of fis h p h a g o c yti c a nti mi cr o bi al r es p o ns es;  

Pr ot o c ol # 7 0 6.  

 

S o m e of t h e r es e ar c h c o n d u ct e d i n t his t h esis w as p art o f c oll a b or ati o ns wit h l o c al 

a n d i nt er n ati o n al gr o u ps, l e a di n g t o p u bli c ati o n. D et ails f or e a c h c h a pt er ar e o utli n e d 

b el o w:  

C h a pt er 1 : A p orti o n of t his c h a pt er h as b e e n pr e vi o usl y p u blis h e d i n: H a vi x b e c k 

JJ a n d B arr e d a D R ( 2 0 1 5) 	N e utr o p hil d e v el o p m e nt, mi gr ati o n, a n d f u n cti o n i n t el e ost 

fis h. Bi ol o g y  4( 4): 7 1 5 -7 3 4 . I c o ntri b ut e d t h e d esi g n of t h e r e vi e w, fi g ur e d esi g n, a n d 

m a n us cri pt c o m p ositi o n. D. R. B arr e d a w as t h e s u p er vis or y a ut h or, a n d assist e d i n 

m a n us cri pt  c o m p ositi o n a n d e diti n g.  

 

C h a pt er 3 : A v ersi o n of t his c h a pt er h as b e e n pr e vi o usl y p u blis h e d i n: H a vi x b e c k 

JJ , Ri e g er A M, W o n g M E, Wil ki e M, B arr e d a D R  ( 2 0 1 4) E v ol uti o n ar y c o ns er v ati o n of 

di v er g e nt pr o -i nfl a m m at or y a n d h o m e ost ati c r es p o ns es i n s e a l a m pr e y p h a g o c yt es. P L o S  

O N E  9( 1): e 8 6 2 5 5 . d oi: 1 0. 1 3 7 1/j o ur n al. p o n e. 0 0 8 6 2 5 5 . I w as r es p o nsi bl e f or t h e 
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e x p eri m e nt al d esi g n,  fi g ur e d esi g n, d at a c oll e cti o n a n d a n al ysis, a n d m a n us cri pt 

c o m p ositi o n. A M Ri e g er a n d M E W o n g assist e d wit h d at a c oll e cti o n a n d m a n us cri pt 

e diti n g. M Wil ki e  pr o vi d e d t h e s e a l a m pr e ys a n d c o ntri b ut e d t o m a n us cri pt e diti n g. D R  

B arr e d a w as t h e s u p er vis or y a ut h or, assist e d i n e x p eri m e nt al d esi g n , m a n us cri pt 

c o m p ositi o n , a n d e diti n g.  

 

C h a pt er 4 : A v ersi o n of t his c h a pt er h as b e e n pr e vi o usl y p u blis h e d i n: H a vi x b e c k 

JJ , Ri e g er A M, W o n g M E, H o d g ki ns o n J W, B arr e d a D R. ( 2 0 1 6) N e utr o p hil 

c o ntri b uti o ns t o t h e i n d u cti o n a n d r e g ul ati o n of t h e a c ut e i nfl a m m at or y r es p o ns e i n 

t el e ost fis h. J o ur n al of L e u k o c yt e Bi ol o g y 9 9( 2): 2 4 1 -5 2  (L e a di n g E d g e R es e ar c h Arti cl e ). 

I w as r es p o nsi bl e f or t h e e x p eri m e nt al d esi g n, fi g ur e d esi g n, d at a c oll e cti o n a n d a n al ysis, 

a n d m a n us cri pt c o m p ositi o n. A M Ri e g er  assist e d wit h d at a c oll e cti o n, fi g ur e d esi g n, a n d 

m a n us cri pt e diti n g. M E W o n g a n d  J W H o d g ki ns o n assist e d wit h d at a c oll e cti o n a n d 

m a n us cri pt e diti n g. D R  B arr e d a w as t h e s u p er vis or y a ut h or a nd assist e d wit h m a n us cri pt 

c o m p ositi o n  a n d e diti n g .  

 

C h a pt er 5 : A v ersi o n of t his c h a pt er h as b e e n pr e vi o usl y p u blis h e d i n : H a vi x b e c k 

JJ, Ri e g er A M, C h ur c hill LJ, B arr e d a D R. ( 2 0 1 7) N e utr o p hils e x ert pr ot e cti o n i n e arl y 

A er o m o n as v er o nii  i nf e cti o ns t hr o u g h t h e cl e ar a n c e of b ot h b a ct eri a a n d d yi n g 

m a cr o p h a g es . Fis h a n d S h ellfis h I m m u n ol o g y d oi: 1 0. 1 0 1 6/j.fsi. 2 0 1 7. 0 2. 0 0 1  ( E p u b a h e a d 

of pri nt) . I w as r es p o nsi bl e f or t h e e x p eri m e nt al d esi g n, fi g ur e d esi g n, d at a c oll e cti o n a n d 

a n al ysis, a n d m a n us cri pt c o m p ositi o n. A M Ri e g er w as i n v ol v e d i n fi g ur e d esi g n, d at a 

c oll e cti o n a n d a n al ysis, a n d m a n us cri pt c o m p ositi o n a n d e diti n g.  LJ C h ur c hill assist e d 
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wit h d at a  c oll e cti o n . D R  B arr e d a w as t h e s u p er vis or y a ut h or a n d assist e d wit h m a n us cri pt 

c o m p ositi o n  a n d e diti n g . 

 

C h a pt er 7 : A p orti o n of t his c h a pt er h as  b e e n pr e vi o usl y p u blis h e d i n: H a vi x b e c k 

JJ a n d B arr e d a D R ( 2 0 1 5) 	N e utr o p hil d e v el o p m e nt, mi gr ati o n, a n d f u n cti o n i n t el e ost 

fis h. Bi ol o g y  4( 4): 7 1 5 -7 3 4 . I c o ntri b ut e d t h e d esi g n of t h e r e vi e w, fi g ur e d esi g n, a n d 

m a n us cri pt c o m p ositi o n. D. R. B arr e d a w as t h e s u p er vis or y a ut h or, a n d assist e d i n 

m a n us cri pt  c o m p ositi o n a n d e diti n g.  

 

 A p p e n di x I : A v ersi o n of t his c h a pt er h as b e e n pr e vi o usl y p u blis h e d i n : 

H a vi x b e c k  JJ, W o n g M E, M or e B a y o n a J A, B arr e d a D R. ( 2 0 1 5) M ulti -p ar a m etri c 

a n al ysis of p h a g o c yt e a nti mi cr o bi al r es p o ns es usi n g i m a gi n g fl o w c yt o m etr y.  J o ur n al of 

I m m u n ol o gi c al M et h o ds 4 2 3: 8 5 -9 2 . I w as r es p o nsi bl e f or t h e e x p eri m e nt al d esi g n, fi g ur e 

d esi g n,  d at a c oll e cti o n a n d a n al ysis, a n d m a n us cri pt c o m p ositi o n . M E W o n g a n d J A 

M or e B a y o n a assist e d wit h d at a c oll e cti o n.  D R  B arr e d a w as t h e s u p er vis or y a ut h or a n d 

assist e d wit h m a n us cri pt c o m p ositi o n  a n d e diti n g . 
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A c k n o wl e d g e m e nts  
 

T his j o ur n e y h as n ot b e e n wit h o ut its s h ar e of hi g hs a n d l o ws. O v er c o mi n g t h e 

diffi c ult ti m es all o w e d m e t o tr ul y a p pr e ci at e t h e si g nifi c a n c e of m y ti m e h e r e, all w hil e 

e m br a ci n g t h e m a n y hi g h p oi nts al o n g t h e r o a d. T his h as b e e n a r e w ar di n g e x p eri e n c e 

t h at w o ul d n ot h a v e b e e n p ossi bl e wit h o ut t h e s u p p ort of m a n y i n di vi d u als. I c a n n ot 

t h a n k y o u e n o u g h f or e v er yt hi n g y o u h a v e d o n e f or m e o v er t h e p ast 5 y e ars, a n d wit h o ut 

y o u, I w o ul d n ot b e w h er e a n d w h o I a m t o d a y.  

First of, I w o ul d li k e t o t h a n k m y s u p er vis or Dr. D a n B arr e d a . Alt h o u g h w e m a y 

h a v e o ur diff er e n c es, y o u pr o vi d e d m e wit h o p p ort u niti es a n d a d vi c e  t hr o u g h o ut m y ti m e 

i n y o ur l a b, all o wi n g m e t o gr o w as b ot h a p ers o n a n d a s ci e ntist. W e n e v er h a d a 

s h ort a g e of n e w t e c h n ol o g y t o pl a y wit h, h el pi n g m e p urs u e s o m e of m y cr a zi est 

e x p eri m e nt al i d e as. O n t h at n ot e, t h a n k y o u f or f u n di n g t h os e s a m e i d e as e v e n w h e n y o u 

m a y n ot h a v e a gr e e d wit h t h e a p pr o a c h . It h as b e e n a m e m or a bl e 5 y e ars w or ki n g wit h 

y o u a n d i n y o ur l a b.  

T o m y P h. D. c o m mitt e e m e m b ers, Dr. C hristi n e S z y m a ns ki  a n d  Dr. Mi k e 

( Mi o dr a g) B el os e vi c, y o ur g ui d a n c e, c o m m e nts, a n d s u g g esti o ns w er e i nstr u m e nt al i n 

s h a pi n g m y r es e ar c h t hr o u g h o ut t h e y e ars. T o C hristi n e, I will n e v er f or g et y o ur 

e x cit e m e nt o v er m y r es e ar c h pr oj e ct i n m y first c o m mitt e e m e eti n g; it i nst a ntl y p ut a n y 

n er v es a b o ut m y first c o m mitt e e m e eti n g at e as e. T o Mi k e, y o u w er e al w a ys a s h ort w al k 

a cr oss t h e h all a n d willi n g t o c h at a b o ut a n y as p e ct of s ci e n c e. It m a y n ot h a v e s e e m e d 

li k e it at t h e ti m e, b ut I d o u n d erst a n d a n d gr e atl y a p pr e ci at e w h y y o u al w a ys c h all e n g e d 

a n d p us h e d m e t o b e c o m e a b ett er s ci e ntist. I w o ul d als o li k e t o t h a n k m y c a n di d a c y : D r. 

E d a n F ol e y, Dr. K at h y M a g or, a n d  Dr. K eit h Ti er n e y , as w ell as m y d ef e ns e e x a mi n ers: 
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Dr. Gr e g G oss, a n d Dr. D er e k M c K a y  f or y o ur c h all e n gi n g q u esti o ns a n d sti m ul ati n g 

dis c ussi o ns.  

I’ d li k e t o t h a n k m y l a b m at es a n d fri e n ds; y o u ar e w h at m a d e t h e e ntir e 

e x p eri e n c e o n e of a ki n d . It w o ul d n ot h a v e b e e n t h e s a m e wit h o ut y o u. A s p e ci al t h a n ks 

t o Dr. Aj a Ri e g er, Mi k e W o n g, J u a n M or e B a y o n a, C aitli n T h o m s o n, M oir a Ki e m el e, 

J effr e y K o n o w al c h u k, D usti n Lilli c o, a n d J or d a n H o d g ki ns o n - it h as b e e n a bl ast. 

I h a v e als o h a d t h e o p p ort u nit y t o c oll a b or at e wit h a s e v er al s ci e ntists t hr o u g h o ut 

t h e c o urs e of m y d e gr e e- Dr. B e atri z A b ós, Dr. C ar oli n a T af all a (I NI A, M a dri d , S p ai n) 

a n d Dr. Mi k e B el os e vi c ( U of A) a n d his l a b m e m b ers (J or d a n H o d g ki ns o n, Dr. B ar b ar a 

K at z e n b a c k, Dr. L e o n Gr a yf er). I a m tr ul y t h a n kf ul f or h a vi n g h a d t h e o p p ort u nit y t o 

w or k wit h y o u; y o u h a v e br o a d e n e d m y r es e ar c h a n d u n d erst a n di n g i n ot h er ar e as of 

r es e ar c h.   

T o m y f a mil y, m ost i m p ort a ntl y m y p ar e nts - J o h n a n d S h ar o n H a vi x b e c k. Y o u 

will al w a ys b e t h e t w o I l o o k u p t o m ost i n lif e, y o ur u n e n di n g s u p p ort a n d 

e n c o ur a g e m e nt, es p e ci all y d uri n g t h e diffi c ult ti m es h el p e d m e p ers e v er e a n d r e m ai n 

l e v el-h e a d e d  t hr o u g h o ut m y d e gr e e. 

I w o ul d als o li k e t o t h a n k t h e fi n a n ci al s u p p ort I r e c ei v e d fr o m t h e N at ur al 

S ci e n c es a n d E n gi n e eri n g R es e ar c h C o u n cil of C a n a d a ( N S E R C; C G S -M a n d V a ni er 

S c h ol ars hi p), t h e D e p art m e nt of Bi ol o gi c al S ci e n c es ( T e a c hi n g assist a nts hi p a n d Q u e e n 

Eli z a b et h II S c h ol ars hi p), a n d t h e F a c ult y of Gr a d u at e St u di es ( W alt er H J o h ns G ra d u at e 

S c h ol ars hi p a n d Pr esi d e nts D o ct or al Pri z e of Disti n cti o n).  
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C h a pt e r 1.  I n t r o d u cti o n a n d lit e r at u r e r e vi e w1  
 
1. 1   I nt r o d u cti o n  

Dri v e n b y t h e c o nti n u o us i nt er a cti o ns of h osts a n d mi cr o b es, t h e i m m u n e s yst e m 

h as e v ol v e d o v er m a n y mill e n ni a t o c o nf er eff e cti v e pr ot e cti o n a g ai nst i nf e cti o n. At t h e 

h e art of t h e i m m u n e s yst e m  li es t h e p h a g o c yt e, a n d si n c e Eli e M et c h ni koff’s s e mi n al 

dis c o v er y of p h a g o c yt osis o v er 1 3 4  y e ars a g o , p h a g o c yt es h a v e b e c o m e wi d el y e m br a c e d 

as pi v ot al pl a y ers i n h ost d ef e ns e. P h a g o c yt es ar e ess e nti al t o b ot h d e v el o p m e nt a n d 

d ef e ns e - p arti ci p ati n g  i n e m br y o g e n esis, or g a n o g e n esis, tiss u e m ai nt e n a n c e a n d 

h o m e ost asis,  n utriti o n,  t h e r e c o g niti o n a n d cl e ar a n c e of p at h o g e ns, t h e i niti ati o n, 

r e g ul ati o n, a n d r es ol uti o n of i nfl a m m ati o n, a n d t h e a cti v ati o n of c ells t hr o u g h t h e 

pr o d u cti o n a n d s e cr eti o n of h u m o ur al f a ct ors a n d t h e pr es e nt ati o n of a nti g e ns.  

T h e m ultif a c et e d i m m u n e s yst e m r e q uir es c o m pl e x cr oss -r e g ul at or y p at h w a ys 

c o nsisti n g of di v er g e nt pr o - a n d a nti - i nfl a m m at or y r es p o ns es. At t h e c or e of t h es e 

r es p o ns es, p h a g o c yt osis c o nti n u es t o e x hi bit  i n cr easi n g r ol es as b ot h a n i n d u c er a n d 

r e g ul at or of h ost i m m u nit y. T h es e r es p o ns es ar e  i nt e gr al t o t h e cl e ar a n c e of p at h o g e ns, 

t h e r es ol uti o n of i nfl a m m ati o n, a n d t h e h e ali n g of w o u n ds. I n m a m m ali a n i m m u n ol o g y, it 

is e xt e nsi v el y k n o w n t h at p h a g o c yt es ar e c a p a bl e of i nt er n ali zi n g b ot h p at h o g e ni c a n d 

h o m e ost ati c sti m uli, l e a di n g t o di v er g e nt r es p o ns es. F oll o wi n g t h e i nt er n ali z ati o n of 

p at h o g e ns, p h a g o c yt es ar e c a p a bl e of pr o d u ci n g a v ast arr a y of pr o -i nfl a m m at or y 

																																																								
1 	A	 p orti o n of t his c h a pt er h as  b e e n pr e vi o usl y p u blis h e d i n:  

H a vi x b e c k JJ a n d B arr e d a D R ( 2 0 1 5) 	N e utr o p hil d e v el o p m e nt, mi gr ati o n, a n d f u n cti o n i n 

t el e ost fis h. Bi ol o g y  4( 4): 7 1 5 -7 3 4 . 



	

	
	

2 	

m e di at ors. I n a d diti o n, t h e i nt er n ali z ati o n of p at h o g e ns l e a ds t o t h e pr o d u cti o n of pr o -

i nfl a m m at or y a nti mi cr o bi al pr o d u cts s u c h as r e a cti v e o x y g e n a n d nitr o g e n s p e ci es. 

Alt er n ati v el y, t h e u pt a k e of h o m e ost ati c s ti m uli, s u c h as a p o pt oti c c ells, r es ults i n t h e 

g e n er ati o n of  a nti -i nfl a m m at or y bi o m ol e c ul es i n v ol v e d i n  pr o -r es ol uti o n pr o c ess es. 

F urt h er, t h e u pt a k e of h o m e ost ati c sti m uli  g e n er all y l e a ds t o d e cr e as e d pr o -i nfl a m m at or y 

a nti mi cr o bi al a cti viti es. W hil e t his h as b e e n st u di e d e xt e nsi v el y i n m a cr o p h a g es at t h e 

m a m m ali a n a n d l o w er v ert e br at e l e v els, lit tl e is k n o w n a b o ut t h e r ol es a n d r es p o ns es of 

t el e ost n e utr o p hils.  

N o n -cl assi c al m o d els h a v e b e e n p arti c ul arl y i m p ort a nt i n t h e dis c o v er y of n o v el 

i m m u n e pr o c ess es. T his is u n d erli n e d  b y t h e dis c o v er y  of p h a g o c yt osis i n st arfis h l ar v a 

a n d t h e p h a g o c yti c a nti mi cr o bi al r es p o ns es of t h e fr es h w at er cr ust a c e a n D a p h ni a ( Eli e 

M et c h ni k o ff; 1 9 0 8 N o b el Pri z e i n P h ysi ol o g y or Me di ci n e),  a n d  T oll r e c e pt ors  i n 

Dr os o p hil a (J ul es H off m a n , R al p h St ei n m a n, a n d Br u c e B e utl er; 2 0 1 1 N o b el Pri z e i n 

P h ysi ol o g y or M e di ci n e).  

I n t his t h esis, I b e gi n b y e x a mi ni n g t h e di v er g e nt r es p o ns es of p h a g o c yt es i n e arl y 

v ert e br at e fis h, t h e s e a l a m pr e y  (P etr o m yz o n m ari n us ), a n d g ol dfis h ( C arr asi us a ur at us ). 

S e a l a m pr e ys  r e pr es e nt o n e of t w o li vi n g s p e ci es wit hi n t h e j a wl ess v ert e br at es, w hi c h 

all o w e d  m e t o e x a mi n e t h e r es p o ns es of p h a g o c yt es at t h e l o w est li vi n g l e v el wit hi n t h e 

v ert e br at e li n e a g e . I t h e n e m pl o ye d  a g ol dfis h m o d el s yst e m t o c h ar a ct eri z e t h e r ol es of 

n e utr o p hils i n t h e i n d u cti o n, r e g ul a ti o n, a n d r es ol uti o n of i nfl a m m ati o n f oll o wi n g 

i nf e cti o n fr o m a q u ati c p at h o g e ns.   
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1. 2    T h e si s o bj e cti v e s  

T h e m ai n o bj e cti v e of m y t h esis r es e ar c h w as t o c h ar a ct eri z e t h e f u n cti o n al r ol es 

of t el e ost n e utr o p hils, w h er e v ari o us r es p o ns es  ar e  i n v ol v e d i n t h e i nd u cti o n of pr o -

i nfl a m m at or y r es p o ns es, t h e r e g ul ati o n of i nfl a m m ati o n, a n d t h e n e utr o p hil-dri v e n 

r es ol uti o n of i nfl a m m ati o n. I h y p ot h esi z e d t h at n e utr o p hils pl a y a si g nifi c a nt r ol e b e y o n d 

t h e pr o-i nfl a m m at or y r es p o ns e, w h er e t h e y ar e i n v ol v e d i n b ot h pr o-res ol vi n g a n d tiss u e 

r e g e n er ati o n r es p o ns es. T h e s p e cifi c ai ms of m y r es e ar c h w er e ( 1) E x a mi n e t h e r es p o ns es 

of s e a l a m pr e y a n d g ol dfis h p h a g o c yt es t o p at h o g e ni c v ers us h o m e ost ati c sti m uli; ( 2) 

c h ar a ct eri z e t h e m o bili z ati o n a n d eff e ct or r es p o ns es of n e utr o p hils i n a s elf -r es ol vi n g 

z y m os a n p erit o nitis m o d el; a n d ( 3) i n v esti g at e t h e r ol e of n e utr o p hils i n h ost d ef e ns e 

a g ai nst t w o i m p ort a nt a q u ati c p at h o g e ns, A er o m o n as v er o nii  a n d M y c o b a ct eri u m 

f orti ut u m. T h es e ai ms  eff e cti v el y all o w e d  m e t o u n d ert a k e  a br o a d a n al ysis of t ot al 

p h a g o c yt e r es p o ns es, f oll o w e d b y a n i n d e pt h a n al ysis of n e utr o p hil r es p o ns es i n b ot h a 

c o ntr oll e d ( z y m os a n) a n d u n c o ntr oll e d ( b a ct eri al i nf e cti o n) i nfl a m m at or y e n vir o n m e nt.  

 

1. 2. 1  T h esis o utli n e  

T his t h esis is c o m p os e d of 7 c h a pt ers pl us a n a p p e n di x. T h e first c h a pt er c o nsists 

of a n i ntr o d u cti o n a n d lit er at ur e r e vi e w f o c usi n g o n n e utr o p hils i n i nfl a m m ati o n. 

S p e cifi c all y, c h a pt er 1 will o utli n e t h e si g nifi c a nt st e ps of a c ut e i nfl a m m ati o n, fr o m t h e 

m o bili z ati o n of l e u k o c yt es t o t h e r es o l uti o n of i nfl a m m ati o n. C h a pt er 2 pr o vi d es d et ail e d 

m et h o d ol o gi es a n d m at eri als us e d t hr o u g h o ut t his t h esis. C h a pt er 3 e x a mi n e d  t h e 

p h a g o c yti c r es p o ns es of s e a l a m pr e y  a n d g ol dfis h p h a g o c yt es t o p at h o g e ni c a n d 

h o m e ost ati c sti m uli e x vi v o.  I n c h a pt er 4, I fo c us s p e cifi c all y o n t h e r e cr uit m e nt, 
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m o bili z ati o n, a n d f u n cti o n al r ol es of n e utr o p hils i n t h e i n d u cti o n a n d r es ol uti o n of a c ut e 

i nfl a m m ati o n. C h a pt er 5 i n v esti g at ed  t h e i m p ort a n c e of t el e ost n e utro p hils t o t h e c o ntr ol 

a n d cl e ar a n c e of a n A er o m o n as v er o nii  i nf e cti o n, as w ell as t h e r es ol uti o n of t h e r es ulti n g 

i nfl a m m ati o n.  I n c h a pt er 6, I i n v esti g at ed  t h e r es p o nsi biliti es of t el e ost n e utr o p hils 

d uri n g b ot h t h e l o c al a n d s yst e mi c p orti o ns of i nf e cti o n fr o m M y c o b a ct eri u m f ort uit u m. 

C h a pt er 7 is a dis c ussi o n,  pr o vi di n g c o nt e xt t o m y fi n di n gs wit hi n t h e fi el d of i n n at e 

i m m u nit y a n d i nfl a m m ati o n. T his c h a pt er als o s u g g ests f ut ur e dir e cti o ns f or t his w or k 

a n d t h e r el e v a n c e of m y fi n di n gs. L astl y, A p p e n di x I  o utli n e s n o v el t e c h ni q u es usi n g 

i m a gi n g fl o w c yt o m etr y.  

 

1. 3   Lit e r at u r e r e vi e w : T h e r ol e of t el e o st n e ut r o p hils i n t h e 

i n d u cti o n, r e g ul ati o n, a n d r es ol uti o n of a c ut e i nfl a m m ati o n 

1. 3. 1  I nt r o d u cti o n  

I nfl a m m ati o n is cl assi c all y d es cri b e d as a r es p o ns e t o i nf e cti o n or i nj ur y. T h e 

a c ut e i nfl a m m at or y r es p o ns e is c o m p os e d of  a n el a b or at e c as c a d e of b ot h pr o - a n d a nti -

i nfl a m m at or y m e di at ors, wit h t h e b al a n c e b et w e e n t h es e m e di at ors d et er mi ni n g t h e 

o ut c o m e aft er i nj ur y. F or a s u c c essf ul o ut c o m e, t h e i nfl a m m at or y r es p o ns e m ust a cti v at e 

tiss u e r esi d e nt c ells, i niti at e t h e r e cr uitm e nt of l e u k o c yt es , a n d pr o d u c e a s eri es of s ol u bl e 

m e di at ors. A s u c c essf ul r es p o ns e will ulti m at e l y i n cl u d e t h e r es ol uti o n of i nfl a m m ati o n, 

tri g g eri n g e v e nts t h at l e a d t o t h e cl e ar a n c e a n d u pt a k e of i nfl a m m at or y c ells a n d w o u n d 

h e ali n g . 

N e utr o p hils ar e t y pi c all y t h e first c ells t o arri v e at a n i nfl a m m at or y sit e, a n d ar e 

n o w wi d el y r e c o g ni z e d as s o p histi c at e d c ells t h at ar e criti c al t o h ost d ef e ns e a n d t h e 
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m ai nt e n a n c e of h o m e ost asis ( B orr e g a ar d, 2 0 1 0; H a vi x b e c k et al., 2 0 1 5; K ol a c z k o ws k a 

a n d K u b es, 2 0 1 3; S a di k et al., 2 0 1 1; S u m m ers et al., 2 0 1 0) . I n a d diti o n, c o n c e pts s u c h as 

n e utr o p hil pl asti cit y ar e h el pi n g t o d efi n e t h e r a n g e of p h e n ot y pi c pr ofil es a v ail a bl e t o 

c ells i n t his gr o u p a n d t h e p h ysi ol o gi c al c o n diti o ns t h at c o ntri b ut e t o t h eir diff er e nti ati o n  

( H a vi x b e c k et al., 2 0 1 5; K o hli a n d L e v y, 2 0 0 9; S er h a n, 2 0 1 4; S er h a n et al., 2 0 0 8). T h e 

p ot e nt a nti -mi cr o bi al m e c h a n is ms eli cit e d b y t h es e c ells ar e a t est a m e nt t o t h eir l o n g -

st a n di n g e v ol uti o n ar y c o ntri b uti o ns i n h ost d ef e ns e ( A m uli c et al., 2 0 1 2; Bri n k m a n n et 

al., 2 0 0 4; H a vi x b e c k et al., 2 0 1 5; Ri e g er et al., 2 0 1 2; Ri e g er a n d B arr e d a, 2 0 1 1; Wri g ht 

et al., 2 0 1 0) . I n g e n er al, i ntr a c ell ul ar a n d e xtr a c ell ul ar a nti mi cr o bi al d ef e ns es ar e i n d u c e d 

b y t h e pr es e n c e of pr o -i nfl a m m at or y i m m u n e pr o d u cts or t h e i nt er n ali z ati o n of p at h o g e ns 

or p at h o g e n pr o d u cts , pr o vi di n g  pr ot e cti o n a g ai nst di v ers e p at h o g e ns.  F urt h er, t hr o u g h 

t h eir di v er g e nt eff e cts o n i m m u n e c ells, t h e pr o d u cts of a nti mi cr o bi al r es p o ns es ar e 

ess e nti al i n s h a pi n g pr ot e cti v e i m m u n e r es p o ns e s a n d i n r es ol vi n g i nfl a m m ati o n . I n 

a d diti o n, s e v er al  i nsi g hts i nt o th eir a cti v e r ol es i n t h e c o ntr ol  a n d r es ol uti o n  of 

i nfl a m m ati o n pri or t o i n d u cti o n of a p o pt osis hi g hli g ht t h eir i m p ort a n c e t o t h e 

m ai nt e n a n c e of h ost i nt e grit y ( Es m a n n et al., 2 0 1 0; H a vi x b e c k et al., 2 0 1 5; Y a n g et al., 

2 0 1 2) .  

 

1. 3. 2  T h e i nfl a m m at o r y sit e  

1. 3. 2. 1  R esi d e nt tiss u e m a c r o p h a g es  

T iss u es wit hi n t h e b o d y c o nt ai n a tiss u e r esi d e nt m a cr o p h a g e p o p ul ati o n. T h es e 

m a cr o p h a g es ar e h et er o g e n e o us fr o m tiss u e t o tiss u e, a n e c essit y f or d e v el o pi n g ni c h e -

s p e cifi c f u n cti o ns t h at ar e i nt e gr al t o tiss u e f u n cti o n a n d h o m e ost asis. H o w e v e r, t h es e 
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c ells ar e b est k n o w n f or t h eir r ol e as i m m u n e p atr ols at t h e f or efr o nt of d ef e ns e w h er e 

t h e y ar e u ni q u el y sit u at e d a n d tr a ns cri pti o n all y e n c o d e d t o r es p o n d t o a n y i ntr u di n g 

p at h o g e n or e n vir o n m e nt al c h all e n g e ( D a vi es et al., 20 1 3) . Tiss u e r esi d e nt m a cr o p h a g es 

r e c o g ni z e s p e cifi c si g n als wit hi n t h e e n vir o n m e nt i n cl u di n g p at h o g e n-ass o ci at e d 

m ol e c ul ar p att er ns ( P A M Ps) a n d d a m a g e -ass o ci at e d m ol e c ul ar p att er ns ( D A M Ps) 

( M at zi n g er, 2 0 0 7, 2 0 0 2, 1 9 9 8; M o g e ns e n, 2 0 0 9; T a n g et al., 2 0 1 2). M aj or P A M Ps 

i n cl u d e mi cr o bi al D N A ( e. g. u n m et h yl at e d C p G m otifs), d o u bl e-str a n d e d R N A ( ds R N A), 

si n gl e -str a n d e d R N A (ss R N A), a n d 5 ′-tri p h os p h at e R N A, as w ell as li p o pr ot ei ns, s urf a c e 

gl y c o pr o t ei ns, a n d m em br a n e c o m p o n e nts [ p e pti d o gl y c a ns, li p ot ei c h oi c a ci d, a n d 

li p o p ol ys a c c h ari d e ( L P S)], w hi c h ar e all d eri v e d fr o m i nf e cti o us p at h o g ens. O n t h e h a n d, 

D A M Ps ar e c ell -d eri v e d m ol e c ul es t h at c a n i niti at e a n d p er p et u at e a n i m m u n e r es p o ns e. 

M aj or D A M P s i n cl u d e H M G B 1, h e at -s h o c k pr ot ei ns  ( H S P) fr o m e x os o m es, h y al ur o ni c 

a ci d fr o m t h e e xtr a c ell ul ar m atri x, c o m pl e m e nt c o m p o n e nts ( C 3 a, C 4 a, a n d C 5 a), A T P, 

R N A, a n d D N A. B ot h P A M Ps a n d D A M Ps ar e r e c o g ni z e d b y p att er n r e c o g niti o n 

r e c e pt ors s u c h as T oll-li k e r e c e pt ors ( T L Rs; s u m m ari z e d i n T a bl e 1. 1) ( Bl asi us a n d 

B e utl er, 2 0 1 0; L e uli er a n d L e m aitr e, 2 0 0 8; M e d z hit o v, 2 0 0 7; M o g e ns e n, 2 0 0 9; T a k e u c hi 

a n d A kir a, 2 0 1 0) . 

M a cr o p h a g es ar e tr a diti o n all y  gr o u p e d i nt o t w o  f u n cti o n al cl ass es, t h e M 1/ M 2 

p ar a di g m  ( M arti n e z a n d G or d o n, 2 0 1 4). H o w e v er, t his s h o ul d n ot b e t a k e n as a ri gi d 

f u n cti o n al di c h ot o m y as m a cr o p h a g es c a n f all s o m e w h er e i n b et w e e n , r efl e cti n g u ni q u e 

p h e n ot y p es  d e p e n di n g o n t h e s p e cifi c mi cr o e n v ir o n m e nt a n d a cti v ati n g li g a n ds ( M arti n e z 

a n d G or d o n, 2 0 1 4) . Aft er t h e i niti al r e c o g niti o n of p at h o g e n c h all e n g e, r esi d e nt 

m a cr o p h a g es ( al o n g wit h o ut tiss u e r esi d e nt c ells, s u c h as m ast c ells, d e n driti c c ells, a n d 
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str o m al c ells) dri v e t h e i nfl u x of i nfl a m m at or y l e u k o c yt es. C l assi c all y, t h e i niti al 

i nfiltr at e oft e n c o nsists of pri m aril y n e utr o p hils, h o w e v er, i nfl a m m at or y m o n o c yt es als o 

mi gr at e as a s o ur c e of i nfl a m m at or y m a cr o p h a g es. T h e i niti ati o n of t h e i nfl a m m at or y 

r es p o ns e is d e p e n d e nt o n t h e s p e cifi c p at h o g e ni c i ns ult a n d its m a g nit u d e, all o wi n g f or a n 

a p pr o pri at el y t ail or e d i m m u n e r es p o ns e.  

 

 

T a bl e 1. 1 M a m m ali a n T oll -li k e r e c e pt o rs a n d t h ei r m ai n li g a n ds 

T L R  P A M P  D A M P  
T L R 1/ 2  B a ct eri al li p o pr ot ei ns   

T L R 2  Li p ot ei c h oi c a ci d, 

p e pti d o gl y c a n, b a ct eri al 

li p o pr ot ei ns, z y m os a n  

 

T L R 2/ 4   H S P -6 0, H S P -7 0  

T L R 3  ds R N A  S elf ds R N A  

T L R 4  L P S  H y al ur o ni c a ci d, H M G B 1  

T L R 5  Fl a g elli n   

T L R 2/ 6  P e pti d o gl y c a n   

T L R 7  ss R N A  S elf ss R N A  

T L R 8  ss R N A  S elf ss R N A  

T L R 9  U n m et h yl at e d C p G D N A  S elf D N A, c hr o m ati n I g G 

c o m pl e x  

T L R 1 0/ 1 1/ 1 2  Pr ofilli n   
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1. 3. 2. 2  S ol u bl e m e di at o rs of a c ut e i nfl a m m ati o n a n d r es ol uti o n  

1. 3. 2. 2. 1  C h e m o ki n es a n d ot h e r r e c r uit m e nt m e di at o rs  

T h er e ar e s e v er al i m p ort a nt n e utr o p hil -r e cr uiti n g c h e m o ki n es, li pi d m e di at ors, 

a n d pr ot ei ns , i n cl u di n g C X C L 1, C X C L 5, C X C L 8, l e u k otri e n e B4  ( L T B4 ), a n d t h e 

c o m pl e m e nt pr ot ei n C 5 a ( d e Oli v eir a et al., 2 0 1 5, 2 0 1 3; Lin et al., 2 0 0 6; S c a pi ni et al., 

2 0 0 4; S c h u m a c h er et al., 1 9 9 2) . C h e m o ki n es i n p arti c ul ar ar e s e p ar at e d i nt o 4 m ai n 

cl ass es d e p e n di n g o n t h e l o c ati o n of k e y c yst ei n e r esi d u es i n v ol v e d i n dis ulfi d e bi n di n g: 

C, C C, C X C, C X 3 C ( W hit e et al., 2 0 1 3). Li pi d m e di at ors r e pr es e nt a cl ass of bi o a cti v e 

lipi ds  pr o d u c e d b y a v ast arr a y of c ells, a n d oft e n pl a y r ol es o utsi d e of i m m u nit y a n d  

i n d u ci n g c h e m ot a xis. T h e y ar e br o a dl y br o k e n d o w n i nt o pr ost a gl a n dins, l e u k otri e n es, 

li p o xi ns, r es ol vi ns, a n d pr ot e cti ns ( K o hli a n d L e v y, 2 0 0 9; L e v y et al., 2 0 0 1; S er h a n, 

2 0 0 4; S er h a n et al., 2 0 0 8; S er h a n, 2 0 1 4) . 

 

1. 3. 2. 2. 1. 1  C X C L 8 (I L -8)  

C X C L 8 w as t h e first c h e m o ki n e d es cri b e d. C X C L 8 ( alt er n ati v el y k n o w n as I L -8) 

is a s m all c h e m o ki n e t h at pl a ys a criti c al r ol e i n t h e r e cr uit m e nt of h u m a n n e utr o p hils t o 

t h e sit e of i nfl a m m ati o n ( K a ur a n d Si n g h, 2 0 1 3; Y os hi m ur a et al., 1 9 8 7; Y os hi m ur a et 

al., 1 9 8 7) . It is g e n er at e d vi a t h e cl e a v a g e of a 2 0 a min o a ci d l e a d er s e q u e n c es fr o m t h e 

9 9 a mi n o a ci d c h e m o ki n e pr e c urs or  ( Cl ar k-L e wis et al., 1 9 9 1; W al z et al., 1 9 8 7) . T h e 

cl e a v e d pr ot ei n is pr o c ess e d e xtr a c ell ul arl y, w hi c h r es ults i n i n cr e asi n g a cti vit y ( S c hr ö d er 

et al., 1 9 8 7; V a n D a m m e a n d Billi a u, 1 9 8 8; W al z et al., 1 9 8 7) . A m o n g s e v er al ot h er 

f u n cti o ns, i n cl u di n g t h e i n d u cti o n of s h a p e c h a n g e, u pr e g ul ati o n of a d h esi o n m ol e c ul es, 

tr a nsi e nt i n cr e as es i n i ntr a c ell ul ar C a2 +  c o n c e ntr ati o n, t h e f or m ati o n of bi o a cti v e li pi ds , 
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a n d r es pir at or y b urst pr o d u cti o n ( B a g gi oli ni et al., 1 9 8 9), C X C L 8 is  als o  r es p o nsi bl e f or 

g ui di n g n e utr o p hils t hr o u g h t h e tiss u e m atri x u ntil t h e y r e a c h t h e sit e of i nj ur y.  

S e v er al k e y p a p ers e x a mi ni n g t h e bi n di n g of C X C L 8, h a v e r e v e al e d t h at t h er e ar e 

t w o r e c e pt ors: C X C R 1  ( or I L-8 R A) a n d C X C R 2  ( or I L-8 R B) ( H ol m es et al., 1 9 9 1; 

M os er et al., 1 9 9 1; M ur p h y a n d Tiff a n y, 1 9 9 1) . I nt er esti n gl y, C X C R 1 , t h e I L-8 s el e cti v e 

r e c e pt or, is d et e ct a bl e i n a v ari et y of c ells t y p es, i n cl u di n g l y m p h o c yt es a n d fi br o bl asts 

( M os er et al., 1 9 9 3) , w hil e C X C R 2 is r estri ct e d t o m y el oi d c ells ( M os er et al., 1 9 9 3), 

w hi c h e x pl ai ns it’s c h e m ot a cti c eff e ct o n ot h er c ell t y p es. I n vi v o, t h e eff e cts of C X C L 8 

ar e l o n g l asti n g, a n d ar e li k el y c a us e d b y t h e r esist a n c e of i n a cti v ati o n a n d bi n di n g t o 

m atri x gl y c os a mi n o gl y c a ns ( B a g gi oli ni et al., 1 9 9 5). I n m a m m als, a cti v e C X C L 8 is 

pr o d u c e d b y e n d ot h eli al a n d e pit h eli al c ells , k er ati n o c yt es, s y n o vi al c ells, fi br o bl asts, 

c h o n dr o c yt es, a n d e v e n n e utr o p hils ( B a g gi oli ni et al., 19 9 5) . Wit hi n t h es e c ell t y p es, t h e 

i n d u cti o n of C X C L 8 e x pr essi o n h as b e e n li n k e d t o I L-1 a n d t u m or n e cr osis f a ct or (T N F ) 

( B a g gi oli ni et al., 1 9 9 5). 

A di v ers e arr a y of s e q u e n c es si mil ar t o m a m m ali a n C X C L 8 h a v e b e e n r e p ort e d i n 

t el e ost fis h, i n cl u di n g z e br afis h ( d e Oli v eir a et al., 2 0 1 3; O e hl ers et al., 2 0 1 0; Y a n g et al., 

2 0 1 2) , c ar p (Li et al., 2 0 1 3; v a n d er A a et al., 2 0 1 2) , m e d a k a ( v a n d er A a et al., 2 0 1 0), 

Atl a nti c c o d ( S e p p ol a et al., 2 0 0 8), tr o ut ( L ai n g et al., 2 0 0 2), a n d g ol dfis h ( Gr a yf er et al., 

2 0 1 0; H a vi x b e c k et al., 2 0 1 5; Ri e g er et al., 2 0 1 3) . W e n o w k n o w  t h at t h e m aj orit y of 

t h es e t el e ost s e q u e n c es e x hi bit a f u n cti o n al h o m ol o g y e q ui v al e nt t o m a m m ali a n C X C L 8. 

It h as b e e n s h o w n t h at all t el e ost fis h p oss ess at l e ast o n e f or m of C X C L 8 ( C X C L 8-l 1), 

w hil e t w o disti n ct f or ms c a n b e f o u n d i n c ar p a n d z e br afis h ( C X C L 8 -l 1 a n d C X C L 8-1 2)  

( v a n d er A a et al., 2 0 1 0). Of n ot e, bot h f or ms a p p e ar t o b e f u n cti o n all y e q ui v al e nt t o 
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m a m m ali a n C X C L 8 ( v a n d er A a et al., 2 0 1 0). I n a d diti o n, a r e c e nt st u d y i n tr o ut f o u n d a 

t hir d is of or m (t er m ed C X C L 8 -L 3), h o w e v er f urt h er c h ar a ct eri z ati o n is still n e e d e d i n 

or d er t o f ull y d et er mi n e its f u n cti o n ( C h e n et al., 2 0 1 3). S e v er al st u di es usi n g diff er e nt 

t el e ost m o d els h a v e g o n e o n t o fi n d i n cr e as e d l e v els of c x cl 8  m R N A e x pr essi o n  at t h e 

sit e of i nfl a m m ati o n ( H a vi x b e c k et al., 2 0 1 5; d e Oli v eir a et al., 2 0 1 3; O e hl ers et al., 

2 0 1 0; d e Oli v eir a et al., 2 0 1 5) . I n a d diti o n, r e c o m bi n a nt C X C L 8 m ol e c ul es fr o m b ot h 

f or ms i n c ar p h a v e als o b e e n s h o w n t o i n d u c e c h e m ot a xis i n n e utr o p hils at 2 0 0 n g/ ml i n 

vi tr o ( v a n d er A a et al., 2 0 1 0).  

 

1. 3. 2. 2. 1. 2  L e u k otri e n e B 4  ( L T B4 ) 

T h e l e u k otri e n es ar e bi ol o gi c all y a cti v e f att y a ci ds  w hi c h c o nt ai n a c o nj u g at e d tri e n e 

m oi et y a n d w er e  ori g i n all y is ol at e d fr o m l e u k o c yt es.  T h e y ar e pr o d u c e d b y t h e o xi d ati o n 

of t h e ess e nti al f att y a ci ds ar a c h a d o ni c a ci d ( A A) a n d ei c os a p e nt a n oi c a ci d ( E P A), usi n g 

t h e e n z y m e ar a c hi d o n at e-5 -li p o x y g e n as e ( O’B yr n e et al., 1 9 9 7; S al m o n a n d Hi g gs, 

1 9 8 7) . M or e s p e cifi c all y, L T B4  s y nt h esis is c at al ys e d b y 5 -li p o x y g e n as e a n d l e u k otri e n e 

A 4  h y dr ol as e a n d is i n cr e as e d b y i nfl a m m at or y m e di at ors i n cl u di n g c o m pl e m e nt 

fr a g m e nts, e n d ot o xi n, T N F, a n d s e v er al i nt erl e u ki ns. F urt h er, t h e pr o d u cti o n of L T B 4 i s 

oft e n a c c o m p a ni e d b y t h e pr o d u cti o n of hist a mi n e a n d pr ost a gl a n di ns, w hi c h ar e als o 

i n v ol v e d i n i nfl a m m ati o n.  

T h e pri m ar y f u n cti o n of L T B 4  is t o r e cr uit n e utr o p hils t o ar e as of tiss u e d a m a g e a n d 

i nfl a m m ati o n, h o w e v er, it is als o i n v ol v e d i n pr o m oti n g t h e pr o d u cti o n of i nfl a m m at or y 

c yt o ki n es b y v ari o us i m m u n e c ells, br o n c h o c o nstri cti o n, a n d i n cr e as e d v as c ul ar 

p er m e a bilit y ( D a hl é n et al., 1 9 8 1). I n a d diti o n, L T B4  h as  b e e n s h o w n t o i n d u c e t h e 
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f or m ati o n of R O S ( H a vi x b e c k et al., 2 0 1 5; L e v y et al., 2 0 0 1) , a n d t h e r el e as e of 

l ys os o m al e n z y m es ( K u m ar et al., 2 0 1 5) i n n e utr o p hils. F urt h er m or e, it i n d u c es t h e 

pr o d u cti o n of I L -8 a n d L T B 4  i n n e utr o p hils, e n h a n c es C 3 b r e c e pt or e x pr essi o n o n 

n e utr o p hil s urf a c es, a n d pri m es n e utr o p hil r es p o ns es t o t h e c h e m o ki n e F M L P ( Fl et c h er, 

1 9 8 6) , w hi c h s u g g ests t h e a ut o cri n e a m plifi c ati o n of i nfl a m m atio n . 

 

1. 3. 2. 2. 1. 3  C C L -1  

C C L -1 is a s m all gl y c o pr ot ei n s e cr et e d b y a cti v at e d T c ells, i n v ol v e d i n t h e 

r e cr uit m e nt of m o n o c yt es (J u n et al., 2 0 1 1; Mill er a n d Kr a n g el, 1 9 9 2). I n a d diti o n, t his 

c h e m o ki n e h as b e e n s h o w n t o attr a ct N K c ells, i m m at ur e B c ells, a n d d e n driti c c ells 

t hr o u g h t h e i nt er a cti o n wit h its c o g n at e r e c e pt or C C R 8 ( G o m b ert et al., 2 0 0 5; Mill er a n d 

Kr a n g el, 1 9 9 2; R o os et al., 1 9 9 7) . I n a d diti o n, t h e m uri n e h o m ol o g, b eta -c h e m o ki n e 

T C A 3, h as b e e n s h o w n t o pl a y a r ol e i n t h e r e cr uit m e nt of n e utr o p hils ( L u o et al., 1 9 9 4). 

C C L -1 h as b e e n li n k e d t o s e v er al dis e as es i n cl u di n g t y p e 1 di a b et es ( C a nt or a n d H as ki ns, 

2 0 0 7) , at o pi c d er m atitis a n d ps ori asis ( Ki m et al., 2 0 1 2), a n d all er g y b as e d ast h m as 

( Bis h o p a n d Ll o y d, 2 0 0 3; M o nt es-Vi z u et et al. , 2 0 0 6).  

Littl e w or k h as b e e n d o n e t o e x a mi n e a n d c h ar a ct eri z e C L L -1 i n fis h. H o w e v er, 

i n g ol dfis h, r e c o m bi n a nt C S F-1 ( Gr a yf er et al., 2 0 0 9) a n d r e c o m bi n a nt I F N -γ  ( Gr a yf er 

a n d B el os e v i c, 2 0 0 9), as w ell as t h e pr es e n c e of r e c o m bi n a nt h e at s h o c k pr ot ei n  7 0 fr o m 

Tr y p a n os o m e c ar rasii ( Ol a dir a n a n d B el os e vi c, 2 0 0 9), i n d u c e d t h e e x pr essi o n a n d 

pr o d u cti o n of  C C L -1.  
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1. 3. 2. 2. 2  P r o -i nfl a m m at o r y c yt o ki n es a n d m e di at o rs  

1. 3. 2. 2. 2. 1  T N F -α  

T u m or n e cr osis f a ct or -al p h a is a p ot e nt c yt o ki n e wit h a  br o a d r a n g e of bi ol o gi c al 

a cti viti es, m ost  i m p ort a ntl y i n t h e i niti ati o n of t h e a c ut e i nfl a m m at or y r es p o ns e (I driss 

a n d N ais mit h, 2 0 0 0; Pf eff er, 2 0 0 3) . S e v er al st u di es e m pl o yi n g a nti -T N F a nti b o di es 

d e m o nstr at e t h at t h e h ost d ef e ns e a g ai nst p at h o g e ns is s e v er el y i m p air e d i n t h e a bs e n c e 

of T N F ( H a v ell, 1 9 8 9; N a k a n e et al., 1 9 8 8). F urt h er, usi n g g e n e t ar g eti n g str at e gi es i n 

mi c e, T N F R 1 w as s h o w n t o b e cr iti c al f or s ur vi v al f oll o wi n g i ntr a c ell ul ar p at h o g e n 

i nf e cti o ns, i n cl u di n g M y c o b a ct eri u m t u b er c ul osis ( Fl y n n et al., 1 9 9 5), M y c o b a ct eri u m 

a vi u m  ( E hl ers et al., 1 9 9 9), a n d  List eri a m o n o c yt o g e n es ( H a us er et al., 1 9 9 0). H o w e v er, 

T N F R 1 k n o c k o uts i n mi c e a p p e ar e d t o h a v e n o i m p a ct o n  t h e a nti mi cr o bi al d ef e ns e 

s yst e ms i n v ol v e d i n t h e g e n er ati o n of R O S ( p 4 7 p h o x / g p 9 1p h o x ) a n d r e a cti v e nitr o g e n 

s p e ci es ( R N S) ( Pf eff er, 2 0 0 3).  

T N F - α  w as ori gi n all y dis c o v er e d i n t h e 1 9 7 0’s as a c yt ot o xi c f a ct or pr o d u c e d b y 

m a cr o p h a g es, wit h t h e a bilit y t o i n d u c e t u m or c ell a p o pt osis ( C ars w ell et al., 1 9 7 5; 

H els o n et al., 1 9 7 5) . H o w e v er, e n d ot h eli al c ells, fi br o bl asts, l y m p h oi d c ells, a n d n e ur o ns 

h a v e si n c e d e m o nstr at e d t h e c a p a cit y t o pr o d u c e T N F ( Pf eff er, 2 0 0 3). T h e r el e as e of 

l ar g e a m o u nts of T N F h as b e e n o bs er v e d f oll o wi n g t h e sti m ul ati o n wit h 

li p o oli g os a c c h ari d e, b a ct eri al pr o d u cts, a n d I L-1 ( C ars w ell et al., 1 9 7 5; H els o n et al., 

1 9 7 5) . T N F is pri m aril y pr o d u c e d as a 2 3 3 a mi n o a ci d t y p e II tr a ns m e m br a n e pr ot ei n 

arr a n g e d i n st a bl e h o m otri m ers ( Kri e gl er et al., 1 9 8 8; T a n g et al., 1 9 9 6). T h e m e m br a n e-

i nt e gr at e d f or m u n d er g o es pr ot e ol yti c cl e a v a g e b y t h e m et all o pr ot e as e T N F al p h a 

c o n v erti n g e n z y m e ( T A C E, als o c all e d A D A M 1 7)  f or mi n g t h e s ol u bl e h om otri m eri c 
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c yt o ki n e ( Bl a c k et al., 1 9 9 7). B ot h v ersi o ns ar e bi ol o gi c all y a cti v e ( P all a di n o et al., 2 0 0 3; 

Pf eff er, 2 0 0 3) , wit h t h e s ol u bl e f or m of T N F bi n di n g o n e of t w o r e c e pt ors, T N F R 1 or 

T N F R 2 ( Pf eff er, 2 0 0 3). T N F R 1 is f o u n d i n n e arl y all tiss u es, w h er e as T N F R 2 is f o u n d i n 

o nl y c ells of t h e i m m u n e s yst e m.  U p o n c o nt a ct wit h t h eir li g a n d, T N F r e c e pt ors als o 

f orm  tri m ers, l e a di n g t o a c o nf or m ati o n al c h a n g e a n d t h e r e cr uit m e nt of T N F r e c e pt or 

ass o ci at e d d e at h d o m ai n ( T R A D D). F oll o wi n g t h e bi n di n g of T R A D D, t hr e e p ot e nti al 

si g n ali n g c as c a d es c a n b e i niti at e d: ( 1) t h e a cti v ati o n of N F -κ B, ( 2) t h e a cti v ati o n of 

mit o g e n a cti v at e d pr ot ei n ki n as es ( M A P K) p at h w a ys, or ( 3) t h e i n d u cti o n of d e at h 

si g n ali n g ( C h e n a n d G o e d d el, 2 0 0 2; W aj a nt et al., 2 0 0 3). T h e N F-κ B p at h w a y ulti m at el y 

l e a ds t o t h e tr a ns cri pti o n of a v ast arr a y of m e di at ors i n v ol v e d i n c ell s ur vi v al, t h e 

i nfl a m m at or y r es p o ns e, a n d a nti-a p o pt oti c f a ct ors ( B alti m or e, 2 0 1 1; S m al e, 2 0 1 1). T h e 

M A P K p at h w a y l e a ds t o t h e a cti v ati o n of J N K, w hi c h ai ds i n c ell diff er e nti ati o n a n d 

pr olif er ati o n ( K a mi ns k a, 2 0 0 9). L astl y, T R A D D c a n i nt er a ct wit h F as ass o ci at e d pr ot ei n 

wit h d e at h d o m ai n ( F A D D), l e a di n g t o a hi g h c o n c e ntr ati o n of eff e ct or c as p as es a n d 

e v e nt u all y a p o pt osis ( G a ur a n d A g g ar w al, 2 0 0 3).  

T his  tr a diti o n all y pr o -i nfl a m m at or y c yt o ki n e h as e xt e nsi v e p h ysi ol o gi c al r ol es. 

D uri n g a n i m m u n e r es p o ns e, it is k n o w n t o i n d u c e c h e m ot a xis of n e ut r o p hils, m o n o c yt es, 

a n d m a cr o p h a g es ( Mi n g et al., 1 9 8 7), a u g m e nt t h eir p h a g o c yti c r es p o ns e ( Kl e b a n off et 

al., 1 9 8 6; v a n Strij p et al., 1 9 9 1) , a n d pri m e c ells f or t h e pr o d u cti o n of a nti mi cr o bi al R O S 

a n d N O S ( Di n g et al., 1 9 8 8; M e y er et al., 1 9 8 8) . F urt h er, r T N F e n h a n c e d L T B4  

g e n er ati o n i n h u m a n n e utr o p hils ( M e y er et al., 1 9 8 8) . H o w e v er, s o m e e vi d e n c e i n di c at es 

t h at at hi g h c o n c e ntr ati o ns, T N F-α  l ost its pr ot e cti v e eff e cts a n d als o r e v ers es t h e 

i n d u cti v e eff e cts of I F N-γ  a n d G M-C S F ( v a n d e n B er g et al., 2 0 0 1). 
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As of n o w, T N F -α  h as b e e n e x a mi n e d i n s e v er al fis h s p e ci es, i n cl u di n g r ai n b o w 

tr o ut ( L ai n g et al., 2 0 0 1), c ar p ( S a eij et al., 2 0 0 3), a n d g ol dfis h ( Gr a yf er et al., 2 0 0 8 a), 

c atfis h (Z o u et al., 2 0 0 3) , a n d J a p a n es e fl o u n d er ( Hir o n o et al., 2 0 0 0). S e v er al f u n cti o n s 

of  fis h T N F-α  h a v e b e e n r e p ort e d , i n cl u di n g t h e u pr e g ul ati o n of I L-1 β  a n d C X C L 8 

e x pr essi o n, t h e r a pi d  m o bili z ati o n of p h a g o c yt es, i n cr e as e d p h a g o c yt osis, a n d t h e 

pri mi n g of a nti mi cr o bi al R O S a n d N O r es p o ns es ( G ar cí a-C astill o et al., 2 0 0 4; Gr a yf er et 

al., 2 0 0 8 b; Z o u et al., 2 0 0 3) . 

 

1. 3. 2. 2. 2. 2  I F N-γ  

I nt erf er o n g a m m a is a n i m p ort a nt pl ei otr o pi c c yt o ki n e wit h pr o-i nfl a m m at or y a n d 

a nti vir al f u n cti o n ( S c hr o d er et al., 2 0 0 4). It is a di m eri z e d s ol u bl e c yt o ki n e a n d t h e o nl y 

m e m b er of t h e t y p e II cl ass of i nt erf er o ns ( Gr a y a n d G o e d d el, 1 9 8 2). T h e bi ol o gi c all y 

a cti v e di m er is f or m e d b y t h e a nti-p ar all el i nt erl o c ki n g of t w o i n di vi d u al m o n o m ers 

( Gr a y a n d G o e d d el, 1 9 8 2). It w as i niti all y d es cri b e d as a s ol u bl e pr o d u ct s e cr et e d b y 

h u m a n l e u k o c yt es sti m ul at e d wit h p h yt o h e m a g gl uti ni n ( W h e el o c k, 1 9 6 5), a n d b y s e v er al 

ot h ers as a pr o d u ct of a nti g e n -sti m ul at e d bl o o d l y m p h o c yt es ( Gr e e n et al., 1 9 6 9). I n b ot h 

c as es, t h e r es ulti n g s u p er n at a nts w er e s h o w n t o i n hi bit t h e gr o wt h of v esi c ul ar st o m atitis 

vir us. I F N -γ  is pr o d u c e d pri m aril y b y a cti v at e d T h 1 C D 4 + c ells  (M os m a n n a n d C off m a n, 

1 9 8 9) , C D 8 + c ells ( S a d et al., 1 9 9 5), a n d n at ur al kill er c ells ( W h err y et al., 1 9 9 1). 

I nt er esti n g, a p art fr o m dis pl a yi n g m o d est a nti vir al pr o p erti es, I F Nγ  is ess e nti al t o h ost 

d ef e ns e a g ai nst s e v er al i m p ort a nt o bli g at e a n d f a c ult ati v e i ntr a c ell ul ar p at h o g e n s (L e v y et 

al., 2 0 0 1; M al m g a ar d, 2 0 0 4; S a m u el, 2 0 0 1) . A m o n g ot h ers, I F N-γ  g e n e k n o c k o ut mi c e 

ar e i n c a p a bl e of c o ntr olli n g M y c o b a ct eri u m ( C o o p er a n d Or m e, 1 9 9 3; Fl y n n et al., 1 9 9 5; 
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P e arl et al., 2 0 0 1)  a n d L eis h m a ni a ( S wi h art et al., 1 9 9 5; W a n g et al., 1 9 94)  i nf e cti o ns, 

w hi c h hi g hli g hts t h e i m p ort a n c e of t his c yt o ki n e t o h ost a nti mi cr o bi al r es p o ns es a n d 

i m m u n e d ef e ns e b e y o n d t h at of vir al i nf e cti o ns ( B ert o n et al., 1 9 8 6; C ass at ell a et al., 

1 9 9 0; F erts c h a n d V o g el, 1 9 8 4; M arti n et al., 1 9 9 4) . 

 I F N-γ  i niti at es c ell ul ar r es p o ns es t hr o u g h dir e ct i nt er a cti o ns wit h a h et er o di m eri c 

r e c e pt or c o nsisti n g of i nt erf er o n g a m m a r e c e pt or 1 (I F N G R 1) a n d i nt erfer o n g a m m a 

r e c e pt or 2 (I F N G R 2) (B a c h et al., 1 9 9 7) , f or mi n g a si g n alli n g c o m pl e x a n d s u bs e q u e nt 

si g n alli n g c as c a d e. I n u nsti m ul at e d c ells, t h e r e c e pt or s u b u nits ar e n ot pr e -ass o ci at e d wit h 

e a c h ot h er, b ut r at h er ass o ci at e t hr o u g h t h eir i ntr a c ell ul ar d o m ai ns wit h i n a cti v e f or ms of 

s p e cifi c  J a n us f a mil y ki n as es (J a k 1 a n d J a k 2 ). Bi n di n g of I FN -γ  t o I F N G R 1 i n d u c es r a pi d 

di m eri z ati o n of I F N G R 1 c h ai ns, t h us est a blis hi n g a sit e r e c o g ni z e d b y t h e e xtr a c ell ul ar 

d o m ai n of I F N G R 2 (I hl e a n d K err, 1 9 9 5). T h e I F N-γ  i n d u c e d ass e m bl y of t h e r e c e pt or 

c o m pl e x c o nt ai ns t w o I F N G R 1 a n d t w o I F N G R 2 s u b u nits, w hi c h bri n g t h e i ntr a c ell ul ar 

d o m ai ns of t h es e pr ot ei ns i nt o clos e ass o ci ati o n, al o n g wit h J a k 1 a n d J a k 2 (I hl e a n d K err, 

1 9 9 5 ). J a k 1 a n d J a k 2 ar e s u bs e q u e ntl y p h os p h or yl at e d, a cti v ati n g t h e I F N G R 1-ass o ci at e d 

si g n al tr a ns d u c er of a cti v ati o n -1 ( St at 1) tr a ns cri pti o n f a ct or ( D ar n ell et al., 1 9 9 4). T his 

r es ults i n a J a k-St at si g n alli n g c as c a d e, ulti m at el y e n di n g i n g e n e r e g ul ati o n t hr o u g h 

tr a ns cri pti o n f a ct or ( T F) r e c o g niti o n a n d bi n di n g of I F N-γ  a cti v at e d s e q u e n c es i n t h e 

pr o m ot er r e gi o ns of s p e cifi c t ar g et g e n es ( T a k a o k a a n d Y a n ai, 2 0 0 6). T his si g n alli n g 

c as c a d e is i n cr e di bl y f ast, a n d wit h i n 3 0 mi n ut es of I F N-γ  r e c e pt or bi n di n g a n d 

h et er o di m eri z ati o n  o bs er v a bl e  i n cr e as es i n t h e tr a ns cri pt l e v els of s e v er al i nt erf er o n 

r e g ul at or y f a ct ors (I R Fs) c a n b e s e e n , w hi c h t h e n m o d ul at e s u bs e q u e nt w a v es I F N -γ  

si g n ali n g c as c a d es ( Y o u n g a n d H ar d y, 1 9 9 5). In a d diti o n, I F N-γ  is a n i m p ort a nt a cti v at or 
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of m a cr o p h a g e s a n d  i n d u c er of cl ass II m aj or hist o c o m p ati bilit y c o m pl e x ( M H C) 

m ol e c ul e e x pr essi o n, eli citi n g i m m u n osti m ul at or y a n d i m m u n o m o d ul at or y eff e cts wit hi n 

t h e h ost i m m u n e r es p o ns e (D el a R os a et  al., 2 0 0 9; Kr a m p er a et al., 2 0 0 6; S h a n k ar a n d 

Tit us, 1 9 9 7) .  

I F N-γ  w as first i d e ntifi e d i n fis h w h e n s u p er n at a nts fr o m mit o g e n-si m ul at e d 

l e u k o c yt es i n tr o ut w er e d e m o nstr at e d t o p oss ess m a cr o p h a g e a cti v ati n g f a ct ors si mil ar t o 

t h at of m a m m ali a n I F N-γ  ( Gr a h a m a n d S e c o m b es, 1 9 9 0, 1 9 8 8). F urt her e vi d e n c e w as 

est a blis h e d w h e n  t h e d o w nstr e a m si g n alli n g m ol e c ul es of m a m m ali a n I F N-γ  ( St ats) w er e 

als o i d e ntifi e d i n fis h ( R y c yz y n et al., 1 9 9 8) . Si n c e t h e n, I F N-γ  h as b e e n s e q u e n c e d i n 

s e v er al fis h s p e ci es ( Arts et al., 2 0 1 0; Gr a yf er a n d B el os e vi c, 2 0 0 9; Z o u et al., 2 0 0 5). A 

f u n cti o n al st u d y e x a mi n e d t h e eff e ct of r e c o m bi n a nt I F N-γ  o n g ol dfis h m a cr o p h a g es a n d 

f o u n d it t o i n cr e as e R O S a n d N O r es p o ns es, e n h a n c e p h a g o c yt osis, a n d i n cr e as e t h e 

e x pr essi o n of pr o -i nfl a m m at or y c yt o ki n es ( Gr a yf er a n d B el os e vi c, 2 0 0 9). A n ot h er 

is of or m of I F N-γ  h as b e e n i d e ntifi e d i n g ol dfis h, k n o w n as I F N-γ r el (I F N-γ r el at e d). 

Si mil ar t o I F N -γ , I F N-γ r el i n d u c e d a r a pi d R O S pr o d u cti o n, e n h a n c e d p h ag o c yt osis, 

i ncr e as e d n itr c o xi d e s y nt h as e (i N O S) e x pr essi o n, a n d N O pr o d u cti o n ( Gr a yf er et al., 

2 0 1 0) . I n a d diti o n, li k e I F N-γ , I F N-γ r el i n cr e as e d t h e g e n e e x pr essi o n of a n u m b er of 

pr o -i nfl a m m a or y c yt o ki n es in cl u di n g I L-1 β  a n d T N F-α  ( Gr a yf er et al., 2 0 1 0). 

 

1. 3. 2. 2. 2. 3  I L-1 β  

I nt erl e u ki n 1 b et a, als o k n o w n as ‘l e u k o c yti c p yr o g e n’ is a m e m b er of t h e I L-1 

f a mil y, m ost w ell k n o w n i n m a m m als f or t h e i n d u cti o n of f e v er ( K o z a k et al., 1 9 9 8). T his 
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f a mil y is c urr e ntl y m a d e u p of 1 0 ot h er c yt o ki n es, w hi c h ar e c e ntr al t o t h e i n d u cti o n a n d 

r e g ul ati o n of i m m u n e d ef e ns e ( Di n ar ell o, 1 9 9 4).  

M y el oi d c ells ( d e n driti c c ells, m a cr o p h a g es, a n d m o n o c yt es) ( Di n ar ell o, 1 9 8 8) ar e 

t h e pri m ar y pr o d u c ers of I L-1 β . It is c urr e ntl y u n d erst o o d t h at t h e a cti v atio n of m y el oi d 

c ells b y p at h o g e ns or p at h o g e n d eri v e d f a ct ors ( e g. P A M Ps) i n d u c es t h e e x pr essi o n of 

pr o -I L-1 β . I L-1 β  is t h e n pr o d u c e d w h e n c as p as e 1 cl e a v es pr o-I L-1 β  i nt o its bi ol o gi c all y 

a cti v e f or m ( C o nt ass ot et al., 2 0 1 2; S a h o o et al., 2 0 1 1). T h e r el e as e of I L-1 β  is 

a c c o m plis h e d t hr o u g h m ulti pl e m e c h a nis ms, i n cl u di n g c ell l ysis, t h e e x p ort t hr o u g h 

s p e cifi c tr a ns p ort ers, e x o c yt osis, a n d v esi c ul ar b u d di n g ( E d er, 2 0 0 9). I L-1 β  m e di at es its 

bi ol o gi c al eff e cts  b y bi n di n g t o its c o g n at e r e c e pt or, I L -1 R ( Di n ar ell o, 1 9 9 6; K u n o a n d 

M ats us hi m a, 1 9 9 4) . I L-1 R is str u ct ur all y r el at e d t o T L Rs a n d us es si mil ar d o w nstr e a m 

si g n ali n g p at h w a ys t o T N F i n cl u di n g t h e a cti v ati o n of M A P ki n as es ( D u n n e a n d O’ N eill, 

2 0 0 3; K u n o a n d M ats us hi m a, 1 9 9 4) . O p p osi n g t h e eff e cts of I L-1 β  is I L-1 r e c e pt or 

a g o nist (I L -1 R a), w hi c h als o bi n ds I L -1 R c o m pl et el y i n hi biti n g I L -1 β  fr o m bi n di n g a n d 

e x erti n g its bi ol o gi c al eff e cts ( C ol ott a et al., 1 9 9 3).  

I L-1 β  is a c e ntr al m e di at or of i nfl a m m at or y d ef e ns e, i n v ol v e d i n a v ari et y of 

c ell ul ar a n d p h ysi ol o gi c al eff e cts i n cl u di n g c ell pr olif er ati o n a n d diff er e nti ati o n, a n d 

a p o pt osis. It h as b e e n s h o w n t o e x ert eff e cts o n m ost c ell t y p es wit hi n t h e h ost, 

pr e vi o usl y r e vi e w e d b y Di n ar ell o ( Di n ar ell o, 1 9 9 6, 1 9 8 8). Bri efl y, t h e k n o w n pr o-

i nfl a m m at or y pr o p erti es of I L-1 β  i n cl u d e pr ot e o gl y c a n r el e as e, t h e s y nt h esis of li pi d 

m e di at ors s u c h as pr ost a gl a n di n E 2  ( P G Es), a n d t h e e n h a n c e d pr olif er ati o n of fi br o bl asts. 

F urt h er, I L -1 β  als o i n d u c e d t h e s y nt h esis of t hr o m b o x a n e b y n e utr o p hils a n d m o n o c yt es, 

T a n d B c ell c h e m ot a xis, i n cr e as e d e x pr essi o n of l e u k o c yt e a d h er e n c e r e c e pt ors o n 
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e n d ot h eli al s urf a c es, a n d t h e s y nt h esis of t y p e I I F Ns ( Di n ar ell o, 2 0 1 1, 1 9 9 6, 1 9 9 4, 

1 9 8 8) . Gi v e n t h e a b o v e wi d e r a n g e of t ar g et c ells a n d eff e cts, it is n ot s ur prisi n g t h at I L-

1 β  h as b e e n i m pli c at e d i n n u m er o us p at h ol o gi c al dis e as es i n cl u di n g c ar di a c dis e as e 

( B uj a k a n d Fr a n g o gi a n nis, 2 0 0 9), r h e u m at oi d art hritis ( K h a n et al., 2 0 0 9), 

n e ur o d e g e n er ati v e dis e as es ( Griffi n et al., 1 9 9 8), a n d a ut oi m m u n e a n d a ut o-i nfl a m m at or y 

dis e as es ( M ast ers et al., 2 0 0 9). 

Fis h w er e first s us p e ct e d of p oss essi n g a n I L -1 h o m ol o g w h e n a m a m m ali a n -

d eri v e d I L -1 e n h a n c e d t h e pr olif er ati o n of c atfis h T -l y m p h o c yt es i n r es p o ns e t o 

c o n c a n a v ali n A ( C o n A ) ( H ajj ar et al., 1 9 8 7), a n d c ar p m a cr o p h a g es a n d gr a n ul o c yt es 

( V er b ur g-v a n K e m e n a d e et al., 1 9 9 5)  pr o d u c e d f a ct ors wit h si mil ar pr o p erti es t o t h at of 

m a m m ali a n I L -1. A m o n g ot h er s p e ci es of fis h ( S e c o m b es et al., 1 9 9 8; Si g el et al., 1 9 8 6), 

I L-1 β  h as b e e n f o u n d i n c ar p ( E n g els m a et al., 2 0 0 3) a n d c atfis h ( Ells a ess er a n d Cl e m, 

1 9 9 4) . Si mil ar t o m a m m ali a n I L-1 β , fis h I L-1 β  is als o c e ntr al t o i nfl a m m at or y d ef e ns e. It 

h as b e e n s h o w n t o i n cr e as e r esist a n c e t o A er o m o n as s al m o ni ci d a a n d A er o m o n as 

h y dr o p hil a i n c ar p a n d tr o ut (H o n g et al., 2 0 0 3; K o n o et al., 2 0 0 2)  a n d e n h a n c e t h e 

a g gl uti n ati o n c a p a cit y of c ar p a nti b o di es i n r es p o ns e t o i nf e cti o n wit h A. h y dr o p hil a  ( Yi n 

a n d K w a n g, 2 0 0 0) . I n a d diti o n, a r e c o m bi n a nt tr o ut I L-1 β  e n h a n c e d t h e e x pr essi o n of 

M H CII β  c h ai n, I L-1 β , a n d C O X-2 g e n es i n h e a d ki d n e y l e u k o c yt es ( H o n g et al., 2 0 0 4). 

F u n cti o n all y, r e c o m bi n a nt I L -1 β  i n d u c e d t h e pr olif er ati o n of h e a d ki d n e y l e u k o c yt es a n d 

e n h a n c e d t h eir p h a g o c yti c u pt a k e of y e ast p arti cl es ( H o n g et al., 2 0 0 4).  
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1. 3. 2. 2. 2. 4  G -C S F  

Gr a n ul o c yt e c ol o n y -sti m ul ati n g f a ct or is a gl y c oli pi d t h at m e di at es t h e 

pr olif er ati o n, diff er e nti ati o n, a cti v ati o n, a n d s ur vi v al of n e utr o p hils a n d t h eir pr o g e nit ors 

( Li es c h k e et al., 1 9 9 4; P a n o p o ul os a n d W at o wi c h, 2 0 0 8). T h e g csf  g e n e h as b e e n 

i d e ntifi e d i n h u m a n ( K a n d a et al., 1 9 8 7), m o us e ( Ni c ol a et al., 1 9 8 3), c at ( D u n h a m a n d 

O ni o ns, 2 0 0 1) , p or ci n e ( K ul m b ur g et al., 1 9 9 7), b o vi n e ( H ei d ari a n d K e hrli Jr., 2 0 0 0), 

a vi a n ( L e ut z et al., 1 9 8 4), a n d fis h s p e ci es ( Li o n g u e et al., 2 0 0 9). F u n cti o n all y, G-C S F 

a cts as b ot h a c yt o ki n e a n d a h or m o n e a n d is pr o d u c e d b y a n u m b er of diff er e nt c ell t y p es 

a n d tiss u es. H e alt h y i n di vi d u als ( h u m a ns) e x pr ess l o w l e v els ( ~ 5 0 -1 5 0  p g/ m L) of G -C S F 

i n t h e s er u m ( C h e ers et al., 1 9 8 8; K a w a k a mi et al., 1 9 9 0; W at ari et al., 1 9 8 9), h o w e v er, 

t his c a n i n cr e as e u p t o ~ 3 0 0 0 p g/ m L d uri n g i nf e cti o n ( C h e ers et al., 1 9 8 8; K a w a k a mi et 

al., 1 9 9 0) . T h e i n cr e as e d l e v els of G -C S F pr o d u c e d d uri n g i nf e cti o n ar e g e n er all y 

c o u pl e d wit h i n cr e as es i n h e m at o p oi eti c gr o wt h f a ct or a cti vit y i n s er u m, w hi c h sti m ul at es 

i n cr e as e d pr olif er ati o n of gr a n ul o c yti c pr o g e nit or c ells. T his c orr el at es wit h t h e r e c e pt or 

f or G-C S F, w hi c h is e x pr ess e d i n b ot h gr a n ul o c yti c pr e c urs ors a n d m at ur e n e utr o p hils, 

h o w e v er, hi g h e r r e c e pt or l e v els ar e d et e ct e d at l at er st a g es of m at ur ati o n ( Ni c ol a a n d 

M et c alf, 1 9 8 5) . M or e o v er, gr a n ul o c yti c pr o g e nit ors r es p o n d t o G -C S F b y s h ort e ni n g 

t h eir p ass a g e t hr o u g h t h e c ell c y cl e, t h er ef or e di vi di n g m or e fr e q u e ntl y ( L or d et al., 

1 9 9 1) . T h e a bilit y of t h e b o n e m arr o w n e utr o p hil p o ol t o r es p o n d t o t h e p h ysi ol o gi c 

d e m a n d of i nf e cti o n or p h ar m a c ol o gi c al l e v els of G -C S F d uri n g cli ni c al a d mi nistr ati o n is 

t er m e d ‘ e m er g e n c y’ gr a n ul o poi esis. I n m a m m als, t his r es p o ns e is n e c ess ar y f or a 

s ust ai n e d o ut p ut of cir c ul ati n g n e utr o p hils d uri n g i nf e cti o n or G -C S F t h er a p y ( D al e, 

1 9 9 8; Li es c h k e et al., 1 9 9 4; Z h a n et al., 1 9 9 8) .  
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G -C S F a cts t hr o u g h  its c o g n at e r e c e pt or G-C S F R. Str u ct ur all y, it is si mil ar t o 

T y p e 1 c yt o ki n e r e c e pt ors, c o nt ai ni n g t h e c o ns er v e d c yt o ki n e r e c e pt or h o m ol o g o us 

( C R H) d o m ai n, a n I g-li k e d o m ai n, a n d t hr e e fi br o n e cti n t y p e III -li k e d o m ai ns i n t h e 

e xtr a c ell ul ar r e gi o n; a tr a ns m e m br a n e r e gi o n; a n d a n i ntr a c ell ul ar r e gi o n l a c ki n g i ntri nsi c 

c at al yti c a cti vit y ( B a z a n, 1 9 9 0; R F u k u n a g a et al., 1 9 9 0; Ri kir o F u k u n a g a et al., 1 9 9 0; 

T a m a d a et al., 2 0 0 6) . Si mil ar t o ot h er c yt o ki n e si g n ali n g p at h w a ys, G-C S F R si g n als 

t hr o u g h t h e J a k-St at p at h w a y ( Ni c h ols o n et al., 1 9 9 4; Ti a n et al., 1 9 9 4). T h e ulti m at e 

o ut c o m e is t h e u p - or d o w n -r e g ul ati o n of g e n es i n v ol v e d i n n e utr o p hil pr olif er ati o n, 

diff er e nti ati o n, a n d a cti v ati o n; h o w e v er, t h e e x a ct m e c h a nis m(s) of a cti o n r e m ai n m ostl y 

u n k n o w n. F urt h er m or e, o ur c urr e nt u n d erst a n di n g of t h e s p e cifi c r ol e(s) of s p e cifi c 

si g n ali n g p at h w a ys u n d er ‘ e m er g e n c y’ a n d st e a d y st at e c o n diti o ns of gr a n ul o p oi esis 

r e m ai ns r at h er li mit e d d u e t o t h e l a c k of a p pr o pri at e m o d el s yst e ms t o e x pl or e t h e 

pl et h or a of i n vi v o f u n cti o ns.  

P er h a ps u ns ur prisi n gl y, G -C S F als o pl a ys a r ol e d uri n g i nf e cti o n, a n d dis pl a ys 

v ari o us f u n cti o ns d e p e n di n g o n t h e i nf e cti o n a n d its r o ut e. F or e x a m pl e, f oll o wi n g 

i ntr a p erit o n e al i nf e cti o n wit h L. m o n o c yt o g e n es , G-C S F w as r e q uir e d f or m ai nt ai ni n g 

t ot al b o n e m arr o w c ell n u m b ers ( Z h a n et al., 1 9 9 8). I n mi c e d efi ci e nt i n G-C S F, Gr e g or y 

a n d c oll e a g u es us e d a n i ntr atr a c h e al i nj e cti o n t o mi mi c t h e p ul m o n ar y i nf e cti o n i n c ys ti c 

fi br osis p ati e nts; G-C S F R w as  r e q uir e d f or t h e s yst e mi c i n d u cti o n of cir c ul ati n g 

n e utr o p hil l e v els, b a ct eri al cl e ar a n c e fr o m t h e l u n g, a n d t h e pr e v e nti o n of e xt e nsi v e 

p ul m o n ar y d a m a g e d uri n g i nf e cti o n ( Gr e g or y et al., 2 0 0 7). I n a d diti o n, n e utr o p hil 

s ur vi v al w as  i m p air e d i n t h e a bs e n c e of G-C S F R, s u g g esti n g t h at G -C S F si g n als w er e  

i mp ort a nt f or c o ntr olli n g n e utr o p hil s ur vi v al at t h e sit e of i nf e cti o n ( Gr e g or y et al., 2 0 0 7) .  
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T el e ost G -C S F g e n e ( g csf ) w as first i d e ntifi e d i n J a p a n es e fl o u n d er, gr e e n-s p ott e d 

p uff er fis h, a n d f u g u ( S a nt os et al., 2 0 0 6). T w o g csf g e n es w er e i d e ntifi e d i n t h e gr e e n -

s p ott e d p uff erfis h a n d f u g u, t er m e d g csf -1  a n d g csf -2 , w hil e o nl y a n ort h ol o g u e of g csf -2  

w as i d e ntifi e d i n fl o u n d er ( S a nt os et al., 2 0 0 6). F urt h er, t w o gcsf  g e n es w er e i d e ntifi e d i n 

t h e bl a c k r o c kfis h ( N a m et al., 2 0 0 9) a n d i n z e br afis h ( Li o n g u e et al., 2 0 0 9). I n fl o u n d er, 

g csf -2  m R N A l e v els w er e u pr e g ul at e d i n t h e ki d n e y a n d i n p eri p h er al bl o o d l e u k o c yt es 

f oll o wi n g tr e at m e nt wit h L P S or a mi xt ur e of C o n A  a n d  p h or b ol -1 2 -m yrist at e -1 3 -a c et at e 

( P M A) ( S a nt os et al., 2 0 0 6). Si mil arl y, g csf -2 g e n e e x pr essi o n i n bl a c k r o c kfis h w as 

u bi q uit o usl y e x pr ess e d i n t h e p eri p h er al bl o o d l e u k o c yt es a n d ki d n e y ( N a m et al., 2 0 0 9). 

C urr e ntl y, f u n cti o n al a n al ys es of t el e ost G -C S F ar e q uit e li mit e d. T h e m aj or st u d y us e d 

a n i n vi v o m or p h oli n o m e di at e d k n o c k d o w n of g csfr  i n z e br afis h, w hic h dis pl a y e d a 

d e cr e as e i n b ot h c ell n u m b ers a n d mi gr ati o n of c ells e x pr essi n g b ot h n e utr o p hil a n d 

m a cr o p h a g e s p e cifi c m ar k ers d uri n g b ot h pri miti v e a n d d efi niti v e h e m at o p oi esis i n t h e 

e m br y o ni c st a g e ( Li o n g u e et al., 2 0 0 9). F urt h er, i nj e cti o n of wil d-t y p e z e br afis h wit h g csf  

m R N A i n cr e as e d t h e n u m b er of m y el oi d a n d G C S F + c ells. T a k e n t o g et h er, G C S F -1 m a y 

pl a y a n i m p ort a nt r ol e d uri n g m y el oi d c ell  d e v el o p m e nt  as w ell as i nfl a m m ati o n, si mil ar 

t o t h at o bs er v e d i n m a m m ali a n s yst e ms.  

 

1. 3. 2. 2. 3  A nti -i nfl a m m at o r y/ r es ol vi n g c yt o ki n es a n d m e di at o rs 

1. 3. 2. 2. 3. 1  T G F -β  

T G F -β  is a m ulti-f u n cti o n al c yt o ki n e/ gr o wt h f a ct or a n d p art of t h e T G F-β  s u p er-

f a mil y of m or e t h a n 4 0 f a ct ors ( H er pi n et al., 2 0 0 4). I n m a m mals, t h er e ar e 3 diff er e nt 

is of or ms ( T G F-β 1 -3). W hil e t h e t hr e e is of or ms ar e str u ct ur all y si mil ar a n d d o s h ar e 
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o v erl a p pi n g f u n cti o ns, t h e y ar e e x pr ess e d wit hi n disti n ct tiss u es b y diff er e nt c ells 

( G o vi n d e n a n d B h o ol a, 2 0 0 3). H o w e v er, of t h es e diff er e nt is of or ms, T G F-β 1 is t h e k e y 

i m m u n o m o d ul at or ( L ett eri o a n d R o b erts, 1 9 9 8). S e cr et e d T G F-β  c o m pl e x es wit h l at e nt 

T G F -β  bi n di n g pr ot ei n ( L T B P), w hi c h is t h o u g ht t o m ai nt ai n pr o p er f ol di n g of T G F -β  

a n d t ar g et it t o e xtr a c ell ul ar str u ct ur es  ( G o vi n d e n a n d B h o ol a, 2 0 0 3). I n a d diti o n, T G F-β  

bi n di n g t o l at e n c y-ass o ci at e d pr ot ei n ( L A P)  t o f or m t h e ‘s m all l ate n c y c o m pl e x’ , w hi c h 

is n e c ess ar y f or T G F-β  s e cr eti o n, pr e v e nti n g e arl y r e c e pt or e n g a g e m e nt, a n d m ai nt ai ni n g 

l ar g e e xtr a c ell ul ar r es er v oirs of t h e c yt o ki n e ( K h alil, 1 9 9 9). T h e m e c h a nis ms of 

diss o ci ati o n of t h e l at e n c y c o m pl e x es a n d s u bs e q u e ntl y a cti v ati o n of T G F -β  ar e c urr e ntl y 

n ot w ell u n d erst o o d, h o w e v er, it is b eli e v e d t o i n v ol v e a s eri es of pr ot e ol yti c a n d n o n -

pr ot e ol yti c e v e nts a n d c ell ul ar i nt er a cti o ns ( Gl ei z es et al., 1 9 9 7; M u n g er et al., 1 9 9 7; 

N u n es et al., 1 9 9 7) . T G F-β  bi n ds a n d f or ms s e v er al s eri n e/t hr e o ni n e ki n as e c o m pl e x es 

t h at bi n d t o its c o g n at e T G F-β  r e c e pt ors a n d si g n al t hr o u g h t h e S M A D p at h w a y 

( Br a ds h a w a n d D e n nis, 2 0 1 1; D er y n c k a n d Z h a n g, 2 0 0 3; M ass a g u é, 1 9 9 8; 2 0 0 1).  

T G F -β  dis pl a ys a m ultit u d e of i m m u n or e g ul at or y r ol es d e p e n di n g o n t ar g et c ell 

t y p e a n d a cti v ati o n/ st at e of diff er e nti ati o n of t h e c ell, c yt o ki n e c o n c e ntr ati o n , a n d 

e n vir o n m e nt al mili e u. I n T l y m p h o c yt es , T G F-β 1 h as b e e n s h o w n t o pr e ci pit at e t h e 

e x pr essi o n of F o x p 3 a n d Tr e g diff er e nti ati o n  (G a n d hi et al., 2 0 1 0) . T G F -β  h as m ai nl y 

i n hi bit or y eff e cts o n B l y m p h o c yt es, i n cl u di n g t h e i n hi biti o n of c ell pr olif er ati o n a n d t h e 

i n d u cti o n of a p o pt osis i n i m m at ur e or r esti n g B c ells ( Ars ur a et al., 1 9 9 6). It is als o 

i m p ort a nt i n d o w nr e g ul ati n g N K c ell f u n cti o n a n d I F N-γ  pr o d u cti o n ( B ell o n e et al., 1 9 9 5; 

R o o k et al., 1 9 8 6) . T G F -β  als o e x erts n u m er o us eff e cts o n p h a g o c yt es. I nt er esti n gl y, 

T G F -β  h as b e e n s h o w n t o sti m ul at e r esti n g m o n o c yt es b y f u n cti o ni n g as a 
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c h e m o attr a ct a nt a n d u pr e g ul ati n g t h e e x pr essi o n of I L -6, I L -1 β , a n d T N F- α  ( M c C art n e y-

Fr a n cis et al., 1 9 9 0; W a hl et al., 1 9 9 0; Wis e m a n et al., 1 9 8 8) . H o w e v er, t h e sti m ul at or y 

eff e cts of T G F -β  i n m o n o c yt es a p p e ars t o b e hi g hl y c o nt e xt d e p e n d e nt ( W a hl, 2 0 0 7). I n 

m a cr o p h a g es, T G F -β  is t h o u g ht t o dri v e alt er n ati v e a cti vati o n/ a nti -i nfl a m m at or y 

p h e n ot y p e ( M urr a y et al., 2 0 1 4), a bl ati n g R O S a n d N O pro d u cti o n ( Di n g et al., 1 9 8 8), 

a n d r e d u ci n g its bi n di n g c a p a cit y f or T N F - α  a n d I F N- γ  b y d e cr e asi n g r e c e pt or 

e x pr essi o n ( H a us m a n n et al., 1 9 9 4; Pi ns o n et al., 1 9 9 2) . T h e r es ult is a d e cr e as e d 

a cti v ati o n st at e a n d r e d u cti o n i n a nti mi cr o bi al r es p o ns es i n m a cr o p h a g es. I n d e n driti c 

c ells, T G F -β 1 aff e cts t h eir diff er e nti ati o n a n d a nti g e n -pr es e nti n g a bilit y, i n hi bits M H C II 

e x pr essi o n, a n d a bl at es I L -1 β  a n d T NF -α  i n d u c e d I L-1 2 pr o d u cti o n ( G eiss m a n n et al., 

1 9 9 9) . Fi n all y, T G F -β 1 k n o c k o ut mi c e dis pl a y a n e x c essi v e/ pr ol o n g e d i nfl a m m at or y 

r es p o ns e a n d e xt e nsi v e m ulti pl e or g a n i nfiltr ati o n b y m a cr o p h a g es a n d l y m p h o c yt es,  

w h er ei n t h e y  t y pi c all y s u c c u m b t o t h es e c o n diti o ns ( K ul k ar ni et al., 1 9 9 3; K ul k ar ni a n d 

K arlss o n, 1 9 9 3; S h ull et al., 1 9 9 2) . F urt h er, t h es e mi c e als o h a v e a t e n d e n c y t o d e v el o p 

s e v er e a ut oi m m u nit y ( C hrist et al., 1 9 9 4; Y as w e n et al., 1 9 9 6). 

T G F -β 1 w as first i d e ntifi e d i n tr o ut ( D a ni els a n d Se c o m b es, 1 9 9 9; H ar di e et al., 

1 9 9 8; Si g el et al., 1 9 8 6) . Si n c e t h e n it h as b e e n i d e ntifi e d is s e v er al ot h er fis h s p e ci es 

i n cl u di n g s e a br e a m ( T af all a et al., 2 0 0 3), c ar p ( Z h a n a n d Ji m m y, 2 0 0 0), til a pi a ( H ar ms 

et al., 2 0 0 3) , a n d g ol dfis h ( H a d d a d et al., 2 0 0 8). I n g ol dfis h, r e c o m bi n a nt T G F-β  w as 

s h o w n t o i n d u c e pr olif er ati o n of a fi br o bl ast c ell li n e, C C L -7 1 , i n a d os e d e p e n d a nt 

m a n n er,  a n d d e cr e as e N O r es p o ns es i n m a cr o p h a g es  sti m ul at e d wit h r T N F -α  ( H a d d a d et 

al., 2 0 0 8) . 
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1. 3. 2. 2. 3. 2  I L-1 0  

I nt erl e u ki n-1 0 is a c e ntr al a nti -i nfl a m m at or y c yt o ki n e t h at r e g ul at es i nfl a m m ati o n 

as w ell as ot h er i m m u n e pr o c ess es. O ur u n d erst a n di n g  of t his i m p ort a nt i m m u n e 

m e di at or h as gr o w n  t hr o u g h e xt e nsi v e st u di es e m pl o yi n g I L-1 0 k n o c k o ut mi c e ( K ü h n et 

al., 1 9 9 3; R e n ni c k et al., 1 9 9 7; R e n ni c k a n d F ort, 2 0 0 0) . D es pit e b ei n g b or n i nt o 

p at h o g e n fr e e e n vir o n m e nts, t h es e mi c e a p p e ar t o d e v el o p s e v er e e nt er o c olitis ( d u e t o 

n at ur al fl or a) 2-3 m o nt hs i nt o t h eir li v es.  T h e y als o e x hi bit a p ol ari z e d T h 1 bi as wit h 

e x c essi v e pr o -i nfl a m m at or y r es p o ns es. F urt h er , I L-1 0 is ess e nti al t o pr e v e nti n g t h e 

p at h ol o gi c al d e v el o p m e nt of a ut oi m m u n e dis e as es d u e t o i nfl a m m ati o n ( H a wr yl o wi c z 

a n d O’ G arr a, 2 0 0 5; M o or e et al., 2 0 0 1; O’ G arr a et al., 2 0 0 8) . I L-1 0 is cr u ci al t o 

a m eli or ati n g t h e i nfl a m m at or y -r el at e d p at h ol o g y c a us e d b y I F N-γ  a n d T N F -α  d uri n g 

p at h o g e ni c  i nf e cti o ns ( e g. M y c o b a ct eri u m, Tr y p a n os o m a, Pl as m o di u m,  a n d vir al 

i nf e cti o ns) ( B e k k er et al., 1 9 9 8; Gr a u et al., 1 9 8 7; M a g e z et al., 2 0 0 2; R o bi ns o n et al., 

2 0 0 7; S u v as et al., 2 0 0 4; W u et al., 2 0 0 7) . I n f a ct, t h e a bs e n c e of I L-1 0 h as b e e n s h o w n 

t o i n cr e as e t h e s e v erit y of i m m u n o p at h ol o g y i n r es p o ns e t o a br o a d s p e ctr u m of 

p at h o g e ni c i nf e cti o ns ( G a z zi n elli et al., 1 9 9 6; H u nt er et al., 19 9 7; Wils o n et al., 2 0 0 5) . 

F or t his r e as o n, a n d d u e t o its p ot e nt eff e cts d uri n g i nfl a m m at or y r es p o ns es, m a n y 

p at h o g e ns f o c us o n t h e i n d u cti o n of I L -1 0  t o a bl at e t h e pr o-i nfl a m m at or y r es p o ns e a n d 

pr o m ot e p at h o g e n s ur vi v al  as a n i m m u n e e v asi o n str at e g y ( A n d ers o n et al., 2 0 0 5; 

B el k ai d et al., 2 0 0 1; R o q u e et al., 2 0 0 7) . I n g e n er al, t h e i n d u c e d o v er e x pr essi o n of I L-1 0 

i n v ari a bl y l e d t o d e cr e as e d killi n g a n d s u bs e q u e nt gr o wt h of i nfiltr ati n g p at h o g e ns ( F e n g 

et al., 2 0 0 2; Gr o u x et al., 1 9 9 9; R e e d et al., 1 9 9 4) . 
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I L-1 0 w as i niti all y i d e ntifi e d i n t h e s u p er n at a nts  of T c ells f oll o wi n g sti m ul ati o n 

wit h C o n A  ( Fi or e nti n o et al., 1 9 8 9), w h er e t h e s u p er n at a nts  i n hi bit e d t h e s y nt h esis of 

pr o -i nfl a m m at or y c yt o ki n e pr o d u cti o n. I n a d diti o n, B c ells, e pit h eli al c ells, e osi n o p hils, 

m o n o c yt es/ m a cr o p h a g es, N K c ells, n e utr o p hils, a n d t u m or c ells als o pr o d u c e I L -1 0 

( A k b ari et al., 2 0 0 1; Di n g et al., 2 0 0 3; Ri e g er a n d B ar-Or, 2 0 0 8; Si e w e et al., 2 0 0 6) . T o 

i n d u c e si g n ali n g,  Il-1 0 f or ms a di m er  a n d si g n als t hr o u g h a r e c e pt or c o m pl e x c o nsisti n g 

of t w o li g a n d bi n di n g I L -1 0 R 1 r e c e pt ors a n d t w o a c c ess or y s u b u nit I L -1 0 R 2 r e c e pt ors 

( “I nt erl e u ki n-1 0: n e w p ers p e cti v es o n a n ol d c yt o ki n e - M oss er - 2 0 0 8 - I m m u n ol o gi c al 

R e vi e ws - Wil e y O nli n e Li br ar y, ” n. d.; K ot e n k o et al., 1 9 9 7; Li u et al., 1 9 9 4; S p e n c er et 

al., 1 9 9 8; T a n et al ., 1 9 9 3), i n d u ci n g a si g n ali n g c as c a d e t hr o u g h t h e J a k-St at p at h w a y 

( W e b er-N or dt et al., 1 9 9 6) . Alt h o u g h i niti all y ass u m e d t o i n hi bit T a n d N K c ell 

f u n cti o ns, I L-1 0 h as b e e n s h o w n t o a ct pri m aril y o n c ells of t h e m o n o c yt e/ m a cr o p h a g e 

li n e a g e, wit h t h e i n hib iti o n of l y m p h o c yt e f u n cti o n b eli e v e d t o b e a b yst a n d er eff e ct 

( Di n g a n d S h e v a c h, 1 9 9 2; Fi or e nti n o et al., 1 9 9 1 a, 1 9 9 1 b; Os w al d et al., 1 9 9 2). I n 

a d diti o n, t o t h e a br o g ati o n of pr o -i nfl a m m at or y c yt o ki n e e x pr essi o n, I L-1 0 d e cr e as es 

m a cr o p h a g e R O S a n d, t o a l o w er e xt e nt, N O r es p o ns es ( O’ F arr ell et al., 1 9 9 8; Os w al d et 

al., 1 9 9 2) . 

Il-1 0 h as b e e n i d e ntifi e d i n s e v er al s p e ci es of b o n y fis h i n cl u di n g c ar p ( S a v a n et 

al., 2 0 0 3) , p uff er fis h (J u n Z o u et al., 2 0 0 3), tr o ut (I n o u e et al., 2 0 0 5), s e a b ass ( Pi nt o et 

al., 2 0 0 7) , c o d ( S e p p ol a et al., 2 0 0 8), z e br afis h ( Z h a n g et al., 2 0 0 5), a n d g ol dfis h 

( Gr a yf er et al., 2 0 1 1). I n g ol dfis h, rI L-1 0 h as b e e n s h o w n t o d e cr e as e T N F -α 1, T N F -α 2, 

I L-1 β 1, I L -1 0, C X C L -8, a n d N A D P H o xi d as e c o m p o n e nt p 4 7 i n m o n o c yt es  a cti v at e d 

wit h h e at -kill e d A. s al m o ni ci d a  ( Gr a yf er et al., 2 0 1 1). I n a d diti o n, r e c o m bi n a nt I L-1 0 
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i n cr e as e d s u p pr ess or of c yt o ki n e si g n ali n g -3 ( S O C S 3) g e n e e x pr essi o n i n m o n o c yt es 

( Gr a yf er et al., 2 0 1 1), s u g g esti n g t h at si mil ar t o m a m m als, I L-1 0 m a y b e a m e c h a nis m b y 

w hi c h g ol dfis h d o w n -r e g ul at e pr o-i nfl a m m at or y i m m u n e r es p o ns es. 

  

1. 3. 2. 2. 3. 3  Li p o xi n A 4  ( L X A4 ) 

Li p o xi ns ar e a f a mil y of bi o a cti v e li pi ds first i d e ntifi e d b y S er h a n a n d c oll e a g u es 

( S er h a n et al., 1 9 8 4) fr o m p urifi e d fr a cti o ns of l e u k o c yt e s us p e nsi o ns c o-i n c ub at e d wit h 

t h e i o no p h or e A -2 3 1 8 7 a n d 1 5 -h y dr o p er o x y ei c os at etr a e n oi c a ci d. I n g e n er al, li p o xi ns ar e 

e n d o g e n o usl y pr o d u c e d, s h ort -li v e d ei c os a n oi ds wit h a m ultit u d e of i m m u n o m o d ul at or y 

a n d a nti -i nfl a m m at or y a cti o ns (L e v y et al., 2 0 0 1; S er h a n et al., 2 0 0 8) . I n c o ntr ast t o t h e 

l e u k otri e n es, li p o xi ns ar e b eli e v e d t o a ct as a ‘ br a ki n g’ si g n al t o t h e i nfl a m m at or y 

r es p o ns e ( M c M a h o n et al., 2 0 0 1; S er h a n, 2 0 0 2). T h er e ar e t hr e e m aj or r o ut es of li p o xi n 

f or m ati o n, all of w hi c h d e pe n d o n t h e c ells a n d e n z y m es pr es e nt t h er ei n, a n d c a n b e 

s u bj e ct e d t o m o d ul ati o n b y c yt o ki n es ( Gr o n ert et al., 1 9 9 8; H a c hi c h a et al., 1 9 9 9; S er h a n 

et al., 1 9 9 6; S o di n -S e mrl et al., 2 0 0 0) . T h e first p at h w a y is vi a pl at el et-

p ol y m or p h o n u cl e ar n e utr o p hil i nt er a cti o ns ( E d e ni us et al., 1 9 8 8; S er h a n a n d S h e p p ar d, 

1 9 9 0) . T h e s e c o n d r o ut e of s y nt h esis vi a t h e a cti o n of 1 5 -li p o x y g e n as e i n e pit h eli al c ells 

a n d m o n o c yt es, w h er e b y m ol e c ul ar o x y g e n is i ns ert e d i nt o C 2 0: 4, r es ulti n g i n 

h y dr o p er o x y ei c os at etr a e n oi c ( H E T E) a ci d ( S er h a n et al., 1 9 8 4). T his c a n t h e n s er v e as a 

s u bstr at e f or n e utr o p hil 1 5 -li p o x y g e n as e, yi el di n g L X A4 . T h e fi n al r o ut e of L X A4  

bi os y nt h esis is vi a t h e  as piri n - tri g g er e d 1 5-e pi -li p o xi n p at h w a y ( Cl àri a a n d S er h a n, 

1 9 9 5) . I n a c yt o ki n e-pri m e d mili e u, as piri n -i n d u c e d a c et yl ati o n of c yl c o o x y g e n as e-2 
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pr o m ot es c o n v ersi o n of ar a c hi d o n at e t o 1 5 -H E T E, w hi c h c a n t h e n b e us e d as a pr e c urs or 

f or n e utr o p hili c pr o d u cti o n of L X A4 . 

L X A 4 , as w ell as c ert ai n p e pti d es, s er v e as hi g h affi nit y li g a n ds f or t h e li p o xi n A 4  

r e c e pt or f o u n d o n l e u k o c yt es, w hi c h i n t ur n c a n r e g ul at e t h eir f u n cti o n (L e v y et al., 

2 0 0 1) . T h e dis c o v er y of L X A4  r e c e pt ors c a n l ar g el y b e attri b ut e d t o t h e d e v el o p m e nt of 

s y nt h eti c li g a n ds of L X A 4 ( Clis h et al., 1 9 9 9; S c h ott eli us et al., 2 0 0 2; S er h a n et al., 1 9 9 5; 

T a k a n o et al., 1 9 9 7) . I n p arti c ul ar, L X A4  pl a ys a k e y r ol e i n t h e r es ol uti o n of n e utr o p hili c 

i nfl a m m ati o n. I n h u m a ns, s u b n a n o m ol ar c o n c e ntr ati o ns of L X A4  a n d L X B 4  h a v e b e e n 

s h o w n t o i n hi bit l e u k otri e n e -m e di at e d i nt er a cti o ns of n e utr o p hils a n d e n d ot h eli al c ells 

( Fi err o et al., 2 0 0 3; P a p a yi a n ni et al., 1 9 9 6). I n a d diti o n, L X A4  c a n a ct as a si g n al f or 

m a cr o p h a g es t o b e gi n t h e pr o c ess of eff er o c yt osis ( M c M a h o n a n d G o ds o n, 2 0 0 4; 

Mit c h ell et al., 2 0 0 2 a) . D uri n g i nf e cti o n, L X A4  w as s h o w n t o i n cr e as e s ur vi v al of r ats 

d uri n g s e psis b y si m ult a n e o usl y r e d u ci n g b a ct eri al s pr e a d a n d s yst e mi c i nfl a m m at or y 

r es p o ns es ( W al k er et al., 2 0 1 1). 

Li p o xi n f or m ati o n h as b e e n o bs er v e d i n s e v er al fis h l e u k o c yt es i n cl u di n g Atl a nti c 

s al m o n ( R o wl e y, 1 9 9 1), r ai n b o w tr o ut ( S h ar p et al., 1 9 9 2), z e br afis h ( T o bi n a n d 

R a m a kris h n a n, 2 0 1 3) , a n d g ol dfis h ( H a vi x b e c k et al., 2 0 1 5). I n g ol dfis h, L X A4  w as 

s h o w n t o d o w nr e g ul at e t h e pr o d u cti o n of R O S i n z y m os a n -a cti v at e d n e utr o p hils is ol at e d 

fr o m t h e p erit o n e al c a vit y ( H a vi x b e c k et al., 2 0 1 5). F urt h er, t h e a d diti o n of L X A4  t o 

pri m ar y ki d n e y m a cr o p h a g e ( P K M) c ult ur es si m ult a n e o usl y d e cr e as e d R O S pr o d u cti o n, 

as w ell as i n d u c e d t h e i nt er n ali z ati o n of a p o pt oti c n e utr o p hils, i n a d os e d e p e n d e nt 

m a n n er ( H a vi x b e c k et al., 2 0 1 5).  
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1. 3. 3  T h e lif e of a n e ut r o p hil  

T el e ost n e utr o p hils ar e t er mi n all y diff er e nti at e d l e u k o c yt es t h at h a v e e v ol v e d t o 

pr ot e ct t h e a ni m al h ost a n d m o u nt e arl y a n d p ot e nt a nti mi cr o bi al r es p o ns es a g ai nst 

i n v a di n g p at h o g e ns. T h e y ar e t y pi c all y t h e first l e u k o c yt es r e cr uit e d t o a n i nfl a m m at or y 

sit e ( H a vi x b e c k et al., 2 0 1 5) a n d ar e c a p a bl e of eli mi n ati n g p at h o g e ns t hr o u g h m ulti pl e 

c o m pl e m e nt ar y m e c h a nis ms. U p o n a cti v ati o n, n e utr o p hils b e c o m e p o w erf ul kill ers, 

utili zi n g t o xi c i ntr a c ell ul ar gr a n ul es ( Fl er o v a a n d B al a b a n o v a, 2 0 1 3; M es e g u er et al., 

1 9 9 4) , t h e pr o d u cti o n of  r e a cti v e o x y g e n s p e ci es ( R O S) ( Fil h o, 2 0 0 7; K at z e n b a c k a n d 

B el os e vi c, 2 0 0 9; Ri e g er et al., 2 0 1 2) , a n d d e pl o yi n g n e utr o p hil e xtr a c ell ul ar tr a ps ( N E Ts) 

( P alić  et al., 2 0 0 7 a; Pij a n o ws ki et al., 2 0 1 3). T h es e c h ar a ct eristi cs ar e s h ar e d b et w e e n 

t el e ost n e utr o p hils a n d t h eir m a m m ali a n c o u nt er p arts ( B orr e g a ar d, 2 0 1 0; Bri n k m a n n et 

al., 2 0 0 4; Bri n k m a n n a n d Z y c hli ns k y, 2 0 1 2; N at h a n, 2 0 0 6; Pr o k o p o wi c z et al., 2 0 1 2; 

Wi nt er b o ur n a n d K ettl e, 2 0 1 2) . H o w e v er, r e c e nt d at a i n di c at e t h at n e utr o p hil f u n cti o ns 

e xt e n d b e y o n d t h eir hist ori c al r ol e of si m pl e pr o -i nfl a m m at or y f o ot s ol di ers, e x p a n di n g 

o ur vi e w f or t h e lif e a n d d e at h of t his l o n g -st a n di n g m y el oi d c o ntri b ut or. U ni q u e f e at ur es 

ar e als o arisi n g i n diff er e nt a ni m al m o d els, p oi nti n g t o a s hift i n t h e c o ntri b uti o ns of t his 

i m p ort a nt c ell a cr oss e v ol uti o n. I n all, n e utr o p hils ar e criti c al t o t h e eff e cti v e n ess of e arl y 

h ost a nti mi cr o bi al r es p o ns es, t h e c o -or di n ati o n of s u bs e q u e nt a d a pti v e m e c h a nis ms, t h e 

c o ns er v ati o n of h ost i nt e grit y, a n d t h e m ai nt e n a n c e of h o m e ost asis.  

 

1. 3. 3. 1  N e ut r o p hil d e v el o p m e nt  

D es pit e e xt e nsi v e  ( ~ 4 0 0 milli o n y e ars) e v ol uti o n ar y di v er g e n c e b et w e e n t el e ost fis h 

a n d m a m m a ls, t h e m ol e c ul ar p at h w a ys g o v er ni n g h e m at o p oi esis h a v e b e e n hi g hl y 
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c o ns er v e d. T h e pr es e n c e of t el e ost ki d n e y h e m at o p oi eti c st e m c ells ( H S Cs) a n d 

h e m at o p oi eti c pr e c urs or c ells ( H P Cs) r es p o nsi bl e f or g e n er ati n g all bl o o d li n e a g es w as 

ori gi n all y d e m o nstr at e d  usi n g tr a ns pl a nt ati o n st u di es i n z e br afis h a n d gi n b u n a cr u ci a n 

c ar p. W h ol e ki d n e y m arr o w fr o m g at a e G F P  z e br afis h or β -a cti n e G F P  w as tr a ns pl a nt e d i nt o 

pr e -t h y mi c g at a -/- z e br afis h ( Tr a v er et al., 2 0 0 3) or l et h all y irr a di at e d z e br afis h, 

r es p e cti v el y, r es c ui n g t h e p h e n ot y p e a n d pr o d u ci n g b ot h l y m p h oi d a n d m y el oi d c ell 

t y p es. I n a d diti o n, H S Cs fr o m gi n b u n a cr u ci a n c ar p r e n al t u b ul es w er e c a p a bl e of 

e n gr aft m e nt i nt o l et h all y irr a di at e d r e ci pi e nts, r es ulti n g i n l o n g -t er m pr o d u cti o n of all 

h e m at o p oi eti c c ells ( K o b a y as hi et al., 2 0 0 8). T h es e st u di es a d d f urt h er s u p p ort f or t h e 

i m p ort a nt c o ntri b uti o ns of t h e t el e ost ki d n e y t o m y el o p oi esis.  

S u c c essi v e w a v es of pri miti v e a n d d efi niti v e h e m at o p oi esis, o c c urri n g i n 

a n at o mi c all y disti n ct sit es, ar e c h ar a ct eristi c of v ert e br at e e m br y os ( G allo w a y a n d Z o n, 

2 0 0 3) . I n fis h, m y el o p oi esis a n d t h e d e v el o p m e nt of n e utr o p hils h a v e b e e n st u di e d 

pri m aril y usi n g t h e z e br afis h m o d el. Pri miti v e h e m at o p oi esis t a k es pl a c e 

i ntr a e m br y o ni c all y i n t h e i nt er m e di at e c ell m ass (I C M) ( D a vi ds o n a n d Z o n, 2 0 0 4). It is 

h er e t h at e x pr ess i o n of t h e gr a n ul o c yt e-s p e cifi c m ar k er m y el o p er o xi d as e ( m p o ) i n 

z e br afis h is first d et e ct e d at 1 8 h o urs p ost f ertili z ati o n ( h pf) ( D a vi ds o n a n d Z o n, 2 0 0 4). 

T h e d et e cti o n of m p o +  i n t h e I C M s u g g ests t his tiss u e is c a p a bl e of pr o d u ci n g a s m all 

p o p ul ati o n of m y el oi d pr o g e nit ors. Fr o m h er e H S Cs fr o m t h e c a u d al h e m at o p oi eti c 

tiss u es s e e d t h e m aj or h e m at o p oi eti c or g a n of t el e ost fis h, t h e pr o n e p hr os, f oll o w e d b y 

t h e m es o n e p hr os, w hi c h is f u n cti o n all y a n al o g o us t o t h e m a m m ali a n b o n e m arr o w. It is 

i n t his tiss u e t h at t h e g e n er ati o n of n e utr o p hils o c c urs fr o m 2 d pf ( G u y a d er et al., 2 0 0 8; 

M ur a y a m a et al., 2 0 0 6) . H o w e v er, it is c urr e ntl y u n k n o w n h o w l o n g e m br y o ni c 
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gr a n ul o c yt es fr o m t h e I C M p ersist or if t h e y c o ntri b ut e t o t h e gr a n ul o c yt e p o p ul ati o n t h at 

is f o u n d i n t h e pr o n e p hr os at 7 d pf ( Will ett et al., 1 9 9 9). O v er t h e n e xt s e v er al w e e ks of 

l ar v al d e v el o p m e nt t h e h e m at o p o eiti c tiss u e e x p a n ds, h o w e v er, d e v el o p m e nt r e m ai ns 

r estri ct e d t o t h e m y el o er yt hr oi d cell li n e a g es ( Will ett et al., 1 9 9 9). I n a d ult z e br afis h, 

h e m at o p oi eti c tiss u e is pr es e nt t hr o u g h o ut t h e ki d n e y a n d all l e u k o c yt e li n e a g es a n d t h eir 

pr e c urs ors ar e f o u n d as a h et er o g e n e o us p o p ul ati o n.  

St u di es i n mi c e h a v e c o nfir m e d t h at c o m mit m e nt of pl uri p ot e nt H S Cs t o m y el oi d 

pr e c urs ors t o m at ur e n e utr o p hils is c o ntr oll e d b y b ot h t h e e xt r a c ell ul ar c u es ( gr o wt h 

f a ct ors, c yt o ki n es, et c) ( “ H e m at o p oi eti c c yt o ki n es, tr a ns cri pti o n f a ct ors a n d li n e a g e 

c o m mit m e nt, ” 2 0 0 2; M et c alf, 2 0 0 8; Ri e g er et al., 2 0 0 9)  as w ell as i ntr a c ell ul ar 

tr a ns cri pti o n f a ct ors ( “ H e m at o p oi eti c c yt o ki n es, tr a ns cri pti o n f a ct ors a n d li n e a g e 

c o m mit m e nt, ” 2 0 0 2; L e n n y et al., 1 9 9 7; R os m ari n et al., 2 0 0 5) . I n p arti c ul ar, o n e of t h e 

m ost i m p ort a nt c yt o ki n es i n v ol v e d i n gr a n ul o p oi esis, t h e gr a n ul o c yt e -c ol o n y sti m ul ati n g 

f a ct or ( G-C S F), is k n o w n t o sti m ul at e t h e s ur vi v al, pr olif er ati o n, diff er e nti ati o n, a n d 

f u n cti o n of n e utr o p hil pr e c urs ors a n d m at ur e n e utr o p hils. I nt er esti n gl y, mi c e l a c ki n g G -

C S F R or p ati e nts c o nstit uti v el y e x pr essi n g h y p o m or p h i c G-C S F R m ut a nts ar e 

n e utr o p e ni c, b ut still p oss ess m at ur e gr a n ul o c yt es, i n di c ati n g t h at b ot h G -C S F R -

d e p e n d e nt a n d G -C S F R -i n d e p e n d e nt gr a n ul o p oi esis o c c ur i n m a m m als ( H er m a ns et al., 

2 0 0 3; Li u et al., 1 9 9 6) . M or e br o a dl y, t h e G-C S F/ G -C S F R p at h w a y f u n cti o ns t o m ai nt ai n 

n e utr o p hil vi a bilit y a n d f u n cti o n wit hi n a n i nfl a m m at or y sit e ( Vill u n g er et al., 2 0 0 3). A 

r e c e nt st u d y c o nfir m e d b ot h G-C S F R -d e p e n d e nt a n d G -C S F R -i n d e p e n d e nt p at h w a ys ar e 

als o pr es e nt i n z e br afis h ( Li o n g u e et al., 2 0 0 9). M or p h oli n o-m e di at e d k n o c k d o w n of 

g csfr  a n d o v er e x pr essi o n of g csf  i n z e br afis h dis c o v er e d t h e pr es e n c e of a n a nt eri or 
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p o p ul ati o n of m y el oi d c ells d uri n g h e m at o p oi esis d e p e n d e nt o n t h e G -C S F/ G -C S F R 

p at h w a y f or d e v el o p m e nt a n d mi gr ati o n. H o w e v er, a p o p ul ati o n of m y el oi d c ells f o u n d 

wit hi n t h e p ost eri or d o m ai n d e v el o p e d l ar g el y i n d e p e n d e n t of t his p at h w a y ( Li o n g u e et 

al., 2 0 0 9) . U nli k e G -C S F, h o w e v er, G M -C S F a n d I L -3 -li k e m ol e c ul es h a v e y et t o b e 

i d e ntifi e d i n fis h, m a ki n g f urt h er c h ar a ct eri z ati o n of gr a n ul o p oi esis diffi c ult. 

Alt er n ati v el y, it m a y p oi n t t o diff er e n c es i n t h e s ol u bl e dri v ers f or gr a n ul o p oi esis i n t h es e 

l o w er v ert e br at es.  

H e m at o p oi eti c st e m c ell c o m mit m e nt t o t h e m y el oi d li n e a g e is als o h e a vil y 

d e p e n d e nt of t h e i ntri c at e r e g ul ati o n of tr a ns cri pti o n f a ct ors ( T Fs). T Fs ar e c a p a bl e of 

a cti n g i n d e p e n d e ntl y, c o -o p er ati v el y, or a nt a g o nisti c all y w h e n d et er mi ni n g li n e a g e f at e 

d e cisi o ns. T h e st e m c ell l e u k e mi a ( s cl) g e n e h as b e e n e xt e nsi v el y c h ar a ct eri z e d i n b ot h 

m a m m als a n d z e br afis h, w h er e it pl a ys a criti c al r ol e i n H S C f or m ati o n ( R o b b et al., 

1 9 9 5; S hi v d as a ni et al., 1 9 9 5) . I n a d diti o n, n aï v e ki d n e y n e utr o p hils fr o m g ol dfis h 

e x pr es s e d i n cr e as e d l e v els of g csfr,  p u. 1, a n d c e p b a  w hi c h ar e all k n o w n t o b e i m p ort a nt 

i n m a m m ali a n n e utr o p hil d e v el o p m e nt ( K at z e n b a c k et al., 2 0 1 6). H o w e v er, m u c h li k e t h e 

e x a mi n ati o n of t el e ost c yt o ki n es a n d gr o wt h f a ct ors i n v ol v e d i n h e m at o p oi esis, f e w 

st u di es h a v e t h or o u g hl y e x a mi n e d t h e r ol e of n e utr o p hil T Fs i n v ol v e d i n gr a n ul o p oi esis.  

 

1. 3. 3. 2  N e ut r o p hil r es e r v oi rs  

A m aj or diff er e n c e b et w e e n m a n y t el e ost s p e ci es a n d m a m m als r el at es t o t h e 

r el ati v e n u m b ers of n e utr o p hils i n cir c ul ati o n. W h er e as i n m a m m als ( e. g h u m a ns a n d 

s wi n e) t h e y r e pr es e nt t h e m ost pr o mi n e nt l e u k o c yt e i n cir c ul ati o n ( 4 0 -7 0 %, 3 0 -4 0 % 

r es p e cti v el y), n e utr o p hils c o nstit ut e l ess t h a n 5 % of cir c ul ati n g l e u k o c yt es i n s e v er al 
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b o n y fis h ( H a vi x b e c k et al., 2 0 1 5; R e y V á z q u e z a n d G u err er o, 2 0 0 7). H o w e v er, r e c e nt 

i n di c ati o ns fr o m o ur l a b s h o w a l ar g e r es er v oir of n e utr o p hils i n t h e t el e ost h e m at o p oi eti c 

ki d n e y, w hi c h c a n b e r e a dil y d e pl o y e d t o sit es of i nfl a m m ati o n ( H a vi x b e c k et al., 2 0 1 5; 

K at z e n b a c k a n d B el os e vi c,  2 0 0 9; S c h ars a c k et al., 2 0 0 3; W o o et al., 2 0 1 1) . T h es e 

n e utr o p hils r a pi dl y e xit t h e h e m at o p oi eti c c o m p art m e nt d uri n g t h e first 1 2 h o urs p ost 

z y m os a n a d mi nistr ati o n i n t h e p erit o n e al c a vit y ( H a vi x b e c k et al., 2 0 1 5). T his p oi nts t o 

t h e r el ati v e i m p ort a n c e of t h e h e m at o p oi eti c st or a g e p o ol of n e utr o p hils f or b o n y fis h, 

li k el y r e pr es e nti n g t h e m aj orit y of t h e m at ur e n e utr o p hils t h at c a n tr affi c t o a sit e of 

mi cr o bi al c h all e n g e.  

 

1. 3. 3. 3  N e ut r o p hil mi g r ati o n  

M at ur e n e utr o p hils m ust mi gr at e a cr oss t h e si n us oi d al e n d ot h eli u m t h at s e p ar at es t h e 

h e m at o p oi eti c tiss u e fr o m t h e cir c ul ati o n. Fr o m t h er e, t h e y ar e r a pi dl y r e cr uit e d fr o m t h e 

bl o o d t o sit es of i nfl a m m ati o n b y c h e m ot a cti c si g n als d eri v e d fr o m t h e i nf e cti o us a g e nts 

( p at h o g e n-ass o ci at e d m ol e c ul ar p att er ns) a n d t h e h ost ( d a m a g e/ d a n g er -ass o ci at e d 

m ol e c ul ar p att er ns). D eli n e ati n g e x a ctl y h o w i n di vi d u al n e utr o p hils tr affi c fr o m t h e 

bl o o dstr e a m t o tiss u es i n vi v o h as b e e n diffi c ult as a r es ult of t h e li mit ati o ns of a v ail a bl e 

m a m m ali a n m o d els. Alt h o u g h t h er e h a v e b e e n si g nifi c a nt a d v a n c es usi n g tr a ns g e ni c 

mi c e h ar b o uri n g fl u or es c e nt n e utr o p hils, t h es e m o d els ar e t e c h ni c all y c o m pl e x a n d 

r e q uir e i ntri c at e s ur gi c al pr oc e d ur es, as w ell as i ntr a vit al mi cr os c o p y ( M c D o n al d et al., 

2 0 1 0) . R e c e ntl y, t h e z e br afis h h as e m er g e d as a p o w erf ul v ert e br at e m o d el t o st u d y i n 

vi v o  c h e m o attr a ct a nt gr a di e nts ( Ni et h a m m er et al., 2 0 0 9) a n d n e utr o p hil r e cr uit m e nt 

( M at hi as et al., 2 0 0 6; R e ns h a w et al., 2 0 0 6) d uri n g i nfl a m m ati o n. T his or g a nis m is 
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a m e n a bl e t o i n vi v o m a ni p ul ati o n wit h e x c ell e nt o pti c al cl arit y a n d g o o d g e n eti c 

a p pr o a c h es. I n a d diti o n, t h e z e br afis h s h o ws r e m ar k a bl e c o ns er v ati o n of its i m m u n e 

s yst e m at c ell a n d m ol e c ul ar l e v els ( Li es c h k e a n d Tr e d e, 2 0 0 9).  

T el e ost m o d els h a v e als o pr o vi d e d us wit h t h e a bilit y t o e x a mi n e t h e  m o v e m e nt of 

n e utr o p hils usi n g w h ol e a ni m al st u di es. F or e x a m pl e, usi n g a n i n vi v o z y m os a n 

p erit o nitis m o d el i n g ol dfis h, o ur l a b r e c e ntl y q u a ntifi e d t h e mi gr ati o n of n e utr o p hils 

fr o m t h e h e m at o p oi eti c c o m p art m e nt t o t h e sit e of i nfl a m m ati o n ( H a vi x b e c k et al., 2 0 1 5). 

T h e us e of i n vi v o i m a gi n g i n z e br afis h h as als o b e e n a n i n v al u a bl e t o ol i n e x a mi ni n g t h e 

mi gr ati o n of n e utr o p hils d uri n g a c ut e i nfl a m m ati o n. I n vi v o st u di es usi n g c x cl 8  z e br afis h 

m or p h a nts dis pl a y e d r e d u c e d n e utr o p hil r e cr uit m e nt d uri n g a c ut e i nfl a m m ati o n ( d e 

Oli v eir a et al., 2 0 1 3) . I n a d diti o n, R e ns h a w et al., w er e a bl e t o e x a mi n e fl u or es c e nt 

n e utr o p hils mi gr ati n g t o w ar ds t h e sit e of i nj ur y f oll o wi n g t ail w o u n di n g i n tr a ns g e ni c 

z e br afis h e m br y os ( R e ns h a w et al., 2 0 0 6). Ot h er st u di es h a v e als o t a k e n a d v a nt a g e of t his 

s yst e m t o e x a mi n e t h e m o v e m e nt of n e utr o p hils d uri n g i nfl a m m ati o n. F or e x a m pl e, t h e 

m o v e m e nt of PI 3 K h as b e e n e x a mi n e d wit hi n i n di vi d u al n e utr o p hils i n vi v o a n d s h o w e d 

t h at PI 3 K is criti c al f or c ell m otilit y a n d m ust b e pr es e nt at t h e l e a di n g e d g e d uri n g 

mi gr ati o n ( Y o o et al., 2 0 1 0).  

M a m m ali a n m o d els h a v e b e e n a bl e t o d es cri b e n e utr o p hil a d h esi o n a n d 

tr a ns mi gr ati o n i nt o t h e i nfl a m m at or y sit e i n m or e d e pt h t h us f ar. A d h esi o n a n d e ntr y of 

n e utr o p hils i n v ol v es fi v e s e q u e nti al st e ps, t et h eri n g, r olli n g, a d h esi o n, cr a wli n g, a n d  

tr a ns mi gr ati o n. N e utr o p hils us e P-s el e cti n gl y c o pr ot ei n li g a n d -1 ( P G S L -1) t o r a pi dl y 

f or m a n d br e a k b o n ds wit h P-s el e cti n a n d E -s el e cti n o n t h e bl o o d v ess el w all, w hi c h 

all o ws t h e n e utr o p hil t o ‘t et h er a n d r oll’ at t h e a p pr o pri at e sit e wit hi n t h e h ost ( v o n 
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Vi eti n g h off a n d L e y, 2 0 0 8) . T h e e n d ot h eli al c ell w alls wit hi n t h e bl o o d v ess el ar e als o 

c o at e d wit h c h e m o ki n es, w hi c h ar e p ositi v el y c h ar g e d a n d bi n d t o n e g ati v el y c h ar g e d 

h e p ari n s ul p h at es o n t h e s urf a c e of t h e n e utr o p hil ( W a n g et al., 2 0 0 5). C D 1 1 a fir ml y 

bi n ds i nt er c ell ul ar a d h esi o n m ol e c ul e -1 (I C A M -1) all o wi n g f or ti g ht n e utr o p hil a d h esi o n 

t o t h e e n d ot h eli al w all ( H e nt z e n et al., 2 0 0 0). T his is o n e of t h e first st e ps i n v ol v e d i n 

i n d u ci n g n e utr o p hil a cti v ati o n at t h e sit e of i nfl a m m ati o n. N e utr o p hils c a n t h e n cr a wl 

p er p e n di c ul arl y t o t h e fl o w of bl o o d t hr o u g h t h e  c o nti n u o us i nt er a cti o ns of I C A M -1 a n d 

M a c -1 ( P hilli ps o n et al., 2 0 0 6). At t his p oi nt, it will t a k e a n e utr o p hil a p pr o xi m at e d 2-5 

mi n ut es t o tr a ns mi gr at e i nt o t h e aff e ct e d tiss u e. E n d ot h eli al c ells will u n d er g o 

c yt os k el et al c h a n g es, alt eri n g t h eir att a c h m e nt t o t h e e xtr a c ell ul ar m atri x, w hi c h will 

all o w t h e n e utr o p hil t o p ass t hr o u g h. W e c urr e ntl y k n o w t his i n v ol v es I C A Ms, a n d 

pl at el et e n d ot h eli al c ell a d h esi o n m ol e c ul e -1 ( P E C A M -1), h o w e v er, t h e e x a ct m e c h a nis m 

of di a p e d esis r e m ai ns u n k n o w n ( B ut c h er, 1 9 9 1; K ol a c z k o ws k a a n d K u b es, 2 0 1 3; 

P hilli ps o n et al., 2 0 0 6; Willi a ms et al., 2 0 1 1) . F urt h er, t h e e x a ct m e c h a nis ms of t his 

pr o c ess r e m ai n l ar g el y u n cl e ar i n t el e ost fis h.  

C o n v e nti o n al t hi n ki n g h as ass u m e d n e utr o p hils ar e o n e dir e cti o n al, e n di n g wit h d e at h 

at t h e sit e of i nfl a m m ati o n. T his d o g m a h as d o mi n at e d t h e fi el d of i nfl a m m ati o n f or 

m a n y d e c a d es. H o w e v er, a n u m b er of m or e r e c e nt st u di es h a v e c h all e n g e d t his p ar a di g m, 

s u g g esti n g t h at n e utr o p hils, i n s o m e cir c u mst a n c es, c a n e mi gr at e fr o m d a m a g e d tiss u es 

b y a pr o c ess of r e v ers e tr a ns mi gr ati o n ( M at hi as et al., 2 0 0 6). I n vi v o ti m e-l a ps e i m a gi n g 

h as s h o w n t h at n e utr o p hils ar e c a p a bl e of r etr o gr a d e c h e m ot a xis b a c k t o w ar d t h e 

v as c ul at ur e, i m pli c ati n g t his m e c h a nis m as a n o v el m et h o d of i nfl a m m at or y r es ol uti o n i n 

z e br afis h ( M at hi as et al., 2 0 0 6). T his m e c h a nis m a p p e ars t o b e c o ns er v e d i n t h e hi g h er 
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v ert e br at es, w h er e a s p e cifi c s u bs et of h u m a n n e utr o p hils ( C D 5 4 hi g h / C X C R 1l o w) r e pr es e nt 

l o n g-li v e d n e utr o p hils t h at h a v e mi gr at e d t h o u g h a n e n d ot h eli al m o n ol a y er a n d t h e n r e-

e m er g e d vi a r e v ers e tr a ns mi gr ati o n.  

 

1. 3. 4  A nti mi c r o bi al d ef e ns e m e c h a nis ms of t el e ost n e ut r o p hils  

N e utr o p hils ar e a criti c al c o m p o n e nt i n t h e first li n e of d ef e ns e a g ai nst i n v a di n g 

p at h o g e ns. M ulti -r e c e pt or r e c o g niti o n of P A M Ps a n d D A M Ps d efi n e i ntr u di n g 

p at h o g e ns, r es ulti n g i n t h e a cti v ati o n of c ell ul ar a nti mi cr o bi al r es p o ns es d esi g n e d t o kill 

i nfiltrati n g p at h o g e ns. A nti mi cr o bi al r es p o ns es ar e t ail or e d t o t h e t y p e a n d l o c ati o n of t h e 

p at h o g e n, a n d c a n b e di vi d e d i nt o t w o m ai n c at e g ori es: i ntr a c ell ul ar a n d e xtr a c ell ul ar. 

I ntr a c ell ul ar d ef e ns e m e c h a nis ms ar e d esi g n e d t o pr o vi d e pr ot e cti o n a g ai nst p at h o ge ns 

f o u n d wit hi n m e m br a n e-e n cl os e d str u ct ur es. T h es e d ef e ns es ar e n ot li mit e d t o killi n g 

p at h o g e ns t h at h a v e b e e n i nt er n ali z e d t hr o u g h p h a g o c yt osis, b ut als o t o pr o vi d e 

pr ot e cti o n a g ai nst p at h o g e ns a cti v el y hi di n g fr o m h u m or al i m m u n e d ef e ns es.  

N e utr o p hils  ar e ar m e d wit h a n e xt e nsi v e a nti mi cr o bi al ars e n al d esi g n e d t o li mit t h e 

diss e mi n ati o n of a br o a d r a n g e of p at h o g e ns. I nt er esti n gl y, m a n y of t h e a nti mi cr o bi al 

m e c h a nis ms pr es e nt i n t el e ost n e utr o p hils ar e utili z e d b ot h as i ntr a c ell ul ar a n d 

e xtr a c ell ul ar d e f e ns es. A k e y e x a m pl e is t h e r o b ust pr o d u cti o n of r e a cti v e o x y g e n a n d 

nitr o g e n s p e ci es f o u n d i n fis h n e utr o p hils ( F orl e n z a et al., 2 0 0 8; M a y u mi et al., 2 0 0 8; 

M orit o m o et al., 2 0 0 3; S c h ars a c k et al., 2 0 0 3) . U nli k e t h e pr e d o mi n a ntl y i ntr a c ell ul ar 

r el e as e of R O S a n d N O S i n m o n o c yt es a n d m a cr o p h a g es, t el e ost n e utr o p hils eli cit r o b ust 

r es p o ns es b ot h i ntr a c ell ul arl y a n d e xtr a c ell ul arl y ( F orl e n z a et al., 2 0 0 8; L eir o et al., 

2 0 0 1) . F urt h er, a nti mi cr o bi al a n d c yt ot o xi c s u bst a n c es st or e d i n n e utr o p hili c gr a n ul es c a n 
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b e r el e as e d i nt o t h e e xtr a c ell ul ar s p a c e ( d es cri b e d b el o w), or wit hi n t h e p h a g os o m e, 

w h er e t h e y e x ert p ot e nt a nti mi cr o bi al a cti o ns ( C u est a et al., 2 0 0 8; F a urs c h o u a n d 

B orr e g a ar d, 2 0 0 3; M ul er o et al., 2 0 0 8) .  

D ef e ns es t o w ar ds p at h o g e ns wit hi n t h e e xtr a c ell ul ar s p a c e pr o vi d e a m et h o d b y 

w hi c h t h e i n n at e i m m u n e s yst e m c a n eff e cti v el y cl e ar p at h o g e ns t h at h a v e es c a p e d 

i nt er n ali z ati o n or ar e t o o l ar g e t o b e i nt er n ali z e d. T h es e r es p o ns es ar e g e n er all y a cti v at e d 

b y t h e pr es e n c e of mi cr o bi al pr o d u cts or i nfl a m m at or y m e di at ors a n d r es ult i n t h e r el e as e 

of a nti mi cr o bi al f a ct ors i nt o t h e e xtr a c ell ul ar s p a c e. T h es e s ol u bl e pr o d u cts ar e effi ci e nt 

a nti mi cr o bi al a g e nts, b ut t h eir m o d e of a cti o n is g e n er all y n o n -s p e cifi c ( M or el et al., 

1 9 9 1; St u art a n d E z e k o wit z, 2 0 0 5) . As a r es ult, e xtr a c ell ul ar r el e as e of R O S a n d N O S 

als o l e a ds t o c oll at er al d a m a g e of h ost tiss u e ( F orl e n z a et al., 2 0 0 8; L eir o et al., 2 0 0 1).  

U nli k e t h e r el e as e of r e a cti v e o x y g e n a n d nitr o g e n s p e ci es, pr o d u cts i n n e utr o p hili c 

gr a n ul es ar e s p e cifi c all y t ar g et e d t o w ar ds mi cr o or g a nis ms a n d c a us e littl e d a m a g e t o h ost 

tiss u es ( F a urs c h o u a n d B orr e g a ar d, 2 0 0 3). I ntr a c ell ul ar d ef e ns es eff e cti v el y kill 

i nt er n ali z e d p at h o g e ns f oll o wi n g p h a g ol ys os o m e f usi o n, w h er e a t o xi c d e gr a d ati v e 

e n vir o n m e nt is est a blis h e d wit hi n n e utr o p hils. T ar g et e d pr o d u cti o n a n d r el e as e of t h es e 

a nti mi cr o bi al m ol e c ul es i nt o m e m br a n e -e n cl os e d str u ct ur es e ns ur es r e d u c e d d a m a g e t o 

h ost p h a g o c yt es a n d tiss u es, w hil e m a xi mi zi n g t h e d e gr a d ati v e p ot e nti al t o i nt er n ali z e d 

p at h o g e ns ( T h o m as et al., 1 9 8 8).  
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1. 3. 4. 1  I nt r a c ell ul a r m e c h a nis ms  

1. 3. 4. 1. 1  R es pir at or y b ur st 

T h e first i n di c ati o n of a r es pir at or y b urst w as d es cri b e d i n m a m m ali a n l e u k o c yt es i n 

1 9 3 3 b y B al dri d g e a n d G er ar d, w h e n it w as n ot e d t h at p h a g o c yt osis w as ass o ci at e d wit h 

i n cr e as e d o x y g e n c o ns u m pti o n ( B al dri d g e a n d G er ar d, 1 9 3 3). S u bs e q u e ntl y, it w as f o u n d 

t h at t his i n cr e as e i n o x y g e n c o ns u m pti o n w as t h e r es ult of t h e f or mati o n of s u p er o xi d e 

a ni o ns ( B abi or et al., 1 9 7 3) , i n a pr o c ess c at al y z e d b y N A D P H-o xi d as e ( Bri g gs et al., 

1 9 7 5) . P h yl o g e n eti c a n al ysis of t h e N A D P H-o xi d as e h as b e e n d es cri b e d i n s e v er al t el e ost 

fis h s p e ci es, i n cl u di n g r ai n b o w tr o ut ( B olt a ñ a et al., 2 0 0 9), J a p a n es e p uff erfis h (I n o u e et 

al., 2 0 0 4) , c ar p ( M a y u mi et al., 20 0 8) , Atl a nti c s al m o n ( Ol a v arrí a et al., 2 0 1 0), z e br afis h, 

a n d p uff erfis h ( K a w a h ar a et al., 2 0 0 7; K a w a h ar a a n d L a m b et h, 2 0 0 7), i n di c ati n g 

h o m ol o g y a n d a c o m m o n m a m m ali a n/t el e ost a n c est or ( M a y u mi et al., 2 0 0 8). F urt h er, 

e a c h li n e a g e h as e v ol v e d s e p ar at el y, l e a di n g t o a cl ust er c o nt a i ni n g all fis h N A D P H 

c o m p o n e nts ( Ol a v arrí a et al., 2 0 1 0). Alt h o u g h fis h a n d m a m m als s h ar e r el ati v el y l o w 

s e q u e n c e h o m ol o g y, t h e f u n cti o n al d o m ai ns r e m ai n hi g hl y h o m ol o g o us ( B olt a ñ a et al., 

2 0 0 9; I n o u e et al., 2 0 0 4; M a y u mi et al., 2 0 0 8; Ol a v arrí a et al., 2 0 1 0) . I m p ort a ntl y, fis h 

N A D P H -o xi d as e c o m p o n e nts h a v e b e e n  s h o w n t o h a v e si mil ar m o d es of a cti v ati o n a n d 

f u n cti o n al a cti viti es (I n o u e et al., 2 0 0 4; M a y u mi et al., 2 0 0 8; Ol a v arrí a et al., 2 0 1 0). 

S e v er al st u di es e x a mi ni n g t h e i n d u cti o n of R O S pr o d u cti o n i n m a m m ali a n 

n e utr o p hils i n di c at e a n i m p ort a nt r ol e f or i nfl a m m at or y c yt o ki n es, i n cl u di n g T N F -α  

( N at h a n, 1 9 8 9), I F N-α  ( Littl e et al., 1 9 9 4), G-C S F, a n d G M -C S F ( N at h a n, 1 9 8 9). I n 

a d diti o n, n e utr o p hil d eri v e d pr o d u cts [ P A F a n d L e u k otri e n e B 4 ( L T B4 )] h a v e b e e n s h o w n 

t o i n d u c e N A D P H a cti vit y ( D e w al d a n d B a g gi oli ni, 1 9 8 5). Alt h o u g h t h e i m p a ct of t h e 
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m aj orit y of t h es e i nfl a m m at or y m ol e c ul es h a v e n ot b e e n e x a mi n e d dir e ctl y o n t el e ost 

n e utr o p hils, t h e y h a v e b e e n s h o w n t o i n d u c e r es pir at or y b urs t r es p o ns es i n fis h 

p h a g o c yt es ( Arts et al., 2 0 1 0; Gr a yf er et al., 2 0 0 8 a; Gr a yf er a n d B el os e vi c, 2 0 0 9; Z o u et 

al., 2 0 0 5) . R es pir at or y b urst r es p o ns es i n fis h n e utr o p hils c a n als o b e str o n gl y a cti v at e d 

b y P A M Ps, i n cl u di n g L P S, C p G D N A, fl a g elli n, a n d  m ur a m yl di p e pti d e  (M D P ), w hi c h 

h a v e b e e n s h o w n t o i n d u c e r es pir at or y b urst a cti vit y i n gilt h e a d s e a br e a m ( S e p ul cr e et al., 

2 0 1 1, 2 0 0 7) . Fi n all y, s e v er al i m p ort a nt fis h p at h o g e ns, A er o m o n as s al m o ni ci d a a n d 

Vi bri o a n g uill ar u m,  h a v e als o b e e n s h o w n t o i n d u c e p ot e nt r es pir at or y b urst r es p o ns es i n 

n e utr o p hils  ( C h a v es-P o z o et al., 2 0 0 5; K at z e n b a c k a n d B el os e vi c, 2 0 0 9; K e m e n a d e et al., 

1 9 9 4) . 

F oll o wi n g sti m ul ati o n wit h a n y of t h es e f a ct ors, N A D P H -o xi d as e a cti v at es t hr o u g h 

t hr e e s e q u e nti al st e ps: (i) a cti v ati o n of P K C, (ii) p h os p h or yl ati o n of p 4 7p h o x , a n d (iii) t h e 

pr o d u cti o n of r e a cti v e o x y g e n i nt er m e di at es b y N A D P H -o xi d as e ( Ol a v arrí a et al., 2 0 1 0). 

W hil e a cti v ati o n p at h w a ys ar e c o ns er v e d a cr oss t el e ost fis h s p e ci es, t h e ki n eti cs a n d 

str e n gt h of t h e r es p o ns e s h o w e d  diff er e n c es a cr oss t h os e s p e ci es st u di e d. F or e x a m pl e, a 

st u d y c o m p ari n g t h e pr o d u cti o n of R O S fr o m c ar p a n d a y u n e utr o p hils f o u n d t h at a y u 

n e utr o p hils s p o nt a n e o usl y a cti v at e d r es pir at or y b urst, h o w e v er t h e r es p o ns e w as n ot 

f urt h er e n h a n c e d b y pri mi n g ( M orit o m o et al., 2 0 0 3; S er a d a et al., 2 0 0 5) . I n c o ntr ast, c ar p 

n e utr o p hils dis pl a y e d l o w l e v els of r es pir at or y b urst i n r esti n g c ells t h at w as e n h a n c e d i n 

t h e pr es e n c e of i nfl a m m at or y sti m uli ( M orit o m o et al., 2 0 0 3; S er a d a et al., 2 0 0 5). T h es e 

o bs er v ati o ns m a y hi g hli g ht a diff er e nti al l e v el of r es p o nsi v e n e ss a cr oss fis h t h at is 

p arti all y dri v e n t hr o u g h t h e s p e cifi c r e q uir e m e nts a n d c h all e n g es t h at f a c e e a c h s p e ci es 

wit hi n its c h os e n e c ol o gi c al ni c h e. I n li g ht of t h e a v ail a bl e r es ults, it will b e p arti c ul arl y 
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i nt er esti n g t o g o b e y o n d t h e i ntri nsi c m e c h a nis ms t h at r e g ul at e t h es e r es p o ns es at t h e 

c ell ul ar l e v el, a n d ass ess t h e diff er e nti al cr osst al k t h at e xists b et w e e n r es pir at or y b urst 

m e c h a nis ms a n d ot h er a nti mi cr o bi al h ost r es p o ns es a cr oss disti n ct c ell ul ar ni c h es. 

F urt h er, w e l o o k f or w ar d t o a n i n cr e as e d u n d erst a n di n g of t h e e n vir o n m e nt al f a ct ors t h at 

m a y c o ntri b ut e t o t h e h et er o g e n eit y o bs er v e d i n t h es e r es p o ns es a cr oss t el e ost fis h 

s p e ci es.  

 

1. 3. 4. 1. 2  Nitri c o xi d e  

Nitri c o xi d e ( N O) is  ess e nti al t o n e ur o n al c o m m u ni c ati o ns, i n hi biti o n of c ell 

pr olif er ati o n, v as o dil at i o n, a n d i ntr a c ell ul ar si g n ali n g ( Cl e m e nti, 1 9 9 8; H o p p er a n d 

G art h w ait e, 2 0 0 6; N a p oli et al., 2 0 1 3; P a ni a g u a et al., 2 0 0 1) . I n a d diti o n, it h as p ot e nt 

t o xi c eff e cts a n d s er v es as a vit al c o m p o n e nt of a nti mi cr o bi al d ef e ns es. Nitri c o xi d e is 

f or m e d b y t h e o xi d ati o n of l-ar gi ni n e t o l -citr ulli n e b y N O s y nt h as e ( N O S) ( M a c Mi c ki n g 

et al., 1 9 9 7) . T hr e e f or ms of N O S h a v e b e e n i d e ntifi e d i n m a m m als- e n d ot h eli al ( e N O S), 

n e ur o n al ( n N O S), a n d i n d u ci bl e (i N O S) ( K n o wl es a n d M o n c a d a, 1 9 9 4). Of t h es e, o nl y 

t h e l att er h as b e e n s h o w n t o b e i n v ol v e d i n i m m u n e d ef e ns e. i N O S w as first i d e ntifi e d i n 

t h e g ol dfis h ( L ai n g et al., 1 9 9 6), wit h f urt h er c h ar a ct eri z ati o n i n r ai n b o w tr o ut ( W a n g et 

al., 2 0 0 1)  a n d c ar p ( S a eij et al., 2 0 0 0). T h e i d e ntifi e d c ar p pr ot ei n s h ar es 5 7 % si mil arit y 

wit h h u m a n i N O S a n d  c o nt ai ns p ut ati v e bi n di n g sit es f or h e m e, t etr a h y d ro bi o pt eri n 

c al m o d uli n, fl a vi n e m o n o n u cl e oti d e, fl a vi n e a d e ni n e di n u cl e oti d e , a n d N A D P H, all of 

w hi c h r e pr es e nt i m p ort a nt sit es i n m a m m ali a n i N O S ( S a eij et al., 2 0 0 0). F urt h er, i N O S 

a cti vit y h as b e e n d e m o nstr at e d i n t el e ost gr a n ul o c yt es, i n cl u di n g n e utr o p hils ( B arr os o et 

al., 2 0 0 0; S a eij et al., 2 0 0 0) . Si mil ar t o m a m m ali a n i N O S, tr a ns cri pti o n a p p e ars t o r e q uir e 
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N F -κ B ( S a eij et al., 2 0 0 0) f oll o wi n g sti m ul ati o n wit h c yt o ki n es or P A M Ps. I n a d diti o n, 

t h e p ar asiti c h a e m ofl a g ell at e  Tr y p a n o pl as m a b orr eli, h as als o b e e n s h o w n t o i n d u c e N O 

pr o d u cti o n i n h e a d ki d n e y n e utr o p hils of c ar p ( F orl e n z a et al., 2 0 0 8; S c h ars a c k et al., 

2 0 0 3) . Nitri c o xi d e h as b e e n s h o w n t o h a ve p ot e nt a nti mi cr o bi al eff e cts a g ai nst a n u m b er 

of r el e v a nt fis h p at h o g e ns ( C a m p os Pr e z et al., 2 0 0 0; F. Wi e g ertj es a n d F orl e n z a, 2 0 1 0; 

T af all a et al., 1 9 9 9) . H o w e v er, littl e w or k h as b e e n d o n e t o c h ar a ct eri z e nitri c o xi d e 

r es p o ns es i n tel e ost n e utr o p hils, a n d t h eir a bilit y t o us e N O as a p ot e nt a nti mi cr o bi al 

m e di at or.  

Nitri c o xi d e r el e as e, li k e t h e s u p er o xi d e a ni o ns i n r es pir at or y b urst r es p o ns es, ar e n ot 

s p e cifi c all y t ar g et e d t o mi cr o or g a nis ms, t h us l e a di n g t o a p ot e nti all y t o xi c e n vir o n m e nt 

f or h ost tiss u es. D u e t o t his, N O pr o d u cti o n m ust r e m ai n ti g htl y r e g ul at e d. T h e 

a nti o xi d a nt gl ut at hi o n e h as als o b e e n s h o w n t o pl a y a pr ot e cti v e r ol e a g ai nst nitr os ati v e 

str ess ( S a eij et al., 2 0 0 3). T his w as m ost pr o mi n e nt i n c ar p p h a g o c yt es t h at n at ur all y 

c o nt ai n hi g h er l e v els of gl ut at hi o n e c o m p ar e d t o ot h er p eri p h er al bl o o d l e u k o c yt es (S a eij 

et al., 2 0 0 3) . I n a d diti o n, c ar p n e utr o p hils h a v e b e e n s h o w n t o u p -r e g ul at e g e n es i n v ol v e d 

i n t h e gl ut at hi o n e r e d o x c y cl e f oll o wi n g L P S sti m ul ati o n, r es ulti n g i n f urt h er pr ot e cti o n 

a g ai nst t h e d el et eri o us eff e cts of N O pr o d u cts (S a eij et al., 2 0 0 3) . 

 

1. 3. 4. 1. 3  P h a g ol ys os o m e f usi o n  

P h a g o c yt osis tri g g ers t h e a cti v ati o n of m ulti pl e tr a ns m e m br a n e si g n ali n g 

p at h w a ys, l e a di n g t o t h e r e or g a ni z ati o n of t h e a cti n c yt os k el et o n a n d t h e f or m ati o n of a 

s e al e d i ntr a c ell ul ar v esi cl e —  t h e p h a g os o m e ( Ki n c h e n a n d R a vi c h a n dr a n, 2 0 0 8). It is 

n o w c o m m o nl y a c c e pt e d t h at t h e p h a g os o m e m at ur es b y n u m er o us tr a nsi e nt i nt er a cti o ns 
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wit h i nt er n al v esi cl es, i n c l u di n g l ys os o m es, t o f or m a h y bri d-li k e or g a n ell e t er m e d t h e 

p h a g ol ys os o m e ( D esj ar di ns, 1 9 9 5), wit h a pri m ar y f u n cti o n t o d e gr a d e t h e i nt er n ali z e d 

p arti cl e. T h e pr o c ess of f usi n g is k n o w n t o pr o c e e d t hr o u g h s e v er al t et h eri n g a n d d o c ki n g 

st e ps ( St o c ki n g er et al., 2 0 0 6). I n vitr o e x p eri m e nts h a v e s h o w n r e q uir e m e nts f or R A B 5 

(J a hr a us et al., 1 9 9 8), R A B 7 a n d its eff e ct or RI L P ( H arris o n et al., 2 0 0 3), as w ell as 

fil a m e nt o us a cti n ( Kj e k e n et al., 2 0 0 4).  

L ys os o m es c o nt ai n r o u g hl y 5 0 diff er e nt e n z y m es t h at br e a k d o w n v ari o us 

bi ol o gi c al m ol e c ul es i n cl u di n g pr ot ei ns, n u cl ei c a ci ds, li pi ds, a n d c ar b o h y dr at es 

( K or nf el d a n d M ell m a n, 1 9 8 9). I n n e utr o p hils, p h a g ol ys os o m e bi o g en esis is ess e nti al t o 

kill i n g est e d or g a nis ms, a n d li k e ot h er c ells it o c c urs t hr o u g h t h e f usi o n of n e wl y f or m e d 

p h a g os o m es wit h ot h er gr a n ul es a n d or e n d os o m es, r es ulti n g i n t h e s u bs e q u e nt 

d e gr a d ati o n of t h e i nt er n ali z e d p arti cl e ( P ers k vist et al., 2 0 0 2).  

 

1. 3. 4. 2  E xt r a c ell ul a r m e c h a nis ms  

1. 3. 4. 2. 1  D e gr a n ul ati o n  

As o n e of t h e first i nfiltr ati n g c ells i nt o a n i nfl a m m at or y sit e, n e utr o p hils ar e 

ar m e d wit h a wi d e ars e n al of i ntr a c ell ul ar a n d e xtr a c ell ul ar a nti mi cr o bi al t o ols criti c al t o 

t h e d ef e ns e a g ai nst p at h o g e ns. O n e of t h e pri m ar y e xtr a c ell ul ar d ef e ns e m e c h a nis ms of 

n e utr o p hils is t h e t ar g et e d d e gr a n ul ati o n of c yt o pl as mi c gr a n ul es c o nt ai ni n g pr ef or m e d 

a nti mi cr o bi al m e di at ors ( F a urs c h o u a n d B orr e g a ar d, 2 0 0 3). Gr a n ul es is ol at e d fr o m 

m a m m ali a n n e utr o p hils h a v e b e e n s h o w n t o c o nt ai n a v ast arr a y of a nti mi cr o bi al 

e n z y m es t h at i n cl u d e, m y el o p er o xi d as e, pr ot ei n as e -3, c at h e psi n G a n d el ast as e, 

m et all o pr ot ei n as e, a n d a ci di c h y dr ol as es, as w ell as a nti mi cr o bi al p e pti d es s u c h as 
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l a ct of erri n a n d c at hli ci di n ( F a urs c h o u a n d B orr e g a ar d, 2 0 0 3). S p e cifi c all y, n e utr o p hils 

h a v e b e e n s h o w n t o c o nt ai n f o ur t y p es o f gr a n ul es: ( 1) a z ur o p hili c gr a n ul es (s o m eti m es 

c all pri m ar y l ys os o m es), ( 2) s p e cifi c gr a n ul es, ( 3) g el ati n as e gr a n ul es, a n d ( 4) s e cr et or y 

v esi cl es.  

A z ur o p hili c gr a n ul es ar e p a c k e d wit h a ci di c h y dr ol as es a n d a nti mi cr o bi al 

pr ot ei ns, a n d dis pl a y gr e at h et er o g e n eit y i n si z e a n d s h a p e. T h es e gr a n ul es u n d er g o 

li mit e d e x o c yt osis f oll o wi n g sti m ul ati o n, h o w e v er t h e y ar e b eli e v e d t o b e t h e pri m ar y 

gr a n ul es i n v ol v e d i n t h e d e gr a d ati o n a n d killi n g of e n g ulf e d mi cr o or g a nis ms i n t h e 

p h a g ol ys os o m e (J oi n er et al., 1 9 8 9). Al p h a-d ef e nsi ns ar e m aj or c o nstit u e nts of 

a z ur o p hili c gr a n ul es a n d h a v e b e e n esti m at e d t o m a k e u p ~ 5 % of t h e t ot al pr ot ei n c o nt e nt 

of n e utr o p hils ( F a urs c h o u a n d B orr e g a ar d, 2 0 0 3) . A n ot h er p ot e nt a nti mi cr o bi al p e pti d e 

f o u n d wit hi n t h es e gr a n ul es is b a ct eri ci d al p er m e a bilit y i n cr e asi n g pr ot ei n ( B PI), w hi c h 

kills gr a m -n e g ati v e b a ct eri a at n a n o m ol ar c o n c e ntr ati o ns ( Els b a c h, 1 9 9 8; W eiss a n d 

Olss o n, 1 9 8 7) , b y bi n di n g t o t h e n e g ati v el y c h ar g e d r esi d u es f o u n d wit hi n t h e 

li p o p ol ys a c c h ari d e ( L P S) of t h e o ut er m e m br a n e ( O oi et al., 1 9 8 7).  

S p e cifi c gr a n ul es a n d g el ati n as e gr a n ul es c a n b e gr o u p e d t o g et h er as p er o xi d as e -

n e g ati v e gr a n ul es ( Kj el ds e n et al., 1 9 9 2), h o w e v er, fr o m a p h ysi ol o gi c al vi e w t h e y ar e 

di vi d e d d u e t o t h e si g nifi c a nt l y diff er e nt pr ot ei n c o nt e nt an d s e cr et or y pr o p erti es. 

S p e cifi c gr a n ul es ar e l ar g e a n d ri c h i n a nti bi oti c s u bst a n c es, p arti ci p ati n g pri m aril y i n 

a nti mi cr o bi al a cti viti es as t h e n e utr o p hil m o bili z es t h es e gr a n ul es t o eit h er t h e 

p h a g os o m e or t h e s urr o u n di n g e n vir o n m e nt e xt eri or t o t h e c ell (J es aitis et al., 1 9 9 0; 

J oi n er et al., 1 9 8 9; M olli n e d o et al ., 1 9 9 7). T h e s m all er g el ati n as e gr a n ul es ar e m or e 
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e asil y e x o c yt os e d, a n d s er v e pri m aril y as a r es er v oir of m atri x -d e gr a di n g e n z y m es a n d 

m e m br a n e r e c e pt ors n e e d e d d uri n g di a p e d esis (J oi n er et al., 1 9 8 9).  

T h e fi n al g r o u p of gr a n ul es is a gr o u p of e n d o c yti c v esi cl es k n o w n as s e cr et or y 

gr a n ul es ( B orr e g a ar d et al., 1 9 8 7). T h es e v esi cl es ar e m o bili z e d i n r es p o ns es t o a wi d e 

v ari et y of sti m uli, i n cl u di n g N -f or m yl m et hi o ni n e-l e u c yl-p h e n y al a ni n e ( F M L P), 

gr a n ul o c yt e -m a cr o p h a g e sti m ul ati n g f a c t or ( G M-C S F), I L -8, L T B 4 , a n d T N F-al p h a 

( S e n g el ø v et al., 1 9 9 3), a n d c o nt ai n a r es er v oir of m e m br a n e-ass o ci at e d r e c e pt ors n e e d e d 

d uri n g t h e e arl y p h as es of n e utr o p hil -m e di at e d i m m u nit y.  

W hil e gr a n ul ar c o nt e nts of t el e ost n e utr o p hils h a v e n ot b e e n as t h or o u g hl y 

d es cri b e d, a n ass a y h as b e e n d e v el o p e d t o q u a ntit at e m y el o p er o xi d as e d e gr a n ul ati o n i n 

fis h n e utr o p hils ( P alić  et al., 2 0 0 5). Usi n g t his ass a y, t el e ost n e utr o p hils h a v e b e e n s h o w n 

to d e gr a n ul at e f oll o wi n g sti m ul ati o n wit h v ari o us mit o g e ns, z y m os a n, a n d A er o m o n as 

s al m o ni ci d a  ( F orl e n z a et al., 2 0 0 8; K at z e n b a c k a n d B el os e vi c, 2 0 0 9; P alić  et al., 2 0 0 5). 

F urt h er, d e gr a n ul ati o n w as n ot aff e ct e d b y t h e a d diti o n of c yt o c h al asi n B, i n di c ati n g t his 

p ot e nt m e c h a nis m d o es n ot al w a ys r e q uir e pri or p h a g o c yti c e v e nts. F u n cti o n al st u di es 

a n d pr ot ei n a n al ysis h a v e s h o w n t h at t el e ost fis h e x pr ess h o m ol o g u es of pr ot ei n as e -3, 

c at h e psi n G, el ast as e, a n d a z ur o ci di n, h el pi n g t o f urt h er diss e ct t h e cl assi c al gr a n ul e 

c o nt e nts of t el e ost n e utr o p hils ( W er n erss o n et al., 2 0 0 6).  H o w e v er, f urt h er e x a mi n ati o n 

m ust b e d o n e i n or d er t o c o nfir m t h e e x pr essi o n of t h es e e n z y m es at a pr ot ei n l e v el a n d 

t h eir f u n cti o n alit y, as w ell as t o d et er mi n e t h eir r el ati ve c o ntri b uti o ns t o t h e eff e ct or 

m e c h a nis ms m o u nt e d a g ai nst i n v a di n g p at h o g e ns.  
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1. 3. 4. 2. 2  N e utr o p hil e xtr a c ell ul ar tr a ps ( N E Ts)  

Al o n g wit h d e gr a n ul ati o n, m a m m ali a n n e utr o p hils c a n als o kill e xtr a c ell ul ar 

p at h o g e ns b y N E Ts ( Bri n k m a n n et al., 2 0 0 4). T h e ultr astr u ct ur e of N E Ts c o nsists of 

s m o ot h fil a m e nts wit h a di a m et er of ~ 1 7 n m ( Bri n k m a n n et al., 2 0 0 4), c o nt ai ni n g st a c k e d 

a n d li k el y m o difi e d n u cl e os o m es ( Ur b a n et al., 2 0 0 9). T his b a c k b o n e is d ott e d wit h 

gr a n ul ar pr ot ei ns f or mi n g gl o b ul ar d o m ai ns wit h a di a m et er of ~ 5 0 n m ( Bri n k m a n n et al., 

2 0 0 4) . N E Ts ar e c a p a bl e of m ulti pl e m e c h a nis ms of a cti o n- bi n di n g mi cr o or g a nis ms, 

d e gr a di n g vir ul e n c e f a ct ors, pr e v e nti n g diss e mi n ati o n, a n d killi n g b a ct eri a b y 

m ai nt ai ni n g a hi g h l o c al c o n c e ntr ati o n  of a nti mi cr o bi al gr a n ul e c o m p o n e nts ( Bri n k m a n n 

et al., 2 0 0 4) . T h e pr o d u cti o n of N E Ts b y t el e ost n e utr o p hils h as b e e n r e c e ntl y d es cri b e d 

i n c ar p, z e br afis h, a n d f at h e a d mi n n o ws ( P alić  et al., 2 0 0 7 a, 2 0 0 7 b, 2 0 0 5; Pij a n o ws ki et 

al., 2 0 1 3) . Si mil arl y t o m a m m ali a n N E Ts, fis h N E Ts ar e c o m p os e d of n e utr o p hil gr a n ul e 

pr ot ei ns ass o ci at e d wit h e xtr a c ell ul ar D N A fi b ers, b ut n ot c yt os k el et o n ( Bri n k m a n n et al., 

2 0 0 4; P ali ć  et al., 2 0 0 7 b, 2 0 0 7 a). H o w e v er, m u c h r e m ai ns t o b e l e ar n e d a b o ut t h e 

c o ntri b uti o n of diff er e nt n e utr o p hili c gr a n ul e cl ass es t o t h e c o m p ositi o n of t el e ost N E Ts, 

as w ell as t h e a bilit y of t h es e N E Ts t o pr e v e nt p at h o g e n s pr e a d a n d kill i n v a di n g  

mi cr o or g a nis ms.  

 

1. 3. 4. 2. 3  A nti mi cr o bi al p e pti d es  

A nti mi cr o bi al p e pti d es ( A M Ps), als o r ef err e d t o as c ati o ni c h ost d ef e ns e p e pti d es 

( Br o w n a n d H a n c o c k, 2 0 0 6) ar e a n i nt e gr al p art of t h e i n n at e i m m u n e. A M Ps ar e p ot e nt 

br o a d s p e ctr u m a nti mi cr o bi al pr ot ei ns wit h t ar g ets o n or g a nis ms r a n gi n g fr o m vir us es t o 

p ar asit es ( B a h ar a n d R e n, 2 0 1 3). T h us f ar, m or e t h a n 5, 0 0 0 A M Ps h a v e b e e n d es cri b e d i n 
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b ot h pr o k ar y ot es ( b a ct eri a) a n d e u k ar y ot es ( pr ot o z o a n, f u n gi, pl a nts, i ns e cts, a n d 

a ni m als) ( C o nl o n a n d S o n n e v e n d, 2 0 1 0; L ei p p e, 1 9 9 9; P et ers et al., 2 0 1 0). I n 1 9 5 6 t h e 

first a ni m al-ori gi n at e d A M P, d ef e nsi n, w as is ol at e d fr o m r a b bit l e u k o c yt es ( Hirs c h, 

1 9 5 6) . S h ortl y t h er e aft er, h u m a n l e u k o c yt es w er e s h o w n t o c o nt ai n A M Ps i n t h eir 

l ys os o m es ( Z e y a a n d S pit z n a g el, 1 9 6 3). 

I n t el e ost fis h, a n u m b er of A M Ps h a v e b e e n d es cri b e d i n i m m u n e i m p ort a nt 

tiss u es i n cl u di n g t h e ki d n e y, s pl e e n, i nt esti n e, bl o o d, a n d gills. H o w e v er, t h e 

i d e ntifi c ati o n of A M P e x pr essi o n i n a z ur o p hili c n e utr o p hils (f u n cti o n all y e q ui v al e nt t o 

n e utr o p hils) of gilt h e a d s e a br e a m is of si g nifi c a nt i m p ort a n c e ( C u est a et al., 2 0 0 8; 

M ul er o et al., 2 0 0 8) . O n e s u c h A M P, h e p ci di n, a cts as a n i nt esti n al ir o n r e g ul at or, 

r e d u cin g ir o n a v ail a bilit y f or i n v a di n g b a ct eri a ( V er g a F al z a c a p p a a n d M u c k e nt h al er, 

2 0 0 5; V y or al a n d P etr á k, 2 0 0 5) . A n ot h er, pis ci di n, h as b e e n s h o w n t o h a v e b ot h p ot e nt 

a nti mi cr o bi al a cti viti es a g ai nst b ot h gr a m -p ositi v e a n d gr a m -n e g ati v e b a ct eri a i n stri p e d 

b ass ( Li n et al., 2 0 1 2). I n a d diti o n, t h e e x pr essi o n of A M Ps w as u pr e g ul at e d f oll o wi n g 

sti m ul ati o n wit h v ari o us mit o g e ns, P A M Ps, or a nti g e ns b ot h i n vi v o a n d i n vitr o  ( M ul er o 

et al., 2 0 0 8) , s u g g esti n g t h at gr a n ul o c yt e a cti v ati o n i n cr e as e d t h e pr o d u cti o n of A M Ps 

a n d l i k el y a nti mi cr o bi al killi n g p ot e nti al. I nt er esti n gl y, n eit h er A M P w as s h o w n t o b e 

e x pr ess e d i n l y m p h o c yt es or m o n o c yt es/ m a cr o p h a g es ( C u est a et al., 2 0 0 8; M ul er o et al., 

2 0 0 8) . T h o u g h f urt h er r es e ar c h is n e e d e d, it a p p e ars t h at A M Ps ar e criti c al to t el e ost 

i m m u n e d ef e ns es.  
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1. 3. 5  N e ut r o p hils a n d t h e r es ol uti o n of i nfl a m m ati o n  

R es ol uti o n of i nfl a m m ati o n a n d t h e r et ur n of tiss u es t o h o m e ost asis ar e ess e nti al 

t o h ost h e alt h a n d s ur vi v al. E x c essi v e i nfl a m m ati o n is wi d el y r e c o g ni z e d as a m aj or 

c o m p o n e nt i n m a n y c hr o ni c dis e as es, i n cl u di n g v as c ul ar dis e as es, m et a b oli c s y n dr o m e, 

a n d n e ur ol o gi c al dis e as es a n d is t h us is a p u bli c h e alt h c o n c er n. I nfl a m m ati o n f u n cti o ns 

t o n e utr ali z e a n d eli mi n at e p at h o g e ni c i n v a d ers as w ell as t o cl e ar d a m a g e d tiss u e. 

U n d erst a n di n g e n d o g e n o us c o ntr ol p oi nts wit hi n t h e i nfl a m m at or y r es p o ns e c o ul d 

pr o vi d e us wit h n e w p ers p e cti v es o n dis e as e p at h o g e n esis a n d tr e at m e nt a p pr o a c h es.  

N e utr o p hils h a v e t y pi c all y b e e n vi e w e d as n e c ess ar y, b ut d etri m e nt al, s h ort -li v e d 

c ells t h at ar e r e cr uit e d e arl y i n t h e i nfl a m m at or y r es p o ns e. O n c e t h e p at h o g e ni c t hr e at 

w as eli mi n at e d, n e utr o p hils w er e si m pl y t h o u g ht t o u n d er g o a p o pt osis, t h us si g n ali n g 

r es ol uti o n m e c h a nis ms t o b e gi n. H o w e v er, r e c e nt w or k h as alt er e d o ur pr e c o n c ei v e d 

n oti o ns of n e utr o p hili c c o ntri b uti o ns t o i nfl a m m at or y pr o c ess es.  I n p arti c ul ar, si g nifi c a nt 

e vi d e n c e i m pli c at es a c e ntr al r ol e f or n e utr o p hils i n tri g g eri n g i nfl a m m at or y r es ol uti o n. 

S u c h m e c h a nis ms i n v ol v e b ot h m et a b oli c a n d bi o c h e mi c al cr osst al k p at h w a ys d uri n g t h e 

i nti m at e i nt er a cti o ns of n e utr o p hils wit h ot h er c ell t y p es at th e sit e of i nfl a m m ati o n.  

1. 3. 5. 1  P r o d u cti o n of li pi d m e di at o rs  

T h e r es ol uti o n of i nfl a m m ati o n r e q uir es a r e d u cti o n or r e m o v al of l e u k o c yt es a n d 

d e bris fr o m i nfl a m e d sit es a n d t h e i niti ati o n of w o u n d h e ali n g m e c h a nis ms, e n a bli n g a 

r et ur n t o h o m e ost asis. It is n o w u n d erst o o d t h at u n c o ntr oll e d i nfl a m m ati o n is a u nif yi n g 

c o m p o n e nt i n m a n y dis e as es a n d r e c e nt e vi d e n c e i n di c at es t h at i nfl a m m at or y r es ol uti o n 

is a bi os y nt h eti c all y a cti v e pr o c ess ( S er h a n et al., 2 0 0 8) a n d n ot si m pl y p assi v e. T h es e 
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n e w fi n di n gs dir e ct d e cisi o n pr o c ess es w h er ei n a c ut e i nfl a m m ati o n, c hr o ni c 

i nfl a m m ati o n, or i nfl a m m at or y r es ol uti o n o ut c o m es ar e g o v er n e d b as e d o n t h e 

e n d o g e n o us m e c h a nis ms e m pl o y e d t o c o ntr ol t h e m a g nit u d e a n d d ur ati o n of t h e r es p o ns e 

( S er h a n, 2 0 1 4; S er h a n a n d S a vill, 2 0 0 5). F oll o wi n g a n i m m u n e c h all e n g e, t h e r es ol uti o n 

pr o c ess is r a pi dl y i niti at e d b y c ell ul ar p at h w a ys t h at a cti v el y bi os y nt h esi z e l o c al 

s p e ci ali z e d d u al -a cti n g a nti -i nfl a m m at or y a n d pr o-r es ol uti o n li pi d m e di at ors, s u c h as 

li p o xi ns, r es ol vi ns a n d pr ot e cti ns ( S er h a n et al., 2 0 0 8).  

In m a m m als, a n a cti v e s wit c h of  t h e li pi d m e di at ors r el e as e d i nt o t h e e x u d at e 

a c c o m p a ni es t h e r es ol uti o n of i nfl a m m ati o n. I niti all y pr o -i n d u cti o n m e di at ors ar e 

g e n er at e d, s u c h as l e u k otri e n es ( L T) a n d pr ost a gl a n di ns ( P G), w hi c h a cti v at e a n d a m plif y 

t h e c ar di n al si g ns of i nfl a m m ati o n. N e xt, t w o m aj or pr ost a gl a n di ns, P G E2 a n d P G D 2 

gr a d u all y i n d u c e k e y e n z y m es i n v ol v e d i n t h e pr o d u cti o n of m e di at ors wit h b ot h a nti -

i nfl a m m at or y a n d pr o-r es ol vi n g f u n cti o n, s u c h as th e li p o xi ns (L e v y et al., 2 0 0 1) , 

r es ol vi ns a n d pr ot e cti ns (H o n g et al., 2 0 0 3; S er h a n et al., 2 0 0 0) . T h es e f a mili es of 

e n d o g e n o us pr o -r es ol uti o n m ol e c ul es a cti v at e s p e cifi c m e c h a nis ms t o pr o m ot e 

h o m e ost asis b y sti m ul ati n g a n d a c c el er ati n g r es ol uti o n at t h e tiss u e l e v el. S p e cifi c 

li p o xi ns a n d m e m b ers of t h e r es ol vi n a n d pr ot e cti n f a mili es ar e p ot e nt sti m uli t h at 

s el e cti v el y st o p n e utr o p hil i nfiltr ati o n; sti m ul at e n o n p hl o gisti c r e cr uit m e nt of m o n o c yt es, 

i n d u c e m a cr o p ha g e eff er o c yt osis, i n cr e as e l y m p h ati c r e m o v al of p h a g o c yt es, a n d 

sti m ul at e e x pr essi o n of a nti mi cr o bi al d ef e ns e m e c h a nis ms  ( S c h w a b et al., 2 0 0 7; C a n n y et 

al., 2 0 0 2; S er h a n et al., 2 0 0 2).   

M a m m ali a n r es e ar c h h as n o w s h o w n t h at n e utr o p hils alt er t h eir p h e n ot y p e t o pr o d u c e 

diff er e nt li pi d m e di at or pr ofil es d e p e n di n g o n t h e e n vir o n m e nt al mili e u (L e v y et al., 
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2 0 0 1; S er h a n et al., 2 0 0 0) . F or e x a m pl e, n e utr o p hils f o u n d i n e x u d at es d uri n g 

i nfl a m m at or y r es ol uti o n s wit c h fr o m t h e pr o d u cti o n of l e u k otri e n es t o li p o xi ns a n d 

r es ol vi ns, w h er e as t h os e i n p eri p h er al bl o o d g e n er at e a n d r el e as e l e u k otri e n e B4 u p o n 

a cti v ati o n (L e v y et al., 2 0 0 1) . I nt er esti n gl y, w e h a v e als o s h o w n t his t o b e t h e c as e i n 

t el e ost n e utr o p hils. N e utr o p hils, is ol at e d d uri n g t h e i n d u cti o n of i nfl a m m ati o n w er e 

f o u n d t o pr o d u c e el e v at e d l e v els of t h e pr o-i nfl a m m at or y a n d c h e m ot a cti c li pi d, L T B4 , 

w h er e as n e utr o p hils is ol at e d d uri n g t h e i niti ati o n of r es ol uti o n dis pl a y e d i n cr e as e d l e v els 

of t h e pr o -r es ol vi n g li pi d L X A4  ( H a vi x b e c k et al., 2 0 1 5). W e s h o w e d t h at L T B4  

i n cr e as e d R O S pr o d u cti o n i n b ot h n aï v e a n d pr o-i nfl a m m at or y n e utr o p hils, w hil e L X A4  

i n cr e as e d t h e u pt a k e of a p o pt oti c n e utr o p hils b y m a cr o p h a g es ( H a vi x b e c k et al., 2 0 1 5). 

I n a n ot h er st u d y, P G D2  a n d its m et a b olit es c o ntri b ut e t o t h e r es ol uti o n of i nfl a m m ati o n i n 

t h e gilt h e a d s e a br e a m ( G ó m e z-A b ell á n et al., 2 0 1 5) . 

 

1. 3. 5. 2  D e at h of a n e ut r o p hil  

 N e utr o p hils ar e c e ntr al t o t h e cl e ar a n c e of p at h o g e ns. H o w e v er, d es pit e 

i n di c ati o ns f or n e utr o p hil r e v ers e tr a ns mi gr ati o n, t h e ti m el y e ntr y of n e utr o p hils i nt o 

a p o pt osis r e m ai ns criti c al f or t h e r es ol uti o n of i nfl a m m ati o n ( Er wi g a n d H e ns o n, 2 0 0 7; 

F a d o k et al., 1 9 9 8 a; F o x e t al., 2 0 1 0 a; H asl ett et al., 1 9 9 4). A p o pt osis r e n d ers n e utr o p hils 

u nr es p o nsi v e t o e xtr a c ell ul ar sti m uli a n d l e a ds t o t h e e x pr essi o n of m ol e c ul es si g n ali n g 

t h eir r e m o v al b y s c a v e n g er m a cr o p h a g es ( S a vill et al., 1 9 9 0; S a vill a n d H asl ett, 1 9 9 5). 

T h e lif e a n d d e at h of n e utr o p hils c a n b e pr of o u n dl y i nfl u e n c e d b y si g n als fr o m t h e 

i nfl a m m at ory mili e u ( L u o a n d L ois o n, 2 0 0 8; Si m o n, 2 0 0 3) . Pr o-i nfl a m m at or y m e di at ors, 
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i n cl u di n g gr a n ul o c yt e m a cr o p h a g e c ol o n y sti m ul ati n g f a ct or ( G M-C S F), I L -8, or 

b a ct eri al c o m p o n e nts ( L P S, b a ct eri al D N A -C p G m otifs, et c) c o ul d m ar k e dl y pr ol o n g t h e 

l o n g e vit y of n e utr o p hils, w h ere as pr o -a p o pt oti c sti m uli, s u c h as t u m or n e cr osis f a ct or 

al p h a ( T N F -α ), T N F-r el at e d a p o pt osis-i n d u ci n g li g a n d ( T R AI L), or F as li g a n d c a n 

s h ort e n t h eir lif e s p a n ( C ol ott a et al., 1 9 9 2; L e e et al., 1 9 9 3; R e ns h a w et al., 2 0 0 3). 

Pr e cis e c o ntr ol of t h e n e utr o p hil d e at h pr o gr a m pr o vi d es a n ess e nti a l b al a n c e b et w e e n 

t h eir d ef e ns e f u n cti o ns, a p pr o pri at e a p o pt oti c cl e ar a n c e, a n d tiss u e h o m e ost asis.  

 A c o m pl e x n et w or k of i ntr a c ell ul ar d e at h/s ur vi v al si g n ali n g p at h w a ys r e g ul at es 

e ntr y i nt o a p o pt osis ulti m at el y d et er mi ni n g t h e f at e of n e utr o p hils. E xt e ns i v e r e vi e ws 

h a v e alr e a d y b e e n writt e n r e g ar di n g t h e m e c h a nis ms of n e utr o p hil a p o pt osis ( El K e bir 

a n d Fil e p, 2 0 1 0; F o x et al., 2 0 1 0 b; L u o a n d L ois o n, 2 0 0 8) . Bri efl y, i ntri nsi c m e c h a nis ms 

ar e m e di at e d t hr o u g h mit o c h o n dri al p at h w a ys a n d li k el y i n v ol v e R O S pr o d u cti o n, 

alt h o u g h t h e m e c h a nis m of R O S g e n er ati o n is n ot w ell u n d erst o o d i n a gi n g n e utr o p hils. 

T h e e xtri nsi c p at h w a y tri g g ers a p o pt osis f oll o wi n g li g ati o n of c ell s urf a c e d e at h r e c e pt ors 

( T N F-α , T R AI L r e c e pt ors or F as) t o f or m t h e d e at h-i n d u ci n g si g n alin g c o m pl e x. F urt h er, 

F as si g n ali n g o v erri d es t h e a nti -a p o pt oti c eff e cts of G M -C S F ( D ai gl e et al., 2 0 0 2).  

 

 N e utr o p hil a p o pt osis is a n ot h er criti c al p oi nt i n t h e r es ol uti o n of i nfl a m m ati o n, 

w h er e m a n y c ell t y p es i n cl u di n g ‘ pr of essi o n al’ p h a g o c yt es s u c h as m a cr o p h a g es c a n 

a c c o m plis h t h e cl e ar a n c e of a p o pt oti c c or ps es. T h e pr o c ess of cl e ari n g a p o pt oti c c ells c a n 

b e br o k e n d o w n i nt o a s u c c essi o n of st e ps, fr o m t h e r e c o g niti o n of  “ e at -m e si g n als ” o n 

d yi n g c ells, i nt er n ali z ati o n a n d pr o c essi n g of t h e a p o pt oti c c ell, t o t h e d o w nstr e a m 

c o ns e q u e n c es f oll o wi n g e n g ulf m e nt. A p o pt o ti c c ell u pt a k e sti m ul at es t h e pr o d u cti o n of 
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li p o xi n A4 , f urt h er e n h a n ci n g t h e u pt a k e of a p o pt oti c c ells ( Mit c h ell et al., 2 0 0 2 b) a n d, i n 

c o nj u n cti o n wit h r es ol vi ns a n d pr ot e cti ns, d o mi n at es t h e r es ol uti o n p h as e of t h e 

i nfl a m m at or y r es p o ns e ( S er h a n a n d S a vill, 2 0 0 5). I n a d diti o n t o a ut o cri n e a n d p ar a cri n e 

eff e cts m e di at e d t hr o u g h c yt o ki n es a n d li pi d m e di at ors,  i n vitr o a n d i n vi v o st u di es h a v e 

s h o w n t h at t h e cl e ar a n c e of a p o pt oti c c ells wit hi n a n i nfl a m m at or y sit e d e cr e as es t h e 

pr o d u cti o n of pr o -i nfl a m m at or y c yt o ki n es, i n cl u di n g t u m or n e cr osis f a ct or al p h a ( T N F-

α ), I L-6, I L -8, I L -1 7, I L -2 3, as w ell as t h e li pi d m e di at ors P G E 2  a n d L T C 4 , pr o m oti n g t h e 

pr o d u cti o n of a nti -i nfl a m m at or y i m m u n e m e di at ors, n ot a bl y I L-1 0 a n d tr a nsf or mi n g 

gr o wt h f a ct or b et a ( T G F -β ) ( F a d o k et al., 1 9 9 8 b; M a d er n a a n d G o ds o n, 2 0 0 3; St ar k et al., 

2 0 0 5; V oll et al., 1 9 9 7) . F urt h er, t h e s hift i n t h e b al a n c e fr o m T N F-α  t o T G F-β  

c o ntri b ut es t o t h e q u e n c hi n g of r e a cti v e o x y g e n a n d nitr o g e n s p e ci es ( S eri n k a n et al., 

2 0 0 5) . Alt h o u g h, t h e d o w nstr e a m e v e nts f oll o wi n g t h e e n g ulf m e nt of a p o pt oti c 

n e utr o p hils b y m a cr o p h a g es i n t el e ost fis h h a v e n ot b e e n e x a mi n e d  t o t h e s a m e e xt e nt, 

s e v er al i m p ort a nt st u di es h a v e ass ess e d t h e f u n cti o n al o ut c o m es of t his pr o c ess. F or 

e x a m pl e, w e h a v e f o u n d t h at n e utr o p hils i n c u b at e d wit h a p o pt oti c c ells ar e a bl e t o d o w n -

r e g ul at e t h e g e n er ati o n of R O S i n m a cr o p h a g es ( H a vi x b e c k et al., 2 0 1 5). I n a d diti o n, 

m a cr o p h a g es t h at h a v e i nt er n ali z e d a p o pt oti c n e utr o p hils ar e c a p a bl e of d o w n -r e g ul ati n g 

R O S pr o d u cti o n i n all p h a g o c yt es ( Ri e g er et al., 2 0 1 2). I nt er esti n gl y, si mil arl y t o 

m a m m ali a n st u di es, w e f o u n d li p o xi n A 4  i n d uc e d a n i n cr e as e i n a p o pt oti c c ell u pt a k e b y 

m a cr o p h a g es ( H a vi x b e c k et al., 2 0 1 5). 
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1. 3. 6  A er o m o n as s p p.  

1. 3. 6. 1  A er o m o n as - a n o v e r vi e w of t h e g e n us  

A er o m o n a ds ar e i n h a bit a nts of a q u ati c e n vir o n m e nts a n d a bl e t o c a us e dis e as e i n 

a r a n g e of s p e ci es, b ut ar e pri m aril y ass o ci at e d wit h i nf e cti o ns i n a q u ati c p oi kil ot h er mi c 

a ni m als. T h e y ar e a g e n us of Gr a m -n e g ati v e, f a c ult ati v e a n a er o e bi c, r o d -s h a p e d b a ct er i a 

( Gr af, 2 0 1 5), c urr e ntl y wit h 2 5 d es cri b e d s p e ci es. T h e g e n us is t a x o n o mi c all y c o m pl e x, 

h o w e v er, it is di vi d e d i nt o t w o m ai n gr o u ps. T h e first gr o u p c o nsists of n o n -m otil e 

ps y c hr o p hili c a er o m o n a ds, wit h o pti m al gr o wt h t e m p er at ur es of 2 2 -2 8 ° C ( B e a z-Hi d al g o 

a n d Fi g u er as, 2 0 1 3) . T his gr o u p is hi g hli g ht e d b y A. s al m o ni ci d a . T h e s e c o n d, a n d m u c h 

l ar g er gr o u p, h o us es t h e m otil e, m es o p hili c a er o m o n a ds, wit h o pti m al gr o wt h 

t e m p er at ur es of 3 0-3 7 ° C ( B e a z-Hi d al g o a n d Fi g u er as, 2 0 1 3) . T his gr o u p is hi g hli g ht e d 

b y A. h y dr o p hil a.   

 

1. 3. 6. 2  Vi r ul e n c e f a ct o rs i n A er o m o n as  

1. 3. 6. 2. 1  Li p o p ol ys a c c h ari d e ( L P S) a n d c a ps ul e  

Si mil ar t o ot h er Gr a m -n e g ati v e b a ct eri a, t h e e xt eri or l e afl et of t h e o ut er 

m e m br a n e is c o m p os e d of L P S. L P S is di vi d e d i nt o t hr e e d o m ai ns, t h e e xtr e m el y 

v ari a bl e O -a nti g e n, t h e c or e oli g os a c c h ari d e, a n d  t h e t o xi c li pi d A c o m p o n e nt ( T o m as et 

al., 2 0 1 2) . Ori gi n all y, 44 O -a nti g e n s er ot y p es w er e f o u n d wit hi n 3 0 7 str ai ns of 

A er o m o n as ( S a k a z a ki a n d S hi m a d a, 1 9 8 4), h o w e v er, si n c e t h e n a n a d diti o n al 5 2 

s er ot y p es h a v e b e e n r e p ort e d ( T h o m as et al., 1 9 9 0). I niti al el e ctr o p h or eti c st u di es o n 

A er o m o n as  L P S d e m o nstr at e d t hr e e m ai n p att er ns. T h e first is a m aj or l a d d er -li k e p att er n 

oft e n o bs er v e d i n e nt er o b a ct eri a a n d is ass o ci at e d wit h s m o ot h L P S. T h e s e c o n d is 
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c h ar a ct eris e d b y t h e pr es e n c e of s o m e O -a nti g e n c h ai ns d e m o nstr ati n g a h o m o g e n e o us 

p a tt er n, a n d t h e t hir d a r o u g h p att er n i n w hi c h n o O-a nti g e n is pr es e nt ( K h as h e et al., 

1 9 9 6; K o k k a et al., 1 9 9 0) . I nt er esti n gl y, s m o ot h L P S is pri m aril y pr e v al e nt at 2 0 ° C a n d 

hi g h er os m ol arit y, w h er e as t h e r o u g h L P S is m or e c o m m o n at 3 7  ° C  a n d l o w er 

os m ol arit y  ( Ts o a n d D o ol e y, 1 9 9 5). T h e t h er m or e g ul ati o n of L P S h as b e e n li n k e d t o 

c ol o nis ati o n, w h er e s m o ot h L P S h as b e e n ass o ci at e d wit h a d h er e n c e t o  H E p -2 c ells b y  A.  

h y dr o p hil a  ( M eri n o et  al.,  1 9 9 2) . W h e n str ai ns of A.  h y dr o p hil a  w er e gr o w n at 2 0  ° C, t h e 

pr es e n c e of t h eir s m o ot h L P S w as c orr el at e d wit h hi g h er vir ul e n c e i n fis h a n d mi c e 

( M eri n o et al., 1 9 9 2). F urt h er, s m o ot h L P S h as b e e n i m pli c at e d t o pr o m ot e a d h esi o n of A. 

v er o nii  b v.  s o bri a  t o H E p-2 c ells ( N a n d a p al a n a n d C h a n g, 1 9 8 9). 

I n b a ct eri a, t h e c a ps ul e is us u all y a h y dr at e d p ol ys a c c h ari d e str u ct ur e c o v eri n g t h e 

o ut er l a y er of t h e c ell w all. It is g e n er all y c o m p os e d of m o n os a c c h ari d es li n k e d t o g et h er 

vi a gl y c osi di c b o n ds ( M eri n o a n d T o m ás, 2 0 1 5). D u e t o its e n vir o n m e nt al e x p os ur e, 

c a ps ul es ar e t h o u g ht t o h a v e r ol es i n vir ul e n c e a n d c ol o nis ati o n, pr e v e nti o n of b a ct eri al 

d esi c c ati o n, f oili n g p h a g o c yt osis b y h ost c ells, or r e d u ci n g c o m pl e m e nt -m e di at e d l ysis 

( M eri n o a n d T o m ás, 2 0 1 5; S c h e m bri et al., 2 0 0 4). Alt h o u g h a er o m o n a ds h a v e 

tr a diti o n all y b e e n d es cri b e d as n o n-c a ps ul at e, c a ps ul es h a v e b e e n i d e ntifi e d i n b ot h n o n -

m otil e a n d m otil e s p e ci es,  wit h t h e first c a ps ul e d es cri b e d i n  A.  s al m o ni ci d a  w h e n gr o w n 

i n vitr o  i n gl u c os e-ri c h m e di a ( G arr ot e et al., 1 9 9 2), a n d i n vi v o i n Atl a nti c s al m o n 

( G ar d u n o a n d K a y, 1 9 9 5). Si n c e t h e n, c a ps ul e f or m ati o n h as als o b e e n d es cri b e d i n t h e 

m es o p hili c A. h y dr o p hil a ( M artí n e z et al., 1 9 9 5) w h e n gr o w n i n gl u c os e ri c h m e di a i n 

vitr o . C a ps ul es ar e pr o d u c e d i n r es p o ns e t o s p e cifi c e n vir o n m e nt al c o n diti o ns, f or 

e x a m pl e, e n vir o n m e nts wit h hi g h gl u c os e c o n c e ntr ati o n ( R e c ks ei dl er-Z e nt e n o, 2 0 1 2) . 
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T h us c a ps ul ar f or m ati o n is li k el y t o h a v e a r ol e i n t h e vir ul e n c e of  A er o m o n as  s p e ci es 

c a p a bl e of c a usi n g s e pti c a e mi a, wit h c a ps ul e e x pr essi o n b ei n g i n d u c e d u p o n e ntr y i nt o 

t h e h ost bl o o d str e a m w h er e t h e e n vir o n m e nt is gl u c os e ri c h.  

 

1. 3. 6. 2. 2  Pili, o ut er m e m br a n e pr ot ei ns, a n d S -L a y er  

Pili ar e fil a m e nt o us, e xtr a c ell ul ar str u ct ur es t h at all o w f or b a ct eri a a d h er e n c e. 

A d h esi o n a n d c ol o ni z ati o n of h ost tiss u es ar e criti c al t o A er o m o n a d  vir ul e n c e ( H a di et 

al.,  2 0 1 2) . A v ari et y of pili h a v e b e e n d es cri b e d f or A er o m o n as  s p p., wit h i niti al st u di es 

d efi ni n g t w o s p e cifi c gr o u ps b as e d o n str u ct ur al diff er e n c es - s h ort -ri gi d pili a n d l o n g-

w a v y pili ( C arr ell o et al., 1 9 8 8; H o et al., 1 9 9 0). I nt er esti n gl y, e n vir o n m e nt all y is ol at e d 

A er o m o n as  str ai ns dis pl a y e d a pr ef er e n c e f or s h ort -ri gi d pili, w hil e t h os e is ol at e d fr o m 

cli n i c al s a m pl es g e n er all y pr o d u c e d l o n g-w a v y pili ( C arr ell o et al., 1 9 8 8), s u g g esti n g 

l o n g-w a v y pili ar e i m p ort a nt i n A er o m o n a d  vir ul e n c e. F urt h er e vi d e n c e w as pr o vi d e d 

w h e n t h e m e c h a ni c al r e m o v al of l o n g-w a v y pili fr o m t h e b a ct eri al s urf a c e, or pr e -

e x p os ur e t o a n a nti -pili n a nti b o d y, w as s h o w n t o bl o c k A er o m o n a d a d h er e n c e t o a v ari et y 

of b ot h h u m a n a n d a ni m al c ell li n es ( B ar n ett a n d Kir o v, 1 9 9 9; H o k a m a et al., 1 9 9 0; 

H o n m a a n d N a k as o n e, 1 9 9 0 ; Kir o v et al., 1 9 9 5; N a k as o n e et al., 1 9 9 6). N ot a bl y, s o m e 

l o n g-w a v y pili ar e c a p a bl e of f or mi n g fil a m e nt o us n et w or ks or b u n dl es, a n d it is t h es e 

b u n dl e f or mi n g pili ( Bf p) t h at ar e tr ul y m aj or c ol o ni z ati o n f a ct ors i n m es o p hili c 

A er o m o n a ds ( Kir o v et al., 1 9 9 5). T h e first Bf p w as is ol at e d i n A. v er o nii bi o v ar s o bri a 

( Kir o v a n d S a n d ers o n, 1 9 9 6). W h e n e x a mi n e d, t h e N-t er mi n al se q u e n c e of t h e m aj or 

pili n f o u n d i n t h e Bf p d e m o nstr at e d hi g h s e q u e n c e h o m ol o g y wit h m a n n os e -s e nsiti v e 

h a e m a g gl uti ni n ( M S H A) pili n fr o m Vi bri o c h ol er a e  ( Kir o v a n d S a n d ers o n, 1 9 9 6). 
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S e v er al y e ars l at er, wit h t h e a d v e nt of n e w g e n eti c t e c h ni q u es, t his Bf p w as s u bs e q u e ntl y 

s h o w n t o b e a m e m b er of t h e M S H A pil us f a mil y ( H a di et al., 2 0 1 2). I nt er esti n gl y, A. 

v er o nii  bi o v ar s o bri a dis pl a y e d o pti m al Bf p e x pr essi o n at t e m p er at ur es b el o w 2 2 ° C i n 

li q ui d m e di a ( Kir o v et al., 1 9 9 5), w hi c h m a y e x pl ai n t h e effi ci e n c y of t his s p e ci es w h e n 

i nf e cti n g fis h. T w o ot h er pili h a v e b e e n i d e ntifi e d i n A er o m o n as , t h e T a p pil us a n d t h e 

Fl p pil us, h o w e v er d el eti o n st u di es d e m o nstr at e d t h at t h e l a c k of t h es e pili n g e n es h a d n o 

eff e ct o n h ost c ol o ni z ati o n a n d vir ul e n c e i n Atl a nti c s al m o n ( B o y d et al., 2 0 0 8; Kir o v et 

al., 2 0 0 0) .  

A n u m b er of o ut er -m e m br a n e pr ot ei ns ( O M Ps) h a v e b e e n i d e ntifi e d 

i n A er o m o n a ds  as m o n o m eri c a d h esi ns. E arl y st u di es i n A. h y dr o p hil a  d e m o nstr at e d t h at 

u p o n pili r e m o v al, s o m e str ai n s r et ai n e d t h eir a bilit y t o a d h er e ( At ki ns o n a n d Tr ust, 

1 9 8 0) . E v e nt u all y c ar b o h y dr at e-r e a cti v e pr ot ei ns w er e f o u n d o n t h e b a ct eri al s urf a c e, a n d 

w h e n d o w n -r e g ul at e d, a d e cr e as e i n a d h er e n c e w as o bs er v e d ( Q ui n n et al., 19 9 4) . M a n y 

m or e O M Ps h a v e si n c e b e e n dis c o v er e d, wit h v ari at i o n i n s urf a c e e x pr essi o n s e e n d uri n g 

c h a n g es i n e n vir o n m e nt, t e m p er at ur e, os m ol arit y, a n d ir o n a v ail a bilit y. T h e m ost 

i m p ort a nt O M P, O m p 4 8, w as ori gi n all y i d e ntifi e d i n A. v er o nii bi o v ar s o bri a ( T orr es et 

al., 2 0 0 5) . O m p 4 8 bi n ds pr ot ei ns of t h e e xtr a c ell ul ar m atri x ( c oll a g e n a n d fi br o n e cti n), as 

w ell as s e v er al m u c us gl y c o pr ot e i ns (l ac t of erri n a n d m u ci n). F urt h er, A. v er o nii  i n c u b at e d 

wit h a nti -O m p 4 8  s h o w e d a d e cr e as e d a bilit y t o bi n d H e L a c ells ( T orr es et al., 2 0 05) , 

c o nfir mi n g its i m p ort a n c e t o t h e h ost c ol o ni z ati o n pr o c ess. I nt er esti n gl y, O m p 4 8 m a y 

als o r e pr es e nt a p ot e nti al c a n di d at e f or v a c ci n e d e v el o p m e nt, as r e c o m bi n a nt A. 

h y dr o p hil a  O m p 4 8 w as r e c e ntl y s h o w n t o i n d u c e a pr ot e cti v e r es p o ns e i n r o h u 

( K h us hir a m a ni et al., 2 0 1 2). 
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S urf a c e l a y ers or S -l a y ers c o nsist of a t w o di me nsi o n al cr yst alli n e pr ot ei n arr a y 

c o v eri n g t h e e ntir e or g a nis m ( B e v eri d g e a n d Gr a h a m, 1 9 9 1). S-l a y ers ar e c o m p os e d of 

pr ot ei ns a n d gl y c o pr ot ei ns a n d ar e f o u n d i n Gr a m -p ositi v e a n d Gr a m -n e g ati v e b a ct eri a, 

as w ell as  Ar c h a e a . I n A er o m o n as, a u ni q u e pr ot ei n, V a p A, f or ms t h e S -l a y er. It w as first 

d es cri b e d i n A. s al m o ni ci d a a n d w as r e c o g ni z e d as a m aj or vir ul e n c e f a ct or c a usi n g 

s e pti c a e mi a i n fis h ( K a y et al., 1 9 8 1). Alt h o u g h l ess c o m m o n i n m es o p hili c s p e ci es, a n S-

l a y er h as b e e n f o u n d i n b ot h A. v er o ni i a n d A. h y dr o p hil a  ( Est e v e et al., 2 0 0 4; K o k k a et 

al., 1 9 9 0) . H o w e v er, t h e r ol e i n p at h o g e ni cit y f or t h es e s p e ci es still r e m ai ns cl o u d e d.  

 

1. 3. 6. 2. 3  S e cr et e d f a ct ors  

A er o m o n a ds s e cr et e/ i nj e ct a pl et h or a of vir ul e n c e f a ct ors i n v ol v e d i n b ot h h ost 

c ol o ni z ati o n, as w ell as f urt h er i n v asi o n t o st a bili z e i nf e cti o n. T h us f ar, fi v e s e cr eti o n 

s yst e ms h a v e b e e n i d e ntifi e d i n A er o m o n as s p p., T y p e I, II, III, I V, a n d VI) ( B urr et al., 

2 0 0 2; Li et al., 2 0 1 1; R a n gr e z et al. , 2 0 0 6; S es h a dri et al., 2 0 0 6; S u ar e z et al., 2 0 0 8). Of 

t h es e, t h e t y p e 3 a n d t y p e 6 s e cr eti o n s yst e ms ( T 3 S S/ T 6 S S), ar e m ost ass o ci at e d wit h 

vir ul e n c e a n d dis e as e ( C h a c ó n et al., 2 0 0 4; S u ar e z et al., 2 0 0 8). T 3 S S ar e oft e n r ef err e d 

t o as n e e dl e-li k e str u ct ur es a n d d es cri b e d as a n ‘i nj e ctis o m e’, t h at dir e ctl y i nj e ct eff e ct or 

m ol e c ul es i nt o t h e c yt o pl as m of t ar g et c ells ( C h a c ó n et al., 2 0 0 4; Vil c h es et al., 2 0 0 4). Of 

n ot e, l oss of a f u n cti o n al T 3 S S i n A. h y dr o p hil a  l e a ds t o att e n u at e d vir ul e n c e d uri n g 

i nf e cti o n i n b ot h fis h a n d mi c e ( Vil c h es et al., 2 0 1 2). T o d at e, fi v e m ai n vir ul e n c e f a ct ors 

( V F) h a v e b e e n d es cri b e d f or t h e t y p e III s e cr eti o n s yst e m i n A er o m o n as : A e x T, A e x U, 

A o p P, A o p H, a n d A o p O. A e x T a n d A e x U ar e m ulti -f u n cti o n al t o xi ns t h at c o nt ai n a 

G T P as e -a cti v ati n g d o m ai n c a p a bl e of disr u pti n g h ost c yt os k el et al ass e m bl y a n d 
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m o v e m e nt, l e a di n g t o t h e i n d u cti o n of a p o pt osis ( Sil v er a n d Gr af, 2 0 0 9; Vil c h es et al., 

2 0 0 9) . T o s u p p ort t h e r ol e of t h es e V Fs i n p at h o g e ni cit y, Br a u n a n d c oll e a g u es f o u n d t h at 

a n a e x T A. s al m o ni ci d a  m ut a nt h a d n o t o xi c eff e ct o n fis h R T G -2 c ells ( Br a u n et al., 

2 0 0 2) . F urt h er, mi c e i nf e ct e d wit h a n a e x U  A. h y dr o p hil a m ut a nt di s pl a y e d i n cr e as e d 

s ur vi v al r at es c o m p ar e d t o t h os e i nf e ct e d wit h wil d -t y p e b a ct eri a ( S h a et al., 2 0 0 7 a; 

Si err a et al ., 2 0 0 7). S e v er al str ai ns of A. s al m o ni ci d a  h a v e b e e n s h o w n t o s e cr et e A o p P 

( N F-κ B i n hi bit or), A o p H (t yr osi n e p h os p h at as e), a n d A o p O (s eri n e/t hr e o ni n e ki n as e), 

w hi c h ar e all i n v ol v e d i n disr u pti n g h ost c ell si g n ali n g p at h w a ys ( D a c a n a y et al., 2 0 0 6; 

R eit h et al., 2 0 0 8) . T h e T 6 S S h as als o b e e n s h o w n t o pl a y a r ol e i n p at h o g e ni cit y b y 

i nj e cti n g V Fs dir e ctl y i nt o t h e t ar g et c ell c yt o pl as m ( S u ar e z et al., 2 0 1 0), s e cr eti n g 

h a e m ol ysi n c o -r e gul at e d pr ot ei n ( H c p) (S u ar e z et al., 2 0 0 8) , Vr g 1, Vr g 2, a n d Vr g 3 

( S u ar e z et al., 20 1 0, 2 0 0 8) . H c p h as b e e n i m pli c at e d i n m o dif yi n g p h a g o c yti c u pt a k e of 

t his b a ct eri u m, h o w e v er t h e m e c h a nis m of a cti o n r e m ai ns u n k n o w n ( S u ar e z et al., 2 0 0 8). 

Alt h o u g h Vr g 2 a n d Vr g 3 c urr e ntl y h a v e u n k n o w n f u n cti o ns, Vr g 1 h as b e e n i d e ntifi e d as 

a n A D P -ri b os yl ati n g t o xi n, w hi c h disr u pts t h e h ost c ell c yt os k el et o n a n d i n d u c es 

a p o pt osis i n H e L a c ells ( S u ar e z et al., 2 0 1 0, 2 0 0 8).  

 

1. 3. 6. 3  I d e ntifi c ati o n of A er o m o n as  

T h er e ar e m a n y a g e nts c a p a bl e of i c ht h y o p at h ol o g y a n d t h e a c c ur at e a n d r a pi d 

i d e ntifi c ati o n is ess e nti al i n est a blis hi n g t h e c orr e ct c o urs e of tr e at m e nt. O ut br e a ks of 

A er o m o n as  c a n s pr e a d r a pi dl y, r e q uiri n g s wift a n d c o nsist e nt i d e ntifi c ati o n i n or d er t o 

mi ni mi z e t h e i m p a ct of i nf e cti o n. T y pi c all y, a b a ct eri u m is e v al u at e d o n 6 3 p h e n ot y pi c 

a n d bi o c h e mi c al pr o p erti es t o i d e ntif y t h e p arti c ul ar s p e ci es. I nt er esti n gl y, of t h e 6 3 t e sts, 
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o nl y 9 yi el d e d u nif or m r es ults w h e n t y pi n g A er o m o n as ( A b b ott et al., 2 0 0 3). T h es e 

i n cl u d e d, t h e pr es e n c e of c yt o c hr o m e o xi d as e a n d nitr at e r e d u ct as e, f er m e nt ati o n of D -

gl u c os e a n d tr e h al os e, f ail ur e t o utili z e m u c at e, a n d t h e i n a bilit y t o g e n er at e a ci d fr o m D -

ar a bit ol, d ul cit ol, er yt hrit ol, a n d x yl os e ( A b b ott et al., 2 0 0 3). F or a c o m pl et e vi e w of all 

bi o c h e mi c al a n d p h e n ot y pi c t ests, pl e as e r ef er e n c e A b b ott a n d c oll e a g u es ( A b b ott et al., 

2 0 0 3) . T h es e p h e n ot y pi c a n d bi o c h e mi c al c h ar a ct eristi cs all o w e d f or t h e dis cri mi n ati o n 

b et w e e n t hr e e m ai n gr o u ps: 1) t h e ‘ A er o m o n as h y dr o p hil a c o m pl e x’ ( A. h y dr o p hil a, A. 

b est ari u m, A. s al m o ni ci d a, A. p o p offii ), 2) t h e ‘ A er o m o n as c a vi a e c o m pl e x’ (A. c a vi a e, 

A. m e di a, A. e u cr e n o p hil a ), a n d 3) t h e ‘ A er o m o n as s o bri a c o m pl e x’ (A. s o bri a, A. 

v er o nii, A. j a n d a ei, A. tr ot a ) ( A b b ott et al., 1 9 9 8, 1 9 9 2; B orr ell et al., 1 9 9 8; K o ziń s k a et 

al., 2 0 0 2) . T o d a y, P C R a n d s e q u e n c e a n al ysis, usi n g 1 6 S r R N A, g yr B, a n d r p o D  ar e t h e 

t y pi c al m et h o ds b y w hi c h w e i d e ntif y A er o m o n a ds . G yr B a n d r p o D  ar e us e d i n 

c o nj u n cti o n d u e t o t h e l a c k of h et er o g e n eit y i n t h e 1 6s r R N A s e q u e n c e, a n d t h us t h e 

i n a bilit y t o i d e ntif y s p e ci es s ol e b as e d u p o n t his g e n e. M ost i m p ort a ntl y t h es e m et h o ds 

h a v e b e e n us e d t o i d e ntif y A er o m o n as fr o m v ari o us fis h tiss u es i n cl u di ng s pl e e n, ki d n e y, 

bl o o d, s ki n, li v er, i nt esti n es, a n d f ur u n cl es ( B e a z-Hi d al g o et al., 2 0 1 0; G o d o y et al., 

2 0 1 0; G ust afs o n et al., 1 9 9 2; K o zi ń s k a, 2 0 0 7; O’ Bri e n et al., 1 9 9 4) . 

 

1. 3. 6. 4  A er o m o n as i nf e cti o ns i n fis h 

M a n y s p e ci es of A er o m o n a ds  h a v e b e e n s h o w n t o c a us e i nf e cti o ns i n b ot h wil d 

a n d f ar m e d fis h i n cl u di n g, b ut n ot li mit e d t o tr o ut ( P a ni a g u a et al., 1 9 9 0) , Afri c a n c atfis h 

( S h o d ei n d e S h o yi k a, 2 0 1 5), arti c c h ar ( G ol ds c h mi dt Cl er m o nt et al., 2 0 0 9), fl o u n d er 

( Wi kl u n d, 1 9 9 5), a n d g ol dfis h ( Wi kl u n d a n d D als g a ar d, 1 9 9 8). T h e m ost c o m m o nl y 
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r e p ort e d s p e ci es ar e A. v er o nii bi o v ar s o bri a , A. s al m o ni ci d a, A. h y dr o p hil a, A. s o bri a, A. 

e n c h el ei a, A. all os a c c h ar o p hil a, a n d  A. j a n d a ei ( K o ziń s k a, 2 0 0 7) . I nt er esti n gl y, t h e 

pr e v aili n g is ol at e f o u n d i n g ol dfis h a n d c ar p, A. v er o nii  bi o v ar s o bri a, c o ul d b e is ol at e d i n 

b ot h h e alt h y a n d dis e as e d fis h ( K o ziń s k a, 2 0 0 7) .  It is wi d el y r e c o g ni z e d t h at A er o m o n as  

i nf e cti o ns i n fis h oft e n r es ult i n f ur u n c ul osis, s e pti c a e mi a, a n d ul c er ati v e a n d 

h a e m orr h a gi c dis e as es, l e a di n g t o si g nifi c a nt m ort alit y i n b ot h wil d a n d f ar m e d fis h, a n d 

n ot e w ort h y l os es i n t h e a q u a c ult ur e s e ct or ( A usti n a n d A usti n, 2 0 0 7; B er n ot h et al., 

1 9 9 7) .  

E arl y s y m pt o ms of A er o m o n as oft e n i n cl u d e l et h ar g y, d e cr e as e d a p p etit e, s c al e 

pr otr usi o ns a n d s h e d di n g. As i nf e ct i o n pr o gr ess es, fis h m a y b e c o m e s e pti c a e mi c a n d/ or 

d e v el o p or g a n f ail ur es a n d f ur u n cl es ( A usti n a n d A usti n, 2 0 0 7; B er n ot h et al., 1 9 9 7; 

Wi kl u n d a n d D als g a ar d, 1 9 9 8) , wit h t h e m ost c o m m o n a n d r e c o g ni z a bl e s y m pt o m b ei n g 

f ur u n c ul osis. F ur u n c ul osis w as first d es cri b e d b y E m m eri c h a n d W ei b el i n 1 8 9 0 as a 

s eri o us, s e pt i c e mi c, dis e as e f o u n d t o aff e ct s al m o ni ds ( E mm eri c h a n d W ei b el, 1 8 9 0) . 

Si n c e t h e n, f ur u n c ul osis h as b e e n d es cri b e d i n a n u m b er of ot h er fis h s p e ci es i n cl u di n g 

c o m m o n c ar p a n d g ol dfis h ( A usti n a n d A usti n, 2 0 0 7; B er n ot h et al., 1 9 9 7; K o ziń s k a, 

2 0 0 7) . I nt er esti n gl y, b ot h h e alt h y a n d i nf e ct e d fis h ar e c a p a bl e of s h e d di n g l ar g e a m o u nts 

of b a ct eri a i nt o t h e w at er ( 1 0 5 -1 0 6  C F U/ h o ur) ( B er n ot h et al., 1 9 9 7; N o g a, 2 0 1 0). 

O ut br e a ks of i nf e cti o n t e n d t o aris e d uri n g p eri o ds of u n d u e str ess ( c h a n g es i n w at er 

q u alit y a n d t e m p er at ur e, tr a ns p ort, cr o w di n g, a n d i m pr o p er h a n dli n g), as w ell as d uri n g 

s p a w ni n g s e as o n ( B er n ot h et al., 1 9 9 7; G ust afs o n et al., 1 9 9 2; N o g a, 2 0 1 0).  

F ur u n c ul osis pr es e nts sli g htl y diff er e nt cli ni c al s y m pt o ms d e p e n di n g u p o n t h e 

i nf e ct e d s p e ci es. H o w e v er, si mil ariti es i n e xt er n al s or e d e v el o p m e nt a n d pr o gr essi o n ar e 
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o bs er v e d. I n c ar p, A er o m o n as i nf e cti o ns ar e k n o w n as c ar p er yt hr o d er m atitis ( C E), wit h 

t h e first si g ns of i nf e cti o n a p p e ari n g as s m all, i nfl a m e d h a e m orr h a gi c ar e as, or s m all 

w hit e er osi o ns s urr o u n d e d b y r e d tiss u e. C o m m o n c ar p wit h e xt e nsi v e l esi o n 

d e v el o p m e nt als o e x hi bit e x o p ht h al mi a, dist e n d e d a b d o m e ns, a n d h e m orr h a g es i n t h e 

gills ( B o ots m a et al., 1 9 7 7). D uri n g i nf e cti o n, A er o m o n as  is pr es e nt e x cl usi v el y i n l esi o ns 

b et w e e n t h e d er mis a n d e pi d er mis ( B o ots m a et al., 1 9 7 7). I n g ol dfis h, p at h ol o g y w as 

ori gi n all y d es cri b e d as g ol dfis h ul c er dis e as e ( G U D) ( M a w d esl e y-T h o m as, 1 9 6 9) . I n 

c o ntr ast t o C E, b a ct eri al i n v ol v e m e nt is pr e d o mi n a ntl y e xt er n al wit h G U D a n d i niti at e d 

b y at y pi c al v ari a nts of A. s al m o ni ci d a ( Elli ott a n d S h otts, 1 9 8 0 a, 1 9 8 0 b). E vi d e n c e of 

e arl y i nf e cti o ns pr es e nt wit h t h e a p p e ar a n c e of w hit e pr olif er ati o ns of t h e e pit h eli u m of 

fis h, sl o wl y d e v el o pi n g i nt o p eri p h er al h e m orr h a g es, n e cr oti c d er m al tiss u es, a n d m us cl e 

d e g e n er ati o n ( Elli ott a n d S h otts, 1 9 8 0 a, 1 9 8 0 b). I n a d diti o n, m ar k e d i nfiltr ati o n of 

l e u k o c yt es ( a ci d o p hili c, b as o p hili c, a n d h et er o p h yli c gr a n ul o c yt es, l ym p h o c yt e s, 

m o n o c yt es a n d m a cr o p h a g es) w as  o bs er v e d at t h e i nf e cti o n sit e ( Elli ott a n d S h otts, 

1 9 8 0 a, 1 9 8 0 b) . Si mil ar t o C E, t h e c a us ati v e b a ct eri a w as is ol at e d fr o m t h e p eri p h er al 

i nf e ct e d tiss u e ( Elli ott a n d S h otts, 1 9 8 0 a, 1 9 8 0 b). 

 

1. 3. 6. 4. 1  Tr a ns missi o n of dis e as e  

Dis e as e tr a ns missi o n o c c urs l at er all y t hr o u g h c o nt a ct wit h c o nt a mi n at e d w at er 

s o ur c es or i nf e ct e d fis h ( H or n e, 1 9 2 8; S c ott, 1 9 6 8). Alt h o u g h r e p orts v ar y, Kl o nt z a n d 

c oll e a g u es o bs er v e d t h e tr a ns missi o n of f ur u n c ul osis i n s a bl efis h t hr o u g h t h e 

c o ns u m pti o n of i nf e ct e d c o h o s al m o n ( Kl o nt z a n d W o o d, 1 9 7 3). V erti c al tr a ns missi o n 

fr o m p ar e nt t o offs pri n g is n ot a si g nifi c a nt r o ut e of i nf e cti o n, as A. s al m o ni ci d a  is 
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u nli k el y t o s ur vi v e t h e e g g st a g e of d e v el o p m e nt (M c C art h y, 1 9 7 5) . Elli ot a n d S h otts 

f o u n d t h at g ol dfis h di e d w h e n A. s al m o ni ci d a w as dir e ctl y i nj e ct e d ( Elli ott a n d S h otts, 

1 9 8 0 b) . H o w e v er, g ol dfis h w o ul d d e v el o p ul c ers w h e n e x p os e d t o A er o m o n as 

c o nt a mi n at e d w at er or s c arr e d ( p at c h of s c al es r e m o v e d) ( Elli ott a n d S h otts, 1 9 8 0 b). I n 

a d diti o n, t h e r e m o v al of t h e m u c us l a y er, f oll o w e d b y s ki n i n o c ul ati o n pr o d u c e d ul c ers i n 

br o o k tr o ut a n d Atl a nti c s al m o n, b ut n ot r ai n b o w tr o ut ( u n p u blis h e d U. S. Fis h eri es 

r es e ar c h).  

 

1. 3. 6. 4. 2  C urr e nt m et h o ds of dis e as e c o ntr ol  

T h e h e alt h si g nifi c a n c e of d et e cti n g m es o p hili c a er o m o n a ds i n p u bli c w at er 

s u p pli es is n ot w ell u n d erst o o d, a n d n o cl e arl y d efi n e d p oi nt -s o ur c e o ut br e a k h as b e e n 

d o c u m e nt e d, t h us est a blis hi n g e pi d e mi ol o gi c al li n ks is v er y diffi c ult. I n a q u a c ult ur e, 

c o ntr olli n g t h e s pr e a d of i nf e cti o n is criti c al t o m ai nt ai ni n g h e alt h y st o c ks. Pr e v e nti n g t h e 

mi gr ati o n of i nf e ct e d fis h b et w e e n f ar ms, t h e s h ari n g of p ot e nti all y c o nt a m i n at e d 

e q ui p m e nt, a n d h o usi n g i nf e ct e d fis h n e ar u n c o nt a mi n at e d fis h ar e all cit e d as i m p ort a nt 

f a ct ors w h e n tr yi n g t o li mit t h e s pr e a d of b a ct eri a. T h e m ai n m e c h a nis ms t o pr e v e nt 

s pr e a d i n cl u d e p ers o n n el e d u c ati o n ( T u c k er a n d H ar gr e a v es, 2 0 0 9), t h e U V irr a di ati o n of 

w at er ( B ull o c k a n d St u c k e y, 1 9 7 7), a n d t h e f all o wi n g of n et p e ns ( T u c k er a n d 

H ar gr e a v es, 2 0 0 9) .  

T h e bi ol o gi c al c o ntr ol of A er o m o n as h as als o b e e n s h o w n t o pl a y a p ot e nti al r ol e 

is pr e v e nti n g diss e mi n ati o n. C o-c ult uri n g A. s al m o ni ci d a  a n d A. s al m o ni ci d a p h a g e P A S -

1 i n r ai n b o w tr o ut dis pl a y e d a t e m p or al n e utr ali zi n g a n d pr ot e cti v e a bilit y, i n cr e asi n g 

s ur vi v al r at es a n d m e a n ti m es t o d e at h of fis h ( Ki m et al., 2 0 1 5). I n a d diti o n, 
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i ntr a p erit o n e al i m m u ni z ati o ns of A. s al m o ni ci d a  h a v e s h o w n s o m e i n d u c e d pr ot e cti o n 

a n d t h e i n d u cti o n of i m m u nit y i n fis h ( Ellis, n. d.; Lill e h a u g et al., 1 9 9 2). Fi n all y, o ut er 

m e m br a n e pr ot ei n 4 8 ( O m p 4 8) m a y als o r e pr es e nt a p ot e nti al c a n di d at e f or v a c ci n e 

d e v el o p m e nt, as r e c o m bi n a nt O m p 4 8 fr o m A. h y dr o p hil a  h as b e e n s h o w n t o i n d u c e a 

pr ot e cti v e r es p o ns e i n r o h u ( K h us hir a m a ni et al., 2 0 1 2). 

 

1. 3. 6. 5  A er o m o n as i nf e cti o ns i n ot h e r o r g a nis ms 

A er o m o n a ds ar e u bi q uit o us i n n at ur e a n d p oss ess t h e a bilit y t o c ol o ni z e a pl et h or a 

of h osts. T h es e ass o ci ati o ns c a n b e d etri m e nt al t o t h e h ost ( dis e as e i n fis h a n d h u m a ns) or 

i n ot h er c as es b e n efi ci al, as a er o m o n a ds c a n s u bsist i n a s y m bi oti c n at ur e wit h t h eir h ost 

( m e di ci n al l e e c h a n d p ossi bl y t h e m os q uit o).  

Wit h r es p e ct t o h u m a n dis e as es, A er o m o n as s p e ci es s p a n a wi d e r a n g e of 

l o c ali z e d a n d s yst e mi c ill n ess es. H o w e v er, A er o m o n as  g e n er all y i nf e cts 

i m m u n o c o m pr o mis e d i n di vi d u als a n d ar e oft e n r ef err e d t o as o p p ort u nisti c p at h o g e ns, 

wit h dis e as es i n cl u di n g, a c ut e g astr o e nt eritis, n e cr oti zi n g f as ciitis, a n d s e pti c e mi a 

( M eri n o et al., 1 9 95) . F or t his r e as o n, i nf e cti o ns ar e oft e n sl ott e d i nt o f o ur m aj or 

c at e g ori es: 1) g astr oi nt esti n al dis or d ers, 2) w o u n d a n d m us cl e tiss u e i nf e cti o ns, 3) bl o o d -

b as e d dis e as es, a n d 4) dis e as es l ess fr e q u e ntl y e n c o u nt er e d (J a n d a a n d A b b ott, 2 0 1 0). Of 

t h es e, a c ut e g astr o e nt eritis is b y f ar t h e m ost c o m m o n sit e of i nf e cti o n a n d A er o m o n a d  

is ol ati o n ( D e o d h ar et al., 1 9 9 1). A er o m o n as s p p. h a v e als o b e e n r e c o v er e d fr o m 

r es pir at or y tr a ct i nf e cti o ns, p ost o p er ati v e i nf e cti o ns, or e x p os ur e t o e n vir o n m e nt s o ur c es 

h ar b ori n g t h e b a ct eri a ( W as hi n gt o n, 1 9 7 2). Ot h er s p e ci m e ns l ess c o m m o nl y o bs er v e d 

i n cl u d e bl o o d c ult ur es, a n d ot h er b o dil y fl ui ds ( p erit o n e al fl ui d a n d bil e). 
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C o n v ers el y, A er o m o n as  c ol o ni z ati o n c a n b e b e n efi ci al, w h er e b a ct eri u m a n d h ost 

c a n li v e i n s y m bi osis. F or e x a m pl e, A er o m o n as is pr es e nt as a s y m bi o nt i n t h e g ut of t h e 

m e di c al l e e c h ( Hir u d o v er b a n a ) wit h A. v er o nii  b ei n g t h e m ost a b u n d a nt s p e ci es f o u n d. 

T h e p ur p os e of t his s y m bi os es h as b e e n e x a mi n e d t hr o u g h tr a ns cri pt o m e a n al ysis a n d 

s u g g ests t h at A er o m o n as  m a y f e e d fr o m n utri e nts r el e as e d b y a n ot h er s y m bi o nt, Ri k n ell a -

li k e b a ct eri u m ( B o m ar et al., 2 0 1 1). I n a d diti o n, it is als o p ossi bl e n utri e nts r el e as e d b y 

s y m bi oti c b a ct eri a m a y b e utilis e d b y t h e l e e c h, pr o vi di n g o pti m u m n utriti o n ( B o m ar et 

al., 2 0 1 1) . Fi n all y, si mil ar t o fl or a i n t h e h u m a n g ut, s y m bi o nts m a y b e pr es e nt t o pr ot e ct 

t h e h ost or g a nis m fr o m p at h o g e ni c b a ct eri a. A n ot h er st u d y c o n cl u d e d t h at t h e T 2 S S a n d 

its c a p a cit y t o s e cr et e h a e m ol ysi n is criti c al f or s y m bi osis a n d g ut c ol o ni z ati o n, all o wi n g 

f or er yt hr o c yt e l ysis i n t h e l e e c h ( M alt z a n d Gr af, 2 0 1 1). R e c e ntl y, t h e a n al ysis of g ut 

mi cr o bi ot a fr o m wil d K e n y a n m os q uit os h a v e r e v e al e d A er o m o n as s p p. as t h e m ost 

pr e v al e nt b a ct eri a pr es e nt ( Os ei-P o k u et al., 2 0 1 2) . It h as b e e n s u g g est e d t h e pr es e n c e of 

A er o m o n a ds  ai d  i n dis e as e tr a ns missi o n. F urt h er, st u di es h a v e alr e a d y d e m o nstr at e d t h e 

us e of g e n eti c all y e n gi n e er e d s y m bi o nts as a t o ol t o pr e v e nt m al ari a diss e mi n ati o n ( Si b a o 

W a n g, 2 0 1 2) . 

 

1. 3. 6. 6  I m m u n e e v asi o n st r at e gi es us e d b y A er o m o n as  

Li k e ot h er p at h o g e ni c b a ct eri a, A er o m o n as s p p. h a v e b e e n c o nti n u o usl y c o -

e v ol vi n g wit h t h eir wi d e r a n g e of h osts. I n r es p o ns e t o i m m u n e c ell c h all e n g es, b a ct eri al 

p at h o g e ns h a v e d e v el o p e d di v ers e m e c h a nis ms e n a bli n g t h eir s ur vi v al, a n d at ti m es, 

e x hi biti n g  d o mi n a n c e o v er v ari o us h ost i m m u n e d ef e ns e s yst e ms. As pr e vi o usl y 

m e nti o n e d , A er o m o n a ds h ar b or a wi d e r a n g e of eff e ct or m ol e c ul es i nj e ct e d vi a t h eir 
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T 3 S S/ T 6 S S, m o d ul ati n g h ost d ef e ns es a n d e v e n i n d u ci n g c ell d e at h ( B e a z-Hi d al g o a n d 

Fi g u er as, 2 0 1 3; B urr et al., 2 0 0 2; C h a c ó n et al., 2 0 0 4; D a c a n a y et al., 2 0 0 6; P a ni a g u a et 

al., 1 9 9 0; R os e n z w ei g a n d C h o pr a, 2 0 1 3; S h a et al., 2 0 0 7 b; Si err a et al., 2 0 0 7; S u ar e z et 

al., 2 0 1 0; T o m as et al., 2 0 1 2) .  I n a d diti o n t o i m m u n e m o d ul ati o n, A er o m o n as  p oss ess 

s e v er al m e c h a nis ms of i m m u n e e v asi o n.  

Li a n d c oll e a g u es f o u n d t h at t h e e x pr essi o n of 2, 1 6 8 u ni q u e g e n es w as 

si g nifi c a ntl y alt er e d d uri n g t h e first 1 2 h o urs of i nf e cti o n wit h A. h y dr o p hil a  i n c h a n n el 

c at fis h s ki n (Li et al., 2 0 1 3) . T his i n cl u d e d g e n es i n v ol v e d i n a nti o xi d a nt f or m ati o n, 

c yt os k el et al el e m e nts, i m m u n e f u n cti o n, a n d n er v o us s yst e m p at h w a ys w er e all dist ur b e d 

(Li et al., 2 0 1 3) . S p e cifi c all y, A.  h y dr o p hil a  i nf e cti o n r a pi dl y alt er e d a n u m b er of criti c al 

l e cti ns, c h e m o ki n es, i nt erl e u ki ns, a n d ot h er m u c os al f a ct ors i n a m a n n er t o e n h a n c e its 

a bilit y t o a d h er e  a n d i n v a d e t h e c atfis h (Li et al., 2 0 1 3) . 

B a ct eri a c a n als o t ar g et t h e i n n at e c o m pl e m e nt p at h w a y, all o wi n g f or 

diss e mi n ati o n t hr o u g h o ut t h e h ost.  A er o m o n as s al m o ni ci d a h as b e e n s h o w n t o t ar g et t h e 

c o m pl e m e nt pr ot ei n C 1 q, usi n g a  4 0 k D a C 1 q -bi n di n g o ut er m e m br a n e pr ot ei n,  p ori n, 

w hi c h  bi n ds C 1 q i n a n a nti b o d y i n d e p e n d e nt pr o c ess ( M eri n o et al., 2 0 0 5). T h e 4 0 k D a 

p ori n pr ot ei n w as pr es e nt i n all A. s al m o ni ci d a  a n d A. v er o nii str ai ns e x a mi n e d, a n d i n 

vi v o d at a i n di c at e d a r ol e f or p ori n i n s er u m r esist a n c e ( M eri n o et al., 2 0 0 5). I n a d diti o n, 

r esist a n c e t o c o m pl e m e nt l ysis h as b e e n li n k e d t o t h e d e gr a d ati o n of C 3 b, a v erti n g t h e 

f or m ati o n of t h e m e m br a n e att a c k c o m pl e x (J a n d a et al., 1 9 9 4; M eri n o et al., 1 9 9 6). 

S e v er al st u di es i n mi c e h a v e als o e x a mi n e d t h e i nt er a cti o n b et w e e n m a cr o p h a g es 

a n d A er o m o n as. I nt er esti n gl y, A er o m o n as v er o nii  a n d A er o m o n as h y dr o p hil a w er e 
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p o orl y i nt er n ali z e d b y J 7 7 4 m a cr o p h a g es (Kr z y mi ń s k a, 2 0 0 8) . F urt h er, t h os e b a ct eri a 

t h at w er e i nt er n ali z e d w er e c a p a bl e of r e pli c ati n g u p t o t hr e e h o urs p ost i nf e cti o n, 

i n di c ati n g t h e y li k el y p oss ess s e v er al i m m u n e e v asi o n t e c h ni q u es all o wi n g t h e m t o a ct as 

a i ntr a c ell ul ar p at h o g e n (Kr z y mi ń s k a, 2 0 0 8) . O n e s u c h m e c h a nism is t h e e x pr essi o n of 

c at al as e g e n es, w hi c h pr ot e ct a g ai nst r e a cti v e o x y g e n s p e ci es ( Ri o et al., 2 0 0 7). I n 

a d diti o n, A er o m o n as h as b e e n s h o w n t o i n d u c e a p o pt osis i n b o t h m a cr o p h a g es a n d 

e pit h eli al c ells ( Kr z y miń s k a et al., 2 0 1 1, 2 0 0 9) , s u g g esti n g A er o m o n as  us es t h e i n d u cti o n 

of i m m u n e c ell d e at h as a m et h o d of i m m u n e e v asi o n.  

 

1. 3. 7  M y c o b a ct eri u m s p p.  

1. 3. 7. 1  M y c o b a ct eri u m –  a n o v e r vi e w of t h e g e n us  

T h e M y c o b a ct eri u m  g e n us c o nt ai ns m or e t h a n 1 2 0 m e m b ers ( T ort oli, 2 0 0 3), 

w hi c h w er e i d e ntifi e d a n d cl assifi e d b as e d o n 1 6 S r R N A ( R o g all et al., 1 9 9 0) . I n 

a d diti o n, m e m b ers ar e str u ct ur all y disti n g uis h a bl e b y a u ni q u el y c o m pl e x c ell w all 

e n v el o p e ( Ni e d er w eis et al., 2 0 1 0), w hi c h c a n b e i d e ntifi e d b y t h e Zi e hl-N e els e n a ci d -f ast 

st ai n ( Ellis a nd Z a br o w ar n y, 1 9 9 3) . C urr e ntl y, t h e M y c o b a ct eri u m  g e n us is s e p ar at e d i nt o 

t hr e e disti n ct gr o u ps f or t h e p ur p os e of di a g n osis a n d tr e at m e nt: 1) t h e M y c o b a ct eri u m  

t u b er c ul osis c o m pl e x ( M T B C) c o nsists of cl os el y r el at e d m e m b ers t h at c a us e 

t u b er c ul osis i n th eir r es p e cti v e h osts ( M. t u b er c ul osis, M. b o vis, a n d  M. pi n ni p e dii ) 

( S mit h et al., 2 0 0 6); 2) t h e n o n -c ulti v a bl e M. l e pr a e w hi c h c a us es l e pr os y i n h u m a ns;  a n d 

3) t h e n o n -t u b er c ul o us M y c o b a ct eri u m  ( N T M) gr o u p (M. k a ns asii, M. m al m o e ns e, M. 

a vi u m, w hi c h ar e c a p a bl e of c a usi n g t u b er c ul osis -li k e s y mp t o ms i n i m m u n o c o m pr o mis e d 

i n di vi d u als) a n d (M. m ari n u m, M. c h el o n a e, a n d  M. f or t uit u m w hi c h c a n c a us e s ki n a n d 
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s u b c ut a n e o us gr a n ul o m at o us i nf e cti o ns) ( H ors b ur g h, 1 9 9 2; Is hi k a n e a n d T a n u m a, 2 0 1 4; 

P etri ni, 2 0 0 6; P ort a els, 1 9 9 5) . 

 

1. 3. 7. 2  Vi r ul e n c e f a ct o rs of M y c o b a ct eri u m  

It is i nt er esti n g t h at m y c o b a ct eri a l a c k t h e cl assi c al vir ul e n c e f a ct ors s u c h as 

t o xi ns a n d s e cr et e d p at h o g e ni c pr o d u cts, a n d t h at m a n y of t h e vir ul e n c e g e n es of 

p at h o g e ni c s p e ci es ar e als o c o ns er v e d i n n o n -p at h o g e ni c m y c o b a ct eri a. T his s u g g ests 

p at h o g e ni c  M y c o b a ct eri u m  h a v e a d a pt e d t o t h e i ntr a c ell ul ar e n vir o n m e nt wit h mi ni m al 

a c q uisiti o n of e x cl usi v e vir ul e n c e g e n es, h a vi n g i nst e a d alt er e d t h eir g e n o m es t o e x pr ess 

m ultif u n cti o n al vir ul e n c e f a ct ors.  

 

1. 3. 7. 2. 1  C ell e n v el o p e f a ct ors  

T h e c ell w all is c o nsi d er e d t o b e a m aj or f a ct or i n p at h o g e n vir ul e n c e, es p e ci all y 

t h at of m y c o b a ct eri a. M y c o b a ct eri u m s y nt h esi z es a f a mil y of l o n g -c h ai n f att y a ci ds, 

t er m e d m y c oli c a ci ds, w hi c h ar e l o c at e d i n t h e c ell e n v el o p e. O v er t h e p ast d e c a d e, a v ast 

a m o u nt of r es e ar c h h as b e e n c o n d u ct e d o n m y c oli c a ci d m et h yl tr a nsf er as es ( M A M Ts), 

S -a d e n os yl m et hi o ni n e d e p e n d e nt e n z y m es w hi c h f u n cti o n t o i ntr o d u c e m et h yl gr o u ps, 

w hi c h ar e t h e n f urt h er alt er e d t o c y cl o pr o p a n e ri n gs, m et h o x y or k et o gr o u ps ( S c hr o e d er 

a n d B arr y 3r d, 2 0 0 1) . As a w h ol e, t h es e e n z y m es f u n cti o n t o cr e at e s u btl e str u ct ur al 

diff er e n c es wit h v er y s p e cifi c r ol es. F or e x a m pl e, a M. t u b er c ul osis  m ut a nt wit h a n 

i n a cti v at e d m m a A 4  g e n e dis pl a y e d a dr asti c alt er ati o n i n e n v el o p e p er m e a bilit y, as w ell 

as a l oss of o x y g e n at e d m y c oli c a ci ds ( D u b n a u et al., 2 0 0 0). F urt h er, t his m ut a nt 

dis pl a y e d a n att e n u at e d p h e n ot y p e w h e n t est e d i n C 5 7 B L/ 6 mi c e ( D u b n a u et al., 2 0 0 0). 

C o nti n ui n g t his li n e of r es e ar c h, Gli c k m a n a n d c oll e a g u es d e m o nstr at e d t h at t h e d el eti o n 
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of  p c a A , a n e n z y m e i n v ol v e d i n c at al y zi n g t h e pr o xi m al c y cl o pr o p a n ati o n of α -

m y c ol at es, l e d t o a l oss of c or di n g  ( e n d-t o-e n d gr o wt h) , w hi c h c o ntri b ut es t o 

m y c o b a ct eri al vir ul e n c e ( Gli c k m a n et al., 2 0 0 0). O n c e a g ai n, w h e n t est e d i n a m uri n e 

m o d el, t his m ut a nt f ail e d t o p ersist a n d kill i nf e ct e d C 5 7 B L/ 6 mi c e. T h es e st u di es o n 

m y c oli c a ci d s y nt h esis c orr el at e d wit h ot h ers p erf or m e d o n t h eir m e c h a nis ms of tr a ns p ort 

a n d ass e m bl y i n t h e m y c o b a ct eri al c ell e n v el o p e ( Ar miti g e et al., 2 0 0 0; B elisl e et al., 

1 9 9 7) . M or e o v er, t h es e st u di es d e m o nstr at e d t h at s u btl e m y c oli c a ci d str u ct ur al 

m o difi c ati o ns a n d t h eir l o c ati o ns ( est erifi e d i n t h e c ell w all or l o os el y att a c h e d t o t h e 

o ut er m e m br a n e) ar e f u n d a m e nt al t o pr es er v e c ell w all str u ct ur e a n d f u n cti o n alit y, as 

w ell as t o m o d ul at e t h e i nt er a cti o n wit h t h e h ost i m m u n e s yst e m.  

 A n ot h er c ell w all vir ul e n c e f a ct or is t h e pr o d u ct of R v 2 8 6 9 c , a m e m br a n e-b o u n d 

zi n c m et all o pr ot e as e. Its disr u pti o n tr a nsl at e d i nt o n u m er o us alt er n ati o ns i n m y c oli c a ci d 

bi os y nt h esis a n d p h os p h ati d yli n osit ol m a n n osi d e c o m p ositi o n, w hi c h is c o nsist e nt wit h 

t h e m o d el t h at R v 2 8 6 9 c pr ot e as e p arti ci p at es i n m ulti pl e bi os y nt h eti c p at h w a ys t hr o u g h 

t h e cl e a v a g e of m e m br a n e b o u n d tr a ns cri pti o n al r e g ul at ors ( M a ki n os hi m a a n d Gli c k m a n, 

2 0 0 5) . W h e n t h e m y c o b a ct eri al R v2 8 6 9 c m ut a nt w as t est e d, t h e str ai n w as d ef e cti v e f or 

i niti al r e pli c ati o n i n t h e l u n gs a n d p ersist e n c e, i n di c ati n g its i m p ort a n c e t o m y c o b a ct eri al 

vir ul e n c e ( M a ki n os hi m a a n d Gli c k m a n, 2 0 0 5).  

I n a d diti o n t o m y c oli c a ci ds, m a n y m e m b ers of t h e M T B C are als o c h ar a ct eri z e d 

b y a pl et h or a of c o m pl e x li pi ds a n d gl y c oli pi ds pr es e nt i n t h e c ell e n v el o p e ( F orr ell a d et 

al., 2 0 1 3) . T h es e li pi ds a n d gl y c oli pi ds ar e l o os el y att a c h e d t o t h e c ell e n v el o p e, a n d t h us 

m a y pl a y a r ol e as diff usi bl e f a ct ors i n v ol v e d i n m o d ul ati n g h ost i m m u n e r es p o ns es. 

S p e cifi c all y, p ht hi o c er ol di m y c o c er os at es ( P DI M) c o nstit ut e m aj or vir ul e n c e f a ct ors f or 
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M . t u b er c ul osis, as t h e y ar e cr u ci al c o m p o n e nts d uri n g t h e e arl y st a g e of i nf e cti o n w h e n 

m y c o b a ct eri a e n c o u nt er t h e h ost m a cr o p h a g es ( Ast ari e-D e q u e k er et al., 2 0 0 9; F orr ell a d 

et al., 2 0 1 3) . I nt er esti n gl y, t his w as f urt h er e vi d e n c e d i n a z e br afis h m o d el, w h er e 

T orr a c a a n d c oll e a g u es f o u n d t h a t t h e i niti al r e cr uit m e nt of m a cr o p h a g es w as l ar g el y 

d e p e n d e nt u p o n M. m ari n u m ( a n o n-t u b er c ul o us gr o u p m e m b er) P DI M, w hi c h m as ks t h e 

u n d erl yi n g m y c o b a ct eri al P A M Ps ( T orr a c a et al., 2 0 1 4). F urt h er, n o n-p at h o g e ni c 

m y c o b a ct eri a  l a c k P DI M, a n d alt h o u g h c a p a bl e of i n d u ci n g r o b ust i m m u n e r es p o ns es, 

t h e m y c o b a ct eri a ar e effi ci e ntl y c o nt ai n e d, w hi c h i n di c at es P DI M m a y als o pl a y a n 

i m p ort a nt r ol e i n s ust ai n e d i nf e cti o ns.  

A n ot h er c o m p o n e nt of t h e c ell e n v el o p e is t h e c a ps ul e, w hi c h c o nsists of a 

mi xt ur e of p ol ys a c c h ari d e, pr ot ei n, a n d li pi d. T h e c a ps ul e pl a ys a n i m p ort a nt r ol e i n 

d et er mi ni n g w hi c h m y c o b a ct eri al c o m p o n e nts ar e s e e n b y t h e h ost c ells, as w ell as w h at 

h ost c o m p o n e nts c a n r e a c h m y c o b a ct eri a. I n a d diti o n, t h e c a p s ul e als o d et er mi n es h o w 

r e a dil y a nti m y c o b a ct eri al dr u gs c a n r e a c h t h e c yt o pl as m. D uri n g t h e e arl y st a g es of 

p at h o g e n esis, m y c o b a ct eri al c a ps ul es ar e ess e nti al i n ai di n g a d h esi o n a n d p e n etr ati o n/ 

i nt er n ali z ati o n i n h ost m a cr o p h a g es. F or a n e xt e nsi v e r e vi e w of t h e pr ot ei ns a n d li pi ds 

f o u n d wit hi n t h e c a ps ul e, pl e as e r ef er t o D aff é et al. ( D aff é a n d Eti e n n e, 1 9 9 9; ). I n s h ort, 

c a ps ul es c o nt ai n i n d u ci bl e pr ot e as es, li p as es, a n d s e cr et e d e n z y m es t h at ar e p ot e nti all y 

i n v ol v e d i n d et o xif yi n g r e a cti v e o x y g e n i nt er m e di at es ( c at al as e, p er o xi d as e, a n d 

s u p er o xi d e dis m ut as e). T h e c a ps ul e als o c o nt ai ns s p e ci ali z e d c o nt a ct -d e p e n d e nt l yti c 

s u bst a n c es ( e. g. p h os p h oli p as es) t h at ar e i n v ol v e d i n h a e m ol ysis a n d p h os p h oli pi d 

d e gr a d ati o n (J o h a ns e n et al., 1 9 9 6; L e ã o et al., 1 9 9 5).  
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1. 3. 7. 2. 2  S e cr et e d f a ct ors  

Pr ot ei n s e cr eti o n is criti c al t o pr o p er b a ct eri al f u n cti o n a n d o p er ati o n i n t h eir n at ur al 

e n vir o n m e nt f or s ur vi v al. M or e o v er, t h es e s yst e ms ar e als o ess e nti al d uri n g i nf e cti o n f or 

t h e i nt er a cti o n/ m a ni p ul ati o n of h ost c ells b y e x p orti n g t o xi ns/si g n al pr ot ei ns. R e c e nt 

e vi d e n c e h as s h o w n t h at M y c o b a ct eri a  h a v e d e v el o p e d a s p e ci ali z e d s e cr eti o n s yst e m t o 

tr a ns p ort e xtr a c ell ul ar pr ot ei ns a cr oss t h eir h y dr o p h o bi c, hi g hl y i m p er m e a bl e c ell 

e n v el o p e ( A b d all a h et al., 2 0 0 7).  

N ot a bl y, M y c o b a ct eri u m e n c o d es u p t o 5 of t h es e tr a ns p ort s yst e ms, wit h t w o, E S X -1 

a n d E S X -5 i n v ol v e d i n vir ul e n c e. E S X -1 h as b e e n a n al y z e d i n gr e at d et ail i n M. 

m ari n u m , w h er e it is i n v ol v e d i n vir ul e n c e a n d h a e m ol ysis ( G a o et al., 2 0 0 4). It is 

h y p ot h esi z e d t h at, si mil ar t o ot h er s e cr eti o n s yst e ms ( T 1 S S - T 6 S S), E S X -1 f or ms a 

m ulti -s u b u nit c ell -e n v el o p e s p a n ni n g c o m pl e x, h o w e v er, str u ct ur al d at a t o s u p p ort t h es e 

cl ai ms ar e l a c ki n g. Alt h o u g h, pr ot ei n -pr ot ei n i nt er a cti o n st u di es h a v e d e m o nstr at e d t h at 

E S A T -6 a n d C F P -1 0 (s e cr et e d eff e ct or m ol e c ul es) ar e d e p e n d e nt o n e a c h ot h er, f or mi n g  

a ti g ht di m er ( Br odi n et al., 2 0 0 5; R e ns h a w et al., 2 0 0 5; St a nl e y et al., 2 0 0 3) . R e c e nt 

e vi d e n c e h as f o u n d t h at E S A T -6 is s e cr et e d i n a b u n d a nt l e v els fr o m M y c o b a ct eri u m , 

i nt er a cti n g wit h b et a-2 -mi cr o gl o b uli n ( β 2 M) a n d aff e cti n g a nti g e n pr es e nt ati o n i n 

m a cr o p h a g es ( Sr e ejit et al., 2 0 1 4). F urt h er, t h e i n a cti v ati o n of E S A T-6 l e a ds t o att e n u at e d 

vir ul e n c e i n m o us e m o d els ( Sr e ejit et al., 2 0 1 4). Li k e, E S X-1, E S X -5 h as als o b e e n 

st u di e d i n M. m ari n u m , a n d f o u n d t o b e a P P E s e cr eti o n s yst e m, ai di n g i n c ell-t o-c ell 

s pr e a di n g of p at h o g e ni c b a ct eri a ( A b d all a h et al., 2 0 0 6). P P E 4 1 is a s m all h y dro p hili c 

pr ot ei n s e cr et e d b y M. m ari n u m  i nsi d e m a cr o p h a g es. I nt er esti n gl y, w h e n t h e e ntir e E S X-

5 g e n e cl ust er w as i ntr o d u c e d i nt o M. s m e g m atis , it r es ult e d i n t h e s e cr eti o n of 
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h et er ol o g o usl y e x pr ess e d P P E 4 1 ( A b d all a h et al., 2 0 0 6). M or e o v er, i n s p e cifi c 

tr a ns p os o n i ns erti o n m ut a nt of M. m ari n u m , P P E 4 1 w as n o l o n g er s e cr et e d a n d d e cr e as e d 

c ell -t o-c ell s pr e a di n g w as o b ers er v e d, i n di c ati n g a p ot e nti al r ol e i n vir ul e n c e. H o w e v er, 

m ut a nts w er e still c a p a bl e  of i nf e cti n g a n d p ersisti n g, t h us m or e w or k is n e e d e d t o tr ul y 

u n d erst a n d t h e vir ul e nt n at ur e of t h e E S X -5 s e cr eti o n s yst e m.  

 

1. 3. 7. 3  M y c o b a ct eri u m i nf e cti o ns i n fis h 

Fis h h a v e b e e n g ai ni n g i n n ot ori et y as a m o d el t o st u d y m y c o b a ct eri al 

p at h o g e n esis. M y c o b a ct eri u m m ari n u m  w as first is ol at e d fr o m s alt w at er fis h i n 1 9 2 6 

( Ar o ns o n, 1 9 26)  as a n a g e nt of t u b er c ul osis. Si n c e t h e n, s e v er al s p e ci es of m y c o b a ct eri a 

(M. m ari n u m, M. f ort uit u m, M. c h el o n a e, a n d  M. s m e g m atis ) h a v e b e e n s h o w n t o c a us e 

i nf e cti o ns i n b ot h wil d a n d f ar m e d fis h i n cl u di n g z e br afis h ( M eij er, 2 0 1 5; P ari k k a et al., 

2 0 1 2; S w ai m et al., 2 0 0 6; W atr al a n d K e nt, 2 0 0 7; Y a n g et al., 2 0 1 2) , tr o ut ( C h e n et al., 

1 9 9 8; El -Etr et al., 2 0 0 1) , s al m o n ( P o ur a h m a d, 2 0 1 3), y ell o w p er c h ( D a o ust et al., 1 9 8 9) , 

stri p e d b ass (H e dri c k, 1 9 8 7) ., a n d g ol dfis h ( H o d g ki ns o n et al., 2 0 1 2; P o ur a h m a d et al., 

2 0 1 4; T al a at et al., 1 9 9 9, 1 9 9 8) .  

Dis e as e is us u all y a c c o m p a ni e d b y e m a ci ati o n, l et h ar g y, a n d oft e n d e at h i n 

i nf e ct e d fis h. T h e t y pi c al l esi o n, o bs er v e d usi n g hist o p at h ol o gi c al m et h o ds, is t h e 

gr a n ul o m a, a n d is pr es e nt t hr o u g h o ut i nf e ct e d fis h ( P aris ot, 1 9 5 8). M or e o v er, t h e 

hist o p at h ol o g y of gr a n ul o m as o bs er v e d i n fis h ( D a o ust et al., 1 9 8 9; H e dri c k, 1 9 8 7)  is 

si mil ar t o t h at s e e n i n i nf e ct e d h u m a ns ( F e nt o n a n d V er m e ul e n, 1 9 9 6; L u c as, 1 9 8 8). 

R e c e ntl y, fis h h a v e b e c o m e m o d el or g a nis ms t o st u d y ot h er n o n -t u b er c ul osis 

m y c o b a ct eri al dis e as es i n cl u di n g M. c h el o n a e a n d M. f ort uit u m.  
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 I n g ol dfis h, c hr o ni c m y c o b a ct eri al i nf e cti o ns ar e i n d u c e d t hr o u g h i ntr a p erit o n e al 

i nj e cti o ns of 1 02 t o 1 07  C F U/fis h ( T al a at et al., 1 9 9 8). I nf e cti o ns w er e c h ar a ct eri z e d b y 

pr o gr essi v e, s yst e mi c gr a n ul o m a f or m ati o n wit h diff er e nt hist o p at h ol o gi c al f e at ur es 

i n cl u di n g n e cr oti zi n g, n o n-n e cr oti zi n g, a n d c as e o us, w hi c h is c o nsist e nt wit h t h e t y pi c al 

gr a n ul o m as f or m e d i n ot h er a ni m als (H e dri c k, 1 9 8 7) . N ot a bl y, t h e hist o p at h ol o g y of 

c as e o us gr a n ul o m as a p p e ars si mil ar t o t h at s e e n i n h u m a ns i nf e ct e d wit h M. t u b er c ul osis 

( L u c as, 1 9 8 8; N a u et al., 1 9 9 7) , w hi c h c a n n ot b e s ai d f or t h e m uri n e m o d el ( D a n n e n b er g, 

1 9 9 4) . I n a d diti o n, is ol ati o n of M. m ari n u m  fr o m i nf e ct e d fis h c o ul d b e c o n d u ct e d u p t o 

1 6 w e e ks p ost i nf e cti o n ( T al a at et al., 1 9 9 8).  

 S e v er al st u di es h a v e als o b e g u n t o e x a mi n e t h e i m m u n e r es p o ns e of g ol dfis h 

w h e n c h all e n g e d wit h M y c o b a ct eri u m. U p o n i nf e cti o n, H o d g ki ns o n a n d c oll e a g u es f o u n d 

n ot a bl e i n cr e as es i n I L -β 1 a n d I F N -γ  7 d a ys p ost i nf e cti o n i n g ol dfis h ( H o d g ki ns o n et al., 

2 0 1 2) . F urt h er, g ol dfis h pri m ar y ki d n e y n e utr o p hils w er e c a p a bl e of mi gr ati n g t o a n d 

i nt er n ali zi n g M. m ari n u m  i n vitr o ( H o d g ki ns o n et al., 2 0 1 5). H o w e v er, R O S pr o d u cti o n 

w as n’t i n d u c e d u ntil M. m ari n u m  o ut n u m b er e d t h e n e utr o p h ils 5 0: 1 ( H o d g ki ns o n et al., 

2 0 1 5) . A n ot h er st u d y, c o n d u ct e d b y Y a n g et al. f o u n d z e br afis h n e utr o p hils t o b e mil dl y 

c h e m ot a cti c t o w ar d M. m ari n u m i n vi v o ( Y a n g et al., 2 0 1 2). I n a d diti o n, i n vi v o i m a gi n g 

d e m o nstr at e d t h at n e utr o p hils w er e r e cr uit e d t o n as c e nt gr a n ul o m as i n r es p o ns e t o si g n als 

fr o m d yi n g m a cr o p h a g es wit hi n t h e gr a n ul o m a, w hi c h t h e y p h a g o c yt os e ( Y a n g et al., 

2 0 1 2) . N ot a bl y, n e utr o p hils e x ert a pr ot e cti v e eff e ct t hr o u g h o xi d ati v e killi n g of t h e 

m y c o b a ct eri a  fr o m i nf e ct e d d yi n g m a cr o p h a g es. T his is of p arti c ul ar i nt er est c o nsi d eri n g 

t his a cti vit y w as l ost w h e n g e n eti c all y e n gi n e er e d n e utr o p e ni c z e br afis h a n d z e br afis h 

d efi ci e nt i n p h a g o c yti c o xi d as e a cti vit y w er e us e d.  
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1. 3. 7. 3. 1  Tr a ns missi o n of dis e as e  

P at h o g e ni c m y c o b a ct eri a c a n b e f o u n d o utsi d e of t h e i nf e ct e d h ost (fis h) i n t h e 

w at er, o n ot h er or g a nis ms, o n pl a nt m att er, a n d o n a bi oti c s u bst a n c es wit hi n t a n ks a n d 

a q u ari u ms ( B er a n et al., 2 0 0 6). T h e w at er t e m p er at ur e pl a ys t h e l ar g est r ol e of s p e ci es 

s ur vi v al, as p at h o g e ni c m y c o b a ct eri a gr o w i d e all y a b o v e 1 8 -2 0 ° C, b ut c a n als o s ur vi v e 

b el o w t h es e t e m p er at ur es f or m o nt hs ( B er a n et al., 2 0 0 6). E n vir o n m e nt al i nf est ati o ns, 

c o nt a mi n at e d h o m e a q u ari u ms, a n d a q u a c ult ur e f ar ms a p p e ar t o c a us e t h e m aj orit y of 

i nf e cti o ns tr a nsf erri n g t o h u m a ns; a n d m u c h li k e M y c o b a ct eri u m c a n tr a nsf er fr o m fis h t o 

fis h vi a cl os e c o nt a ct a n d c o ns u m pti o n, tr a ns missi o n t o h u m ans o c c urs b y t h e t o u c hi n g or 

i n g esti n g of a n y i nf e ct e d o bj e ct or or g a nis m. F urt h er, m y c o b a ct eri a  h a v e e v e n b e e n 

f o u n d o n cli ni c all y h e alt h y fis h at l o w c o n c e ntr ati o ns. 

 

1. 3. 7. 3. 2  M e c h a nis ms of dis e as e c o ntr ol  

T h er e ar e s e v er al m et h o ds t o pr e v e nt M y c o b a ct eri u m i nf e cti o ns fr o m t h e o ns et, 

i n cl u di n g fr e q u e nt w at er c h a n g es, q u ar a nti ni n g n e wl y a c q uir e d fis h, a n d m ai nt ai ni n g 

h e alt h y w ell -f e d fis h, m a ki n g it p ossi bl e t o h a n dl e li mit e d e x p os ur e t o m y c o b a ct eri a.  

Tr e at m e nt of m y c o b a ct eri al i nf e cti o ns (fr o m fis h p at h o g e ns ) i n h u m a ns h as 

pr o v e n diffi c ult. G e n er all y, t o pi c al a nti bi oti cs (s ol o or i n c o m bi n ati o n) ar e a p pli e d f or 

s e v er al w e e ks t o m o nt hs ( W u et al., 2 0 1 2). E v e n t h e n, t ot al eli mi n ati o n of t h e i nf e cti o n is 

n ot al w a ys g u ar a nt e e d, i n w hi c h s ur gi c al d e bri d e m e nt b e c o m es n e c ess ar y ( W u et al., 

2 0 1 2) . 
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1. 3. 7. 4  M y c o b a ct eri u m i nf e cti o ns i n ot h e r s p e ci es 

A m o n g ot h ers, M. f ort uit u m, M. c h el o n a e  a n d  M. m ari n u m , ar e k n o w n t o b e 

z o o n ot i c p at h o g e ns ( B ar k er et al., 1 9 9 7; T al a at et al., 1 9 9 9). I n h u m a ns, t h e i nf e cti o n 

t e n ds t o r e m ai n n e ar t h e e xtr e miti es d u e t o t h e c o ol er t e m p er at ur es t h e y pr o vi d e as 

o p p os e d t o t h e i nt er n al b o d y t e m p er at ur es ( B ar k er et al., 1 9 9 7). F ort u n at el y, e v e n t h o u g h 

t h es e b a ct eri u m c a n pr o v e f atal t o fis h, it us u all y o nl y r es ults i n a c ut a n e o us i nf e cti o n f or 

h u m a ns. H o w e v er, t h es e i nf e cti o ns c a n b e c o m e s e mi -c hr o ni c, d e v el o p i nt o ul c er ati o ns, 

a n d oft e n l e a di n g t o gr a n ul o m as  l asti n g t w o t o f o ur w e e ks ( B ar k er et al., 1 9 9 7). I n s o m e 

c as es, l o n g -t er m eff e cts m a y d e v el o p i n cl u di n g ost e o m y elitis, art hritis, a n d a 

c o m pr o mis e d i m m u n e s yst e m ( L ai n g et al., 1 9 9 7).  

T h e fis h p at h o g e n  M. f ort uit u m  h as als o b e e n ass o ci at e d wit h m ass es f o u n d i n 

c o ws a n d s h e e p, a bs c ess es i n d o gs, gr a n ul o m as i n c ats, a n d t h e n e ur ol o gi c al dis or d er, 

s pi n ni n g dis e as e, i n mi c e (J u b b, 1 9 8 5). M or e o v er, M. f ort uit u m  b e c o m es p arti c ul arl y 

p ot e nt if t h e h ost alr e a d y h as a n o p e n w o u n d ( N or d én a n d Li n ell, 1 9 5 1) . 

T h e m ost c o m m o n M y c o b a ct eri u m i nf e cti o n i n w orl d c o m es fr o m M. 

t u b er c ul osis, w hi c h l e a ds t o t u b er c ul osis ( T B) i n h u m a ns ( B ar o n, 1 9 9 6). I n g e n er al, o nl y 

a b o ut 1 0 % of l at e nt i nf e cti o ns pr o gr ess t o a cti v e T B, w hi c h if l eft u ntr e at e d, r es ults i n 

d e at h i n r o u g hl y h alf of t h os e i nf e ct e d. D es pit e n e w er di a g n osti cs a n d tr e at m e nt, p e o pl e 

ar e still s uff eri n g w orl d wi d e a n d it sits a m o n g t h e t o p t e n kill er i nf e cti o us dis e as es 

( S a n d h u, 2 0 1 1). I n a d diti o n, it is t h e l e a di n g kill er of t h os e i nf e ct e d wit h HI V.  

T B i nf e cti o n b e gi ns wit h  M y c o b a ct eri u m  r e a c hi n g t h e p ul m o n ar y al v e oli. H er e 

t h e y i n v a d e/ ar e i nt er n ali z e d b y al v e olar m a cr o p h a g es, w h er e t h e y b e gi n  t o r e pli c at e 

wit hi n t h e c ells p h a g os o m es ( H o u b e n et al., 2 0 0 6; L u c as, 1 9 8 8) . At t his p oi nt, 
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M y c o b a ct eri u m i n v o k es o n e/ or s e v er al of its i m m u n e e v asi o n m e c h a nis ms ( dis c uss e d i n 

t h e n e xt s e cti o n) t o a v oi d b ei n g kill e d b y h ost r e a cti v e o x y g e n s p e ci es. T B is cl assifi e d as 

a c hr o ni c gr a n ul o m at o us i nfl a m m at or y dis e as e,  w h er e m a cr o p h a g es, B a n d T 

l y m p h o c yt es, a n d fi br o bl asts mi gr at e t o f or m gr a n ul o m as/ t u b er cl es. At t h e c e ntr e of 

t h es e t u b er cl es, t h e h ost tiss u e b e c o m es n e cr oti c, t er m e d c as e o us n e cr osis ( Gr oss et, 

2 0 0 3) . 

S y m pt o ms t a k e w e e ks t o aris e (if a cti v e) a n d ar e d es cri b e d as a c hr o ni c c o u g h 

wit h bl o o d -c o nt ai ni n g s p ut u m, f e v er, ni g ht s w e ats, a n d w ei g ht l oss ( S a n d h u, 2 0 1 1). M. 

t u b er c ul osis c a n o nl y b e s pr e a d t hr o u g h air dr o pl ets  ori gi n ati n g fr o m a p ers o n eit h er 

c o u g hi n g, s n e e zi n g, s p e a ki n g t h at h as t h e dis e as e. I n or d er t o di a g n os e l at e nt i nf e cti o ns, a 

t u b er c uli n s ki n t est or bl o o d t est is p erf or m e d, w hil e c h est X-r a ys a n d b o d y fl ui d a n al ysis 

m ust b e p erf or m e d t o di a g n os e a n a cti v e i nf e cti o n ( Si a a n d Wi el a n d, 2 0 1 1). T h e m ai n 

m et h o d of T B pr e v e nti o n is t hr o u g h v a c ci n ati o n wit h t h e b a cill us C al m ett e -G u éri n 

v a c ci n e ( H a w n et al., 2 0 1 4), h o w e v er, e arl y s cr e e ni n g of t h os e at hi g h -ris k c a n als o h el p 

i n e arl y d et e cti o n. Tr e at m e nt of M. t u b er c ul osis  i nf e cti o ns is b e c o mi n g a gr o wi n g 

pr o bl e m, as t h e r at es of m ulti pl e dr u g -r esist a nt t u b er c ul osis is o n t h e ris e ( G a n d hi et al., 

2 0 0 6; G a n d hi et al., 2 0 1 0; J a c o bs, 1 9 9 4) . O n c e i nf e ct e d, tr e at m e nt r e q uir es t h e us e of 

m ulti pl e a nti bi oti cs o v er a si g nifi c a nt ti m e p eri o d ( 9 -1 2 m o nt hs) ( L a n g e et al., 2 0 1 4; 

Z u ml a et al., 2 0 1 3) .  

 

1. 3. 7. 5  I m m u n e e v asi o n st r at e gi es of M y c o b a ct eri u m  

T u b er c ul osis  f or mi n g M y c o b a ct eri a  us u all y e nt ers t h e al v e ol ar s p a c e of t h eir 

h osts i n a n a er os ol dr o pl et, w h er e its first c o nt a ct is t h o u g ht t o b e wit h r esi d e nt 
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m a cr o p h a g es ( S hi n ni c k, 2 0 1 3; St o k es et al., 1 9 9 3). M y c o b a ct eri a c a n als o b e i nt er n ali z e d 

b y al v e ol ar t y p e II p n e u m o c yt es ( B er m u d e z a n d G o o d m a n, 1 9 9 6; M e ht a et al., 1 9 9 6), 

w hi c h ar e f o u n d i n gr e at er n u m b ers t h a n m a cr o p h a g es i n al v e oli. I n a d diti o n,  M.  

t u b er c ul osis c a n i nf e c t a n d gr o w i n p n e u m o c yt es e x vi v o  ( B er m u d e z a n d G o o d m a n, 

1 9 9 6; M e ht a et al., 1 9 9 6) . T h e b a ct eri a ar e i nt er n ali z e d i n a m a n n er i niti at e d b y b a ct eri al 

c o nt a ct wit h m a cr o p h a g e m a n n os e or c o m pl e m e nt r e c e pt ors ( S c hl esi n g er, 1 9 9 3). A 

gl y c o pr ot e i n f o u n d o n al v e ol ar s urf a c es, s urf a ct a nt pr ot ei n A, c a n f urt h er e n h a n c e t h e 

bi n di n g a n d u pt a k e of  M.  t u b er c ul osis b y u pr e g ul ati n g m a n n os e r e c e pt or a cti vit y o n t h e 

c ell s urf a c e ( G a y n or et al., 1 9 9 5). O n c e i nt er n ali z e d, t h er e ar e t w o p ot e nti al o ut c o m es: 1) 

t h e m a cr o p h a g e kills t h e i nt er n ali z e d b a ct eri a t hr o u g h a nti mi cr o bi al r e a cti v e o x y g e n a n d 

nitr o g e n s p e ci es, or 2) t h e b a ct eri u m e m pl o ys it’s i m m u n e e v asi o n str at e gi es t o r e pli c at e 

wit hi n t h e c ell. T h es e m e c h a nis m(s) i n cl u d e, t h e i n hi biti o n of p h a g ol ys os o m e f usi o n 

( G or e n et al., 1 9 7 6), t h e i n hi biti o n of p h a g os o m e a ci difi c ati o n ( H a c k a m et al., 1 9 9 7), a n d 

t h e r e cr uit m e nt a n d r et e nti o n of tr y pt o p h a n- as p art at e c o nt ai ni n g c o at pr ot ei n o n 

p h a g os o m es t o  pr e v e nt p h a g os o m e m at ur ati o n ( T a ni g a w a et al., 2 0 0 9). I n or d er t o 

pr e v e n t p h a g ol ys os o m e f or m ati o n, i n di vi d u al M. t u b er c ul osis  b u d o ut fr o m t h e 

p h a g ol ys os o m es i nt o v a c u ol es t h at f ail t o f us e t o t h e s e c o n d ar y l ys os o m es, t h us all o wi n g 

f or s ur vi v al. T h e t e m p or ar y r esi d e n c e wit hi n a p h a g ol ys os o m e sti m ul at es l o n g-t er m 

s ur vi v al a n d r e pr o d u cti o n. T his is ai d e d b y a ni o ni c tr e h al os e gl y c oli pi ds, t er m e d 

s ulf ati d es, w hi c h h a v e d e m o nstr at e d a n i n hi bit or y eff e ct o n p h a g ol ys os o m al f usi o n 

( G or e n, 1 9 7 7). I n a d diti o n, st u di es h a v e r e p ort e d t h at v a c u ol es c o nt ai ni n g A. a vi u m  ar e 

l ess a ci di c t h a n n ei g h b ori n g l ys os o m es ( Cr o wl e et al., 1 9 9 1; G or d o n et al., 1 9 8 0). T h es e 

l ys os o m es a p p e ar t o l a c k a v esi c ul ar pr ot o n-A T P as e p u m p, r es ulti n g i n a l a c k of 
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a ci difi c ati o n ( St ur gill-K os z y c ki et al., 1 9 9 4) . Fi n all y, R a b 5, a n ess e nti al pr ot ei n i n v ol v e d 

i n t h e bi o g e n esis of e n d o c yti c p arti cl es, h as b e e n s h o w n t o b e a b err a ntl y e x pr ess e d o n t h e 

p h a g os o m es c o nt ai ni n g M. t u b er c ul osis , l e a di n g t o arr est e d m at ur ati o n at t h e e arl y 

e n d os o m al st a g e ( Cl e m e ns et al., 2 0 0 0).  

M y c o b a ct eri u m als o p oss ess es t h e c a p a cit y t o e v a d e i m m u n e r es p o ns e d uri n g t h e 

l at er st a ges of i nf e cti o n. O n e s u c h m e c h a nis m c a n b e o bs er v e d i n M. t u b er c ul osis, w h o 

h as t h e a bilit y t o r e m ai n d or m a nt wit hi n h ost c ells f or y e ars, w hil e si m ult a n e o usl y 

r et ai ni n g its p ot e nti al t o b e a cti v at e d. T his w as d e m o nstr at e d b y M c Ki n n e y a n d 

c oll e a g u es, w h o d et er mi n e d t h at t h e p ersist e n c e of M. t u b er c ul osis  i n m uri n e 

m a cr o p h a g es r e q uir es t h e gl y o x yl at e s h u nt e n z y m e, is o citr at e l y as e, a n ess e nti al e n z y m e 

i n v ol v e d i n t h e m et a b olis m of f att y a ci ds ( M c Ki n n e y et al., 2 0 0 0). Disr u pti o n of t his g e n e 

att e n u at e d b a ct eri al p ersist e n c e a n d vir ul e n c e i n mi c e d uri n g t h e a c ut e p h as e of i nf e cti o n. 

D uri n g i nf e cti o n wit h M. m ari n u m, s e v er al g e n es ( P E a n d P E -P G R S) h a v e b e e n 

i d e ntifi e d as b ei n g pr ef er e nti all y e x pr ess e d w h e n b a ct eri a r esi d es i n h ost m a cr o p h a g es 

a n d gr a n ul o m as ( R a m a kris h n a n et al., 2 0 0 0). M ut ati o n of t h es e g e n es r es ult e d i n M. 

m ari n u m  m ut a nts i n c a p a bl e of r e pli c ati n g i n m a cr o p h a g es. I n a d diti o n, t h es e m ut a nts 

e x hi bit e d d e cr e as e d p ersist e n c e wit hi n gr a n ul o m as.  

T h e fi n al m aj or i m m u n e e v asi o n m e c h a nis m of M y c o b a ct eri u m is t h e a bilit y t o 

pr ot e ct its elf a g a i nst r e a cti v e o xi d ati v e r a di c als. M a n y M y c o b a ct eri u m s p e ci es e x pr ess 

s u p er o xi d e dis m ut as e, a n i m p ort a nt e n z y m e i n t h e pr ot e cti o n a g ai nst o xi d ati v e str ess 

( D uss ur g et et al., 2 0 0 1). I n a d diti o n, M y c o b a ct eri u m e x pr ess es t h e o x y R  g e n e, a n 

o xi d ati v e str ess s e ns or a n d tr a ns cri pti o n al a ct i v at or t h at i n d u c e t h e e x pr essi o n of c at al as e 

a n d h y dr o p er o xi d as e ( S h er m a n et al., 1 9 9 5). Fi n all y, s o m e M. t u b er c ul osis str ai ns 
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o v er e x pr ess a pr ot ei n t h at c y cl o pr o p a n at es m y c oli c a ci d d o u bl e b o n ds, r es ulti n g i n a 

si g nifi c a nt d e cr e as e i n s us c e pti bilit y t o p er o xi d e ( Y u a n et al., 1 9 9 5).  

 

1. 4   S u m m a r y  

T h e i nfl a m m at or y pr o c ess is a c o m pl e x c as c a d e criti c al t o h ost d ef e ns e.  A 

s u c c essf ul r es p o ns e m ust p er mit t h e r e m o v al of h ar mf ul f or ei g n i n v a d ers a n d pr e v e nt 

o v er -sti m ul ati o n r es ulti n g i n i m m u n e m e di at e d i nj ur y, all w hil e si m ult a n e o usl y all o wi n g 

f or w o u n d a n d tiss u e h e ali n g. P h a g o c yt es ar e ess e nti al t o t his pr o c ess, w h er e t h e y pl a y a 

m aj or r ol e i n t h e i niti ati o n, r e g ul ati o n, a n d r es ol uti o n of t h e i nfl a m m at or y pr o c ess es.  

T h e y ar e c a p a bl e of d e ci p h eri n g e a c h e n c o u nt er e d sti m uli a n d r es p o n di n g wit h t h e 

r e q uir e d pr e cisi o n t o e n a ct t h e a p pr o pri at e r es p o ns e. 

 T h e r e g ul ati o n a n d c o ntr ol of t h e v ert e br at e i nfl a m m at or y r es p o ns e i n v ol v es a 

pl et h or a of c o m pl e x m e c h a nis ms, s o m e of w hi c h still r e m ai n p o orl y u n d erst o o d. T his is 

p arti c ul arl y tr u e f or t h e t el e ost a n d a g n at h a n m o d el s yst e ms, w h er e a l a c k of s p e cifi c 

r e a g e nts i n m a n y s p e ci es h a m p ers o ur c a p a cit y t o e x a mi n e t h e r e g ul ati o n of i nfl a m m ati o n 

at a c ell ul ar a n d/ or m e c h a nisti c l e v el. D es pit e t his,  t h er e is i n cr e asi n g e vi d e n c e t h at m a n y 

of t h e k e y c o m p o n e nts r e q uir e d t o m o u nt a n eff e cti v e i nfl a m m at or y r es p o ns e ar e pr es e nt 

i n e arl y v ert e br at es. B y e x a mi ni n g t h e u ni q u e m et h o ds of i nfl a m m at or y c o ntr ol e m pl o y e d 

b y t el e ost n e utr o p hils, w e will g ai n si g ni fi c a nt i nsi g ht i nt o t h e e v ol uti o n of t h e 

i nfl a m m at or y r es p o ns e, a n d m ost i m p ort a ntl y h ost d ef e ns es. I n a d diti o n, utili zi n g n o n-

cl assi c al m o d els m a y all o w us t o u n c o v er n o v el m e c h a nis ms of c o ntr ol u ni q u e t o l o w er 

v ert e br at es or n ot y et i d e ntifi e d i n m a m m als , pr o vi di n g a br o a d er a n d m or e pr of o u n d 

u n d erst a n d i n g of t h e i nfl a m m at or y r es p o ns e.  



	

	
	

7 7 	

C h a pt e r 2. M at e ri als a n d M et h o ds  

2. 1  A ni m als  

Fis h w er e m ai nt ai n e d i n t h e A q u ati c F a cilit y of t h e D e p art m e nt of Bi ol o gi c al 

S ci e n c es, U ni v ersit y of Al b ert a . All fis h w er e a c cli m at e d f or at l e a st t w o w e e ks pri or t o 

us e i n  e x p eri m e nts. Fis h w er e m o nit or e d d ail y f or a n y si g ns of dis e as e a n d o nl y fis h t h at 

a p p e ar e d t o b e h e alt h y w er e us e d, u nl ess ot h er wis e n ot e d.  L a m pr e y a n d g ol d fis h w er e 

h el d at 1 8 o C i n a c o nti n u o us fl o w -t hr ou g h w at er s yst e m o n a si m ul at e d n at ur al 

p h ot o p eri o d .  All fis h  w er e t er mi n at e d vi a c er vi c al disl o c a ti o ns usi n g a p pr o v e d 

pr o c e d ur es; wit h all eff orts m a d e to mi ni mi z e a ni m al str ess.  

 

2. 1. 1  L a m p r e y  

A m m o c o et e l ar v a e ( 8 – 1 1 c m i n l e n gt h) of t h e s e a l a m pr e y ( P etr o m yz o n m ari n us ) 

w er e r e c ei v e d f r o m Wilfr e d L a uri er U ni v ersit y. T h e y w er e ori gi n all y c a pt ur e d b y 

el e ctr ofis hi n g fr o m fr es h w at er str e a ms i n N e w Br u ns wi c k, C a n a d a. L a m pr e y w er e 

m ai nt ai n e d i n s a n d -li n e d a q u ari a wit h c o nst a nt a er ati o n a n d f e d br e w er’s y e ast w e e kl y. 

Pri or t o h a n dli n g, fis h w er e s e d at e d usi n g tri c ai n e m et h a nos ulf o n at e ( T M S) s ol uti o n of 

1 0 -2 0 m g/ L of w at er . W h e n n e c ess ar y, l a m pr e ys w er e s e p ar at e d usi n g fl o w t hr o u g h 

Pl e xi gl as di vi d ers.  

 

2. 1. 2  G ol dfis h  

G ol dfis h ( C ar assi us a ur at us  L.) 1 0 – 1 5 c m i n l e n gt h w er e p ur c h as e d fr o m M o u nt 

P ar n ell ( M er c ers b ur g, P A) a n d o bt ai n e d t hr o u g h A q u ati c I m p orts ( C al g ar y, A B) . Pri or t o 
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h a n dli n g, fis h w er e  s e d at e d usi n g T M S  s ol uti o n of 4 0 -5 0 m g/ L of w at er. W h e n 

n e c ess ar y, i n di vi d u al fis h w er e m ar k e d b y f i n cli p pi n g.  

 

2. 2  S e r u m  

Fis h s er u m w as o bt ai n e d b y bl e e di n g c o m m o n c ar p ( C y pri n us c ar pi o ) e v er y 6 -8 

w e e ks usi n g a 2 1 -g u a g e n e e d e d att a c h e d t o a 3 m L s yri n g e . C ar p w er e a n a est h eti z e d wit h 

T M S ( a p pr o xi m at el y 4 0 m g/ L ) a n d bl ed fr o m t h e c a u d al v ei n . C oll e ct e d c ar p bl o o d  w as 

p o ol e d a n d  al l o w e d t o cl ot o v er ni g ht at 4 ° C. T h e f oll o wi n g d a y, bl o o d w as c e ntrif u g e d at 

1 0 0 0 x  g  f or 2 5 mi n a n d s er u m r e m o v e d. T h e r es ulti n g s er u m w as h e at -i n a cti v at e d f or 3 0 

mi n at 5 6  ° C, filt er st erili z e d usi n g a 0. 2 2 µ m s yri n g e ti p filt er , a n d t h e n st or e d at –  2 0  ° C 

u ntil us e d i n t h e e x p eri m e nts.  

 

2. 3  R e a g e nt g e n e r ati o n  

2. 3. 1  Z y m os a n l a b eli n g  

2. 3. 1. 1  FI T C  

U nl a b el e d z y m os a n p arti cl es ( M ol e c ul ar Pr o b es) w er e l a b el e d o v er ni g ht wit h 2 5 0 

n g/ m L  fl u or es c ei n is ot hi o c y a n at e ( FI T C; Si g m a) wit h c o nti n u o us s h a ki n g at 4 ° C i n 

c ar b o n at e b uff er ( T a bl e 2. 1 ). Aft er st ai ni n g, z y m osa n -FI T C w as w as h e d t wi c e wit h 

1 x P B S -/- at 8 6 3 x g f or 1 0 mi n ut es at r o o m t e m p er at ur e. P arti cl es w er e st or e d at 4 o C i n 

t h e d ar k u ntil us e d. 
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2. 3. 1. 2  A P C  

U nl a b el e d z y m os a n p ar ti cl es ( M ol e c ul ar Pr o b es) w er e l a b el e d o v er ni g ht wit h 7 5 

m g/ m L all o p h y c o c y a ni n ( A P C; Si g m a) wit h c o nti n u o us s h a ki n g at 4 o C i n 1 x P B S -/-. 

Z y m os a n -A P C w as pr e p ar e d fr es h e a c h us e i n or d er t o e ns ur e pr o p er st ai n r et e nti o n.  

Pri or t o us e, z y m os a n p arti cl es w er e  w as h e d t wi c e wit h 1 x P B S -/- at 8 6 3 x g f or 1 0 

mi n ut es at r o o m t e m p er at ur e.  

 

2. 3. 2  A p o pt oti c c ells  

2. 3. 2. 1  C atfis h 3 B 1 1 c ells  

A p o pt oti c 3 B 1 1 c ells  w er e g e n er at e d b y i n c u b ati n g c ells f or 2 4 h o urs  i n t h e 

pr es e n c e of 1 0 m g/ m L c y cl o h e xi mi d e ( Si g m a). Tr e at e d c ells w er e h ar v est e d a n d w as h e d 

t wi c e i n 1 x P B S-/- at 4 0 0 x g  f or 8 mi n ut es. I n s o m e i nst a n c es, a p o pt oti c c ells w er e st ai n e d 

wit h 1. 5 m g/ m L w h e at g er m a g gl uti ni n Al e x a Fl u or 5 5 5 ( M ol e c ul ar Pr o b es) f or 9 0 

mi n ut es wit h c o nti n u o us s h a ki n g at r o o m t e m p er at ur e. A p o pt oti c c ells w er e t h e n w as h e d 

t wi c e i n 1 x P B S-/- at 4 0 0 x g  f or 8 mi n ut es. W e h a v e pr e vi o usl y s h o w n t h at a p o pt oti c c ells 

d eri v e d fr o m pri m ar y or c ell li n e l e u k o c yt es i n d u c e e q u i v al e nt p h a g o c yt e r es p o ns es 

( Ri e g er et al., 2 0 1 2).  

 

2. 3. 2. 2  L a m p r e y p ri m a r y t y p hl os ol e l e u k o c yt es  

A p o pt oti c l a m pr e y c ells w er e g e n er at e d b y i n c u b ati n g pri m ar y t y p hl os ol e c ells  f or 

2 4 h o urs  i n t h e pr es e n c e of 1 0 m g/ m L c y cl o h e xi mi d e ( Si g m a). Tr e at e d c ells w er e 

h ar v est e d a n d w as h e d t wi c e i n 1 x P B S -/- at 4 0 0 x g f or 8 mi n ut es. I n s o m e i nst a n c es, 

a p o pt oti c c ells w er e st ai n e d wit h 1. 5 m g/ m L w h e at g er m a g gl uti ni n Al e x a Fl u or 5 5 5 
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( M ol e c ul ar Pr o b es) f or 9 0 mi n ut es wit h c o nti n u o us s h a ki n g at r o o m t e m p er at ur e. 

A p o pt oti c c ells w er e t h e n w as h e d t wi c e i n 1 x P B S -/- at 4 0 0 x g  f or 8 mi n ut es. 

 

2. 3. 2. 3  A p o pt oti c g ol dfis h p ri m a r y ki d n e y m a c r o p h a g es ( P K Ms)  

2. 3. 2. 3. 1  C y cl o h e x a mi d e i n d u c e d  

A p o pt oti c P K Ms  w er e g e n er at e d b y i n c u b ati n g  c ells  f or 2 4 ho urs  i n t h e pr es e n c e 

of 1 0 m g/ m L c y cl o h e xi mi d e  ( Si g m a). Tr e at e d c ells w er e h ar v este d a n d  w as h e d t wi c e i n 

1 x P B S -/- at 4 0 0 x g  f or 8 mi n ut es. I n s o m e i nst a n c es, a p o pt oti c c ells w er e st ai n e d wit h 1. 5 

m g/ m L w h e at g er m a g gl uti ni n Al e x a Fl u or 5 5 5 ( M ol e c ul ar Pr o b es) f or 9 0 mi n ut es wit h 

c o nti n u o us s h a ki n g at r o o m t e m p er at ur e . A p o pt oti c c ells w er e t h e n w as h e d t wi c e i n 

1 x P B S -/- at 4 0 0 x g  f or 8 mi n ut es. 

 

2. 3. 2. 3. 2  A er o m o n as v er o nii i n d u c e d 

A p o pt oti c c ells w er e als o g e n er at e d i n a m or e p h ysi ol o gi c all y r el e v a nt m a n n er 

usi n g A er o m o n as v er o nii . P K Ms w er e i n c u b at e d wit h A. v er o nii  at a 3: 1 ( b a ct eri a: c ell) 

r ati o f or 2 4 h o urs. F oll o wi n g i n c u b ati o n, P K Ms w er e w as h e d 3 ti m es i n 1 x P B S -/- at 4 0 0 x 

g  f or 8 mi n ut es. Usi n g gr o wt h pl at es ( C F U c o u nts), t his m et h o d of w as hi n g r em o v e d 

9 9 % of all b a ct eri al c ells.  I n s o m e i nst a n c es, a p o pt oti c c ells w er e st ai n e d wit h 1. 5 

m g/ m L w h e at g er m a g gl uti ni n Al e x a Fl u or 5 5 5 ( M ol e c ul ar Pr o b es) f or 9 0 mi n ut es wit h 

c o nti n u o us s h a ki n g at r o o m t e m p er at ur e. A p o pt oti c c ells w er e t h e n w as h e d t wi c e i n  

1 x P B S -/- at 4 0 0 x g  f or 8 mi n ut es. 
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2. 3. 2. 4  A p o pt oti c g ol dfis h n e ut r o p hils  

A p o pt oti c n e utr o p hils  w er e g e n er at e d b y i n c u b ati n g pri m ar y ki d n e y n e utr o p hils  

c ells f or 2 4 h o urs  i n t h e pr es e n c e of 1 0 m g/ m L c y cl o h e xi mi d e ( Si g m a). Tr e at e d c ells 

w er e h ar v est e d a n d w as h e d t wi c e i n 1 x P B S -/- at 4 0 0 x g  f or 8 mi n ut es. I n s o m e i nst a n c es, 

a p o pt oti c c ells w er e st ai n e d wit h 1. 5 m g/ m L w h e at g er m a g gl uti ni n Al e x a Fl u or 5 5 5 

( M ol e c ul ar Pr o b es) f or 9 0 mi n ut es wit h c o nti n u o us s h a ki n g at r o o m t e m p er at ur e. 

A p o pt oti c c ells w er e t h e n w as h e d t wi c e i n 1 x P B S -/- at 4 0 0 x g  f or 8 mi n ut es. 

 

2. 4  C ell m e di a  

2. 4. 1  M o difi e d g ol dfis h L e b o vit z’s -1 5 m e di u m  

T h e c ult ur e m e di u m us e d f or g e n er ati o n of g ol dfis h pri m ar y ki d n e y m a cr o p h a g es, 

m o difi e d g ol dfis h L e b o vit z -1 5 ( M G F L -1 5), h as b e e n pr e vi o usl y d es cri b e d ( N e u m a n n et 

al., 2 0 0 0) . T h e c o m p ositi o n of pr e c urs or G F L-1 5 is s h o w n i n T a bl e 2. 2. T h e c o m p ositi o n 

br e a k d o w n of M G F L -1 5 ( T a bl e 2. 3) i n cl u d es G F L -1 5, n u cl ei c a ci d pr e c urs or s ol uti o n 

( T a bl e 2. 4), a n d 1 0 x H a n ks B al a n c e d S alt S ol uti o n ( T a bl e 2. 5). M E M s o di u m p yr u v at e, 

M E M n o n -ess e nti al a mi n o a ci d s ol uti o n, M E M a mi n o a ci d s ol uti o n,  a n d M E M vit a mi n 

s ol uti o n w er e p ur c h as e d fr o m Gi b c o. B o vi n e i ns uli n w as als o p ur c h as e d fr o m Si g m a. 

C o m pl et e M G F L -1 5 m e di u m c o nt ai n e d all of t h e a b o v e wit h t h e a d diti o n of 1 0 % h e at -

i n a cti v at e d f et al c alf s er u m, 5 % h e at-i n a cti v at e d c ar p s er u m, 1 0 0 U/ m L p e ni cilli n/ 1 0 0 

µ g/ m L str e pt o m y ci n , a n d 1 0 0 µ g/ m L g e nt a mi ci n. I n e x p eri m e nts e x a mi ni n g t h e 

i nt er a cti o n of P K Ms a n d A. v er o nii a nti bi oti cs  w er e r e m o v e d.  
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2. 4. 2  N e ut r o p hil H a n ks b al a n c e d s alt s ol uti o n  

A pl et h or a of m e di a ( Fi g ur e 2. 1) w as e x a mi n e d t o d et er mi n e t h e m ost  i d e al m e di a 

f or e x p eri m e nts c o nt ai ni n g is ol at e d g ol dfis h n e utr o p hils. 1 x H a n k’s b al a n c e d s alt s ol uti o n 

( H B S S-/-; T a bl e 2. 6) w as ulti m at el y s el e ct e d t o m ai nt ai n n e utr o p hil vi a bilit y d uri n g 

w as hi n g a n d H B S S +/ +  ( a d diti o n of m a g n esi u m a n d c al ci u m) w as us e d t o m ai nt ai n 

f u n cti o n d uri n g bi o ass a ys. C o m pl et e H B S S+/ +  c o nt ai n e d 1 0 % h e at -i n a cti v at e d c ar p 

s er u m, 1 0 0 U/ m L p e ni cilli n/ 1 0 0 µ g/ m L str e pt o m y ci n , a n d 1 0 0 µ g/ m L g e nt a mi ci n. I n 

e x p eri m e nts e x a mi ni n g t h e i nt er a cti o n of n e utr o p hils a n d A. v er o nii or M. f ort uit u m 

a n ti bi oti cs w er e r e m o v e d.  

 

2. 5  P at h o g e n s a n d p at h o g e n mi mi cs  

2. 5. 1  A er o m o n as v er o nii bi o v a r s o b ri a  

A er o m o n as v er o nii  w as is ol at e d i n t h e D e p art m e nt of Bi ol o gi c al S ci e n c es A q u ati c 

F a ciliti es fr o m a n a t ur all y i nf e ct e d g ol dfis h pr es e nti n g wit h a f ur u n cl e. T h e i nf e ct e d fis h 

f ur u n cl e w as s w a b b e d wi t h a c ott o n s w a b a n d us e d t o i n o c ul at e a  tr y pti c s o y a g ar ( T S A) 

pl at e. Si n gl e  c ol o ni es w er e is ol at e d, gr o w n u p , a n d t y p e d usi n g  1 6s r R N A a n d g yr B 

( pri m ers c a n b e f o u n d i n T a bl e 2. 7). E a c h e x a mi n e d  c ol o n y w as i d e ntif i e d t o b e 

A er o m o n as  v er o nii  bi o v ar s o bri a b as e d o n s e q u e n c e a n al ysis. A gr o wt h c ur v e f or A. 

v er o nii  c a n b e f o u n d i n Fi g ur e 2. 2.  

H e at -kill e d A. v er o nii w as g e n er at e d b y gr o wi n g t h e b a ct eri a t o l o g p h as e gr o wt h 

a n d t h e n i n c u b ati n g at 8 0 ° C f or 1 h o ur. T h e r es ulti n g h e at -kill e d b a ct eri a w as w as h e d 

t wi c e b y c e ntrif u gi n g at 1 0, 0 0 0  x g  f or 2 mi n ut es, a n d r es us p e n d e d i n 1 ×  P B S -/- 

F oll o wi n g h e at i n a c ti v ati o n, a n ali q u ot of h e at-kill e d b a ct eri a  w as pl at e d o nt o T S A pl at es 
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t o e ns ur e t h at c ult ur es h a d b e e n a d e q u at el y kill e d . N o c ult ur es d e v el o p e d. H e at-kill e d A. 

v er o nii  c o ul d b e st or e d at 4 ° C f or s h ort p eri o ds, h o w e v er, i n g e n er al t h e b a ct eri u m w as  

pr e p ar e d fr es h f or e a c h e x p eri m e nt.  

 

2. 5. 2  M y c o b a ct eri u m f ort uit u m  

M. f or uit u m w as o bt ai n e d fr o m t h e l a b of Dr. Mi k e B el os e vi c. T h e b a ct eri a w as 

gr o w n at 3 0 ° C i n Mi d dl e br o o k 7 H 9 br ot h ( Dif c o) s u p pl e m e nt e d wit h 1 0 % O A D C ( B D ) 

a n d 0. 0 5 % T w e e n  8 0. S i n gl e c ell s us p e nsi o ns w er e g e n er at e d d uri n g l o g p h as e  of gr o wt h 

b y p ass a gi n g  t hr o u g h a 2 5 -g a u g e  n e e dl e a n d s u bs e q u e ntl y t hr o u g h 5 m m filt ers 

( Milli p or e). B a ct eri a w er e e n u m er at e d b y m e as uri n g  t h e o pti c al d e nsit y at 6 0 0 n m, a n d 

c ol o n y f or mi n g u nits w er e c o nfir m e d b y pl ati n g s eri al dil uti o ns  of c ult ur es o n 

Mi d dl e br o o k 7 H 1 0 a g ar ( Dif c o) s u p pl e m e nt e d wit h  1 0 % O A D C ( B D). H e at -kill e d  

M y c o b a ct eri a  w er e g e n er at e d b y i n c u b ati n g at 8 0 ° C f or 1 h o ur . T h e r es ulti n g h e at -kill e d 

M y c o b a ct eri a w as w as h e d t wi c e b y c e ntrif u gi n g at 1 0, 0 0 0  x g  f or 2 mi n ut es, a n d 

r es us p e n d e d i n 1 ×  P B S -/- F oll o wi n g h e at i n a c ti v ati o n, a n ali q u ot of h e at-kill e d b a ct eri a  

w as pl at e d o nt o Mi d dl e br o o k 7 H 1 0 a g ar t o e ns ur e t h at c ult ur es h a d b e e n a d e q u at el y 

kill e d . N o c ult ur es d e v el o p e d. H e at-kill e d M. f ort uit u m  c o ul d b e st or e d at 4 ° C f or s h ort 

p eri o ds, h o w e v er, i n g e n er al t h e b a ct er i u m w as pr e p ar e d fr es h f or e a c h e x p eri m e nt.  

 

2. 5. 3  Z y m os a n  

Z y m os a n w as us e d  as a n i nfl a m m at or y m o d el  t o i n d u c e a c ut e, s elf-r es ol vi n g 

p erit o nitis. S ol u bl e z y m os a n w as p ur c h as e d fr o m Si g m a a n d r es u s p e n d e d at a 

c o n c e ntr ati o n of 5 0  m g/ m L i n 1 x P B S -/-. T h e z y m os a n p o w d er w as v ort e x e d f or s e v er al 
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mi n ut es at hi g h s p e e d  t o e ns ur e a d e q u at e mi xi n g. R es us p e n d e d z y m os a n w as st or e d at 

4 o C f or u p t o  1 m o nt h.   

 

2. 6  I nt r a p e rit o n e al i nj e cti o n s  

G ol dfis h w er e  a n est h eti z e d wit h T M S  ( as i n di c at e d a b o v e). I ntr a p erit o n e al 

i nje cti o ns w er e d o n e i n t h e s oft tiss u e  u n d er t h e l eft p e ct or al fi n. G ol dfis h w er e t h e n 

r et ur n e d t o w at er wit h o x y g e n ati o n,  all o w e d t o r e c o v er , a n d m o nit or e d cl os el y t o e ns ur e 

t h er e w as n o u n d u e str ess or d el a y e d d e at hs.  

 

2. 6. 1  Z y m os a n  

Z y m os a n st o c k ( 5 0  m g/ m L) w as  dil ut e d 1: 1  wit h 1 x P B S -/- t o cr e ate a 2 5 m g/ m L 

dil ut e d st o c k. 1 0 0  µ L  ( 2. 5 m g) of dil ut e d st o c k w as as pir at e d i n  a 2 5 -g a u g e n e e dl e 

att a c h e d t o a 1 m L s yri n g e a n d all b u b bl es w er e r e m o v e d pri or t o i nj e cti o n.  

 

2. 6. 2  A er o m o n as v er o nii  

H e at -kill e d A. v er o nii  w as pr e p ar e d as pr e vi o usl y d es cri b e d. F oll o wi n g 

pr e p ar ati o n, 5 x 1 0 6  b a ct eri al c ells w er e r es us p e n d e d p er 1 0 0  µ L. Usi n g a 2 5 -g a u g e n e e dl e 

att a c h e d t o a 1 m L s yri n g e, a 1 0 0  µ L i nj e cti o n w as pr e p ar e d.  

 

2. 6. 3  M y c o b a ct eri u m f ort uit u m  

M. f ort uit u m w as pr e p ar e d as pr e v i o usl y d es cri b e d. F oll o wi n g pr e p ar ati o n, 1 0 x 1 06  

b a ct eri al c ells w er e r es us p e n d e d p er 1 0 0  µ L. Usi n g a 2 5 -g u a g e n e e dl e att a c h e d t o a 1 m L 

s yri n g e, a 1 0 0  µ L i nj e cti o n w as pr e p ar e d.  
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2. 7  I s ol ati o n of p ri m a r y c ells  

2. 7. 1  L a m p r e y t y p hl os ol e l e u k o c yt es  

A m m o c o et e l ar v a e ( 8 – 1 3 c m l o n g) of t h e s e a l a m pr e y, P etr o m yz o n m ari n us , w er e 

diss e ct e d al o n g t h e v e ntr al si d e t o e xtr a ct t h e i nt esti n e a n d t h e ass o ci at e d t y p hl os ol e 

(s pir al v al v e; Fi g ur e 2. 3). T y p hl os ol e l e u k o c yt es w er e h ar v est e d b y m a c er ati o n of t h es e 

tiss u es b et w e e n t w o gl ass sli d es w hil e  s us p e n d e d i n o n e p art w at er a n d t w o i n c o m pl et e 

M G F L -1 5 . T h e r es ulti n g c ell s us p e nsi o n w as w as h e d t wi c e i n o n e p art w at er/ t w o p arts 

i n c o m pl et e M G F L-1 5 b y c e ntrif u gi n g at 3 1 1 x g  f or 1 0 mi n ut es at 4 ° C. C ells w er e 

s u bs e q u e ntl y us e d f or e x p eri m e nts. L a m pr e y n e utr o p hils w er e is ol at e d as pr e vi o usl y 

d es cri b e d ( F ujii, 1 9 8 1). Bri efl y, t ot al pri m ar y t y p hl os ol e l e u k o c yt es w er e l a y er e d o n 

Fi c oll -P a q u e a n d c e ntrif u g e d at 6 0 0 x g  f or 3 0 mi n ut es at 4 ° C. T h e i nt erf a c e b a n d 

c o nt ai ni n g n e utr o p hils w as is ol at e d at w as h e d 3 ti m es usi n g  H B S S -/-. C ells w er e 

s u bs e q u e ntl y us e d i n e x p eri m e nt al ass a ys.  

 

2. 7. 2  G ol dfis h p ri m a r y ki d n e y l e u k o c yt es  

G ol dfis h  ki d n e ys w er e m a c er at e d t hr o u g h m es h s cr e e ns wi t h i n c o m pl et e M G F L-

1 5 m e di u m ( N e u m a n n et al., 1 9 9 8). D e bris w as all o w e d t o s ettl e a n d s u p er n at a nt w as 

r e m o v e d. T h e l e u k o c yt es w er e w as h e d t wi c e wit h i n c o m pl et e M G F L-1 5 m e di u m vi a 

c e ntrif u g ati o n f or 1 0 mi n ut es  at 3 1 1  x g  at  4  ° C.  T h e r es ulti n g c ells c o nsist of t ot al ki d n e y 

l e u k o c yt es. T o is ol at e ki d n e y n e utr o p hils, t ot al ki d n e y l e u k o c yt es w er e l a y er e d o nt o 5 1 % 

P er c oll ( Si g m a -Al dri c h, St. L o uis,  M O, U S A) a n d c e ntrif u g e d f or 2 5 mi n ut es  at 4 0 0  x  g  

a n d 4  ° C  ( K at z e n b a c k a n d B el os e vi c 2 0 0 9). T h e p ell et c o nt ai ni n g R B Cs a n d n e utr o p hils 

w as c oll e ct e d, a n d R B Cs w er e l ys e d wit h A C K l ysis b uff er ( L o n z a, B as al, S wit z erl a n d) 
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f or 3 mi nut es . T h e r e m ai ni n g n e utr o p hils w er e w as h e d t wi c e wit h i n c o m pl et e H B S S -/- 

vi a c e ntrif u g ati o n f or 1 0 mi n ut es  at 3 1 1  x g  at  4  ° C a n d r es us p e n d e d i n c o m pl et e 

H B S S +/ + ( H B S S s u p pl e m e nt e d wit h 1 0 0 U/ m L p e ni cilli n, 1 0 0 m g/ m L  str e pt o m y ci n, a n d 

1 0 % c ar p s er u m, c al ci u m, a n d m a g n esi u m) f or s u bs e q u e nt ass a ys. T o is ol at e 

m o n o n u cl e ar c ells, t h e b uff y l a y er a b o v e P er c oll w as r e m o v e d f oll o wi n g c e ntrif u g ati o n. 

C ells w er e w as h e d t wi c e i n i n c o m pl et e M G F L -1 5 b y c e ntrif u gi n g at 3 1 1 x g  f or 1 0 

mi n ut es at 4 ° C .  

 

2. 7. 3  P e rit o n e al l e u k o c yt es  

P erit o n e al c el ls w er e is ol at e d fr o m g ol dfis h i nj e ct e d wit h 2. 5 m g of z y m os a n or 

h e at -kill e d A. v er o nii  b y  l a v a gi n g t h e fis h wit h 1 xP B S -/- ( n o c al ci u m, n o m a g n esi u m). 

T h e c ells w e r e s p u n d o w n at 3 1 1 x g  f or 1 0 mi n ut es a n d w as h e d wit h 1 xP B S -/- b ef or e 

u s e, as pr e vi o usl y d es cri b e d ( Ri e g er et al., 2 0 1 2). T o is ol at e n e utr o p hils, e x u d at es w er e 

s u bs e q u e ntl y l a y er e d o nt o 5 1 % P er c oll a n d c e ntrif u g e d f or 2 5 mi n ut es  at 4 0 0  x g  at 4  ° C . 

T h e p ell et c o nt ai ni n g R B Cs a n d n e utr o p hils w as c oll e ct e d, a n d R B Cs w er e l ys e d wit h 

A C K l ysis b uff er ( L o n z a) f or 3 mi n ut es . T h e r e m ai ni n g n e utr o p hils w er e w as h e d t wi c e 

wit h  i n c o m pl et e H B S S-/- vi a c e ntrif u g ati o n f or 1 0 mi n ut es  at 3 1 1  x g  at  4  ° C a n d 

r es us p e n d e d i n c o m pl et e H B S S+/ + f or s u bs e q u e nt ass a ys. N e utr o p hil vi a bilit y w as 

c o nsist e ntl y  9 5 % a c c or di n g t o a n n e xi n V/ PI st ai ni n g, a n d t h e l e v el of p urit y f or is ol at e d 

n e utr o p hi ls w as 9 3– 9 7 %. T h e b uff y c o at w as r e m o v e d a n d us e d f or t h e is ol ati o n of 

m o n o n u cl e ar c ells . C ells w er e w as h e d t wi c e i n i n c o m pl et e M G F L -1 5 b y c e ntrif u gi n g at 

3 1 1 x g  f or 1 0 mi n ut es at 4 ° C . T h e r es ulti n g c ells w er e s u bs e q u e ntl y r es us p e n d e d i n t h e 
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a p pr o pri at e  m e di u m d e p e n di n g o n t h e bi o ass a y.  

 

2. 7. 4  P ri m a r y ki d n e y m a c r o p h a g es ( P K Ms)  

Pri m ar y ki d n e y m a cr o p h a g es  w er e g e n er at e d as pr e vi o usl y d es cri b e d ( N e u m a n n 

et al., 2 0 0 0, 1 9 9 8) . Is ol at e d g ol dfis h ki d n e y l e u k o c yt es w er e s e e d e d i n 1 5  ml of c o m pl et e 

M G F L -1 5 m e di u m [ M G F L -1 5 s u p pl e m e nt e d wit h 1 0 0 U/ m L p e ni cilli n, 1 0 0 m g/ m L  

str e pt o m y ci n, 1 0 0 m g/ m L  g e nt a mi ci n,  1 0 % n e w b or n c alf s er u m ( Gi b c o, B urli n gt o n, O N, 

C a n a d a) , a n d 5 % c ar p s er u m] a n d 5 m L  of c ell -c o n diti o n e d m e di u m fr o m pr e vi o us 

c ult ur es. P K M c ult ur es w er e d e v el o p e d o v er 7 d a ys  at 2 0  ° C a n d w er e us e d at t h e 

pr olif er ati v e p h as e of c ult ur e d e v el o p m e nt. T his p h as e is d o mi n at e d b y t h e pr olif er ati o n 

of m a cr o p h a g e pr o g e nit ors al o n g wit h  t h eir diff er e nti ati o n i nt o m at ur e m a cr o p h a g es 

( B arr e d a et al., 2 0 0 0; B arr e d a a n d B el os e vi c, 2 0 0 1). 

 

2. 8  Ti s s u e s e cti o ni n g  

2. 8. 1  F u r u n cl es  

G ol dfis h w er e s a crifi c e d b y c er vi c al disl o c ati o n at s p e cifi c p oi nts d uri n g 

i nf e cti o n. T h e f ur u n cl e was r e m o v e d b y e x cisi n g a 2 x  2 c m s q u ar e of g ol dfis h tiss u e. 

T h e tiss u e is t h e n fi x e d i n 1 0 % n e utr al -b uff er e d f or m ali n ( Si g m a) f or 2 4 h o urs at 4 ° C. 

F oll o wi n g fi x ati o n t h e tiss u e w as w as h e d i n 1 ×  P B S -/- f or 1 h o ur, f oll o w e d b y a 

d e c al cifi c ati o n st e p i n C al -E x D e c al cifi er ( Fis h er S ci e ntifi c) f or 4 h o urs at r o o m 

t e m p er at ur e wit h c o nti n u o us r o c ki n g. Tiss u es ar e pr o c ess e d o v er ni g ht i n a s eri es of 

et h a n ol, t ol u e n e, a n d w a x w as h es usi n g a L ei c a T P 1 0 2 0 tiss u e pr o c ess or ( L ei c a) . 
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F oll o wi n g t h e s eri es of w as h es, tiss u es w er e e m b e d d e d i n p ar aff i n w a x a n d all o w e d t o 

h ar d e n. S e cti o ns ( 7 µ m t hi c k) w er e p erf or m e d usi n g a L ei c a R M 2 1 2 5 R T S mi cr ot o m e 

a n d all o w e d t o s et o n t h e sli d e at 3 7 ° C o v er ni g ht.  

 
 

2. 9  C yt o c h e mi c al st ai ni n g  

2. 9. 1  C ell c yt os pi ns  

F or all c yt o c h e mi c al st ai ns, 5 x  1 0 4  c ells w er e s p u n o nt o gl ass  sli d es at 5 5  x  g  f or 

6 mi n ut es  at r o o m t e m p er at ur e usi n g a c yt o c e ntrif u g e ( S h a n d o n  I nstr u m e nts). I m a g es 

w er e g e n er at e d u si n g a D M 1 0 0 0 mi cr os c o p e ( L ei c a ) usi ng a bri g ht fi el d 1 0 0  x o bj e cti v e 

(1 0 0 0  x m a g nifi c ati o n), a n d a c q uir e d us i n g Q C a pt ur e s oft w ar e ( QI m a gi n g).  

 

2. 9. 1. 1  H e m a 3  

C ells w er e fi x e d b y i n c u b ati o n i n 7 0 % m et h a n ol f or 5 s e c o n ds. C ells w er e t h e n 

st ai n e d wit h h e m at o x yli n f or 5 s e c o n ds a n d c o u nt er -st ain e d wit h e osi n f or 1 s e c o n d ( all 

st ai n c o m p o n e nts w er e p ur c h as e d  fr o m Fis her S ci e ntifi c). Sli d es w er e  ri ns e d wit h t a p 

w at er a n d air -dri e d pri or o bs er v ati o n usi n g bri g ht fi el d mi cr os c o p y.  

 

 

2. 9. 1. 2  S u d a n Bl a c k  

F or S u d a n Bl a c k st ai ni n g ( Si g m a -Al dri c h), t h e c ells w er e fi x e d f or 1 mi n ut e i n a 

2 5 % a c et o n e / 7 5 % gl ut ar al d e h y d e s ol uti o n, f oll o w e d b y s e v er al ri ns es i n distill e d w at er. 

T h e c ells w er e t h e n st ai n e d f or 5 mi n ut es  wi t h S u d a n Bl a c k wit h c o nti n u o us g e ntl e 
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a git ati o n, f oll o w e d b y s e v er al w as h es i n 7 0 % et h a n ol t o r e m o v e e x c ess st ai n. Sli d es w er e 

s u bs e q u e ntl y st ai n e d f or 5 mi n ut es i n  H e m at o x yli n c o u nt erst ai n .  

 

2. 9. 2  Tiss u e s e cti o ns  

2. 9. 2. 1  H e m at o x yli n & E osi n ( H & E)  

F oll o wi n g p ar affi n e m b e d di n g, tiss u e s e cti o ns w er e w as h e d t wi c e i n t ol u e n e, 

t wi c e i n 1 0 0 % et h a n ol, t h e n o n c e i n 9 0 %, 7 0 %, a n d 5 0 % et h a n ol, f oll o w e d b y w at er, f or 

2 mi n ut es e a c h. Tiss u es w er e t h e n st ai n e d wit h h e m at o x yli n Gill s ol uti o n III ( S ur gi p at h) 

f or 2 mi n ut es. C ells ar e s u bs e q u e ntl y w as h e d f or 1 5 mi n ut es i n r u n ni n g c ol d w at er. 

Tiss u es ar e w as h e d o n c e i n 7 0 % et h a n ol f or 2 mi n ut es, f oll o w e d b y E osi n st ai n 

( S ur gi p at h) f or 3 0 s e c o n ds. St ai ni n g is c o m pl et e d with t w o m or e w as h es at 1 0 0 % et h a n ol 

a n d t ol u e n e, e a c h f or 2 mi n ut es. Tiss u es ar e t h e n c o v ersli p p e d wit h D P X a n d i n c u b at e d at 

3 7  ° C  o v er ni g ht t o s oli dif y. I m a g es w er e t a k e n o n a L ei c a mi cr os c o p e at 4 0  x 

m a g nifi c ati o n.  

 

2. 1 0  Q u a ntit ati v e P C R  

2. 1 0. 1  R N A Is ol ati o n  

2. 1 0. 1. 1  T ri z ol  

R N A w as is ol at e d fr o m g ol dfis h tiss u es usi n g Tri z ol (I n vitr o g e n) u n d er 

m a n uf a ct ur ers r e c o m m e n d ati o ns . Is ol at e d tiss u es w er e pl a c e d i n 1 2 m L r o u n d -b ott o m 

t u b es, fl as h fr o z e n usi n g dr y i c e a n d et h a n ol, t h e n  st or e d at -8 0  o C  u ntil us e . Tri z ol w as 

t h e n a d d e d d e p e n di n g o n tiss u e si z e  ( a p pr o xi m at el y 1 m L f or ki d n e y, 1 m L f or bl o o d, 

a n d  2  m L f or f ur u n cl e tiss u e s), f oll o w e d b y h o m o g e ni z ati o n usi n g bl a d e disr u pti o n al o n g 
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wit h i nt er mitt e nt c o oli n g o n i c e.  C hl or of or m  ( 0. 1 m L/ 1 m L Tri z ol) w as a d d e d a n d  t h e 

e ntir e s o l uti o n w as s u bs e q u e ntl y tr a nsf err e d i nt o a 1. 5 m L mi cr o c e ntrif u g e t u b e, t h e n 

v ort e x e d . T u b es w er e c e ntrif u g e d at 1 0, 8 0 0 x g  f or 3 0 mi n ut es at 4  o C. T h e a q u e o us l a y er 

w as e xtr a ct e d a n d tr a nsf err e d t o a n e w  mi cr o c e ntrif u g e t u b e. O n e v ol u m e of is o pr o p a n ol  

w as  a d d e d a n d s us p e nsi o ns w er e i n c u b at e d at -2 0  o C o v er ni g ht. T h e f oll o wi n g d a y, t u b es 

w er e  c e ntrif u g e d at 1 0, 8 0 0 x g  f or 6 0 mi n ut es at 4 o C t o p ell et t h e R N A. S u p er n at a nts 

w er e as pir at e d, a n d t h e R N A p ell et w as w as h e d wit h 1 m L of 7 5 % r e a g e nt gr a d e et h a n ol 

foll o w e d b y c e ntrif u g ati o n at 1 0, 8 0 0 x g  f or 3 0 mi n ut es at 4 o C. T h e et h a n ol  w as 

as pir at e d a n d R N A p ell ets  w er e  all o w e d t o ai r-dr y . R N A w as t h e n r es us p e n d e d i n 

n u cl e as e -fr e e w at er. T h e R N A  c o n c e ntr ati o n w as q u a ntifi e d usi n g a N a n o dr o p at a n 

a bs or b a n c e of 2 6 0 n m. S a m pl es w er e als o r e a d at 2 3 0 n m a n d 2 8 0 n m t o d et er mi n e 

p h e n oli c a n d pr ot ei n c o nt a mi n ati o n, r es p e cti v el y.  

 

2. 1 0. 1. 2  Qi a g e n R N e as y c ol u m n  

R N A w as is ol at e d fr o m p erit o n e al l a v a g e c ells wit h t h e us e of  a R N e as y kit 

( Qi a g e n) a c c or di n g t o t h e m a n uf a ct ur ers r e c o m m e n d ati o ns. I n s h ort, c ells w er e l ys e d i n 

R L T  B uff er . O n e v ol u m e of 7 0 % et h a n ol w as a d d e d t o t h e l ys at e a n d t h e e ntir e 

s us p e nsi o n a p pli e d t o t h e s pi n c ol u m n. C ol u m ns w er e s p u n at 8, 0 0 0 x g  f or 1 5 s e c o n ds at 

r oo m t e m p er at ur e a n d w as h e d wit h R W 1  B uff er . C ol u m ns w er e s p u n a g ai n at 8, 0 0 0 x g  

f or 1 5 s e c o n ds at r o o m t e m p er at ur e. C ol u m ns w er e t h e n w as h e d usi n g  R P E B uff er a n d 

c e ntrif u g e d  at 8, 0 0 0 x g  f or 2 mi n ut es at r o o m t e m p er at ur e. T h e c ol u m n w as t h e n pl a c e d 

i nt o a n e w 1. 5 m L mi cr o c e ntrif u g e t u b e a n d 3 0-5 0 µ L of n u cl e as e -fr e e w at er ( A m bi o n) 

w as a d d e d.  T h e w at er w as all o w e d t o st a n d f or 1 mi n ut e pri or t o c e ntrif u gi n g.  T o el ut e 
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R N A, c ol u m ns w er e s p u n at 8, 0 0 0 x g  f or 1 mi n ut e r o o m t e m p er at ur e. T h e R N A  

c o n c e ntr ati o n w as q u a ntifi e d usi n g a N a n o dr o p at a n a bs or b a n c e of 2 6 0 n m. S a m pl es 

w er e als o r e a d at 2 3 0 n m a n d 2 8 0 n m t o d et er mi n e p h e n oli c a n d pr ot ei n c o nt a mi n ati o n, 

r es p e cti v el y. 

 

2. 1 0. 2  c D N A s y nt h esis  

c D N A s y nt h esis  w as  p erf or m e d usi n g S M A R T S cri b e R e v ers e Tr a ns cri pt as e fr o m 

Cl o nt e c h. First str a n d s y nt h esis w as c y cl e d at 7 2  o C f or 3 mi n ut es f oll o w e d b y 4 2  o C f or 

6 0 mi n ut es. S e c o n d str a n d u n d er w e nt a c y cl e  as f oll o ws: 9 5  o C f or 3 0 s e c o n ds; 5 5  o C f or 

3 0 s e c o n ds; 7 2  o C f or 1 5 mi n ut es. P ri or t o c D N A s y nt h esis, R N A l e v els w er e q u atifi e d 

a n d n or m ali z e d ( 2 m g f or tiss u es a n d 2 5 0 n g f or p erit o n e al l a v a g e c ells ). Pri m ers us e d i n 

c D N A s y nt h esis r e a cti o ns c a n b e f o u n d i n T a bl e 2. 8.  

 

2. 1 0. 3  P ri m e rs  

All pri m ers us e d w er e  pr e vi o usl y v ali d at e d i n g ol dfis h. Q -P C R pri m ers w er e 

v ali d at e d b y cr e ati n g a st a n d ar d c ur v e t o d et er mi n e t h e R 2  v al u e, y -i nt er c e pt, a n d 

effi ci e n c y of t h e pri m er s et. Pri m er  s ets w er e c h os e n wit h a n R 2  v al u e e q u al or gr e at er 

t h a n 0. 9 9 7, a y -i nt er c e pt v al u e of -3. 0 t o -3. 2, a n d a n effi ci e n c y of 8 5 % or hi g h er. Q -P C R 

pr i m ers c a n b e f o u n d i n T a bl e 2. 9. A m plifi e d Q-P C R pr o d u cts w er e r u n o n a g el, e x cis e d, 

a n d s e q u e n c e d t o e ns ur e t h e c orr e ct a m pli c o n w as b ei n g a m plifi e d.   
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2. 1 0. 4  Q u a ntit ati v e P C R p r o g r a m  

Q -P C R w as p erf or m e d wit h S Y B R gr e e n r e a g e nts o n a n A p pli e d Bi os yst e ms 

7 5 0 0 F ast R e al -Ti m e P C R m a c hi n e. El o n g ati o n f a ct or 1 al p h a  (E F -1 α ) w as us e d as t h e 

e n d o g e n o us c o ntr ol f or all e x p eri m e nts. Q -P C R c o n diti o ns ar e as f oll o ws: 9 5 o C f or 1 0 

mi n ut es, f oll o w e d b y 4 0 c y cl es of 9 5 o C f or 1 5 s e c o n ds a n d 6 0 o C f or 1 mi n ut e. D at a w as 

a n al y z e d usi n g 7 5 0 0 f ast s oft w ar e ( A p pli e d Bi os ci e n c es) a n d  is r e pr es e nt e d as t h e 

a v er a g e of tri pli c at e w ells, f oll o w e d b y e x p eri m e nt al r e pli c at es wit h st a n d ar d err or 

s h o w n. T h e R Q v al u es w er e n or m ali z e d a g ai nst c o ntr ol fis h.  

 

 

2. 1 1  C ell ul a r bi o a s s a y s  

2. 1 1. 1  C ell ul a r i nfilt r ati o n  

G ol dfis h w er e i nj e ct e d i ntr a p erit o n e all y  wit h 2. 5 m g of z y m os a n ( Si g m a -

Al dri c h) , 5 x 1 06  h e at -kill e d A. v er o nii , or 1 x 1 07  M. m ari n u m  i n 1 0 0 µ L of 1 x P B S -/-. T h e 

g ol dfis h w er e  t er mi n at e d vi a a p pr o v e d pr o c e d ur e at t h e i n di c at e d ti m e p oi nts, a n d t h e 

c ells w er e h ar v est e d b y p erit o n e al l a v a g e t o d et er mi n e t h e n u m b er of c ells  at t h e sit e of 

i nfl a m m ati o n. Wit hi n t h es e ti m e p oi nts, t h e c h a n g es i n c ell ul ar n u m b ers w er e l ar g el y 

ass o ci at e d wit h c ell ul ar i nfiltr ati o n. T h e c ells w er e us e d i n t h e ass a ys as d es cri b e d i n t h e 

s u bs e q u e nt s e cti o ns.  

 

2. 1 1. 2  Vi a bilit y ( A n n e xi n V/ P r o pi di u m i o di d e) ass a y 

C ell vi a bilit y w as d et er mi n e d as pr e vi o usl y d es cri b e d ( Ri e g er et al., 2 0 1 0) wit h 

mi n or m o difi c ati o ns. P K Ms a n d n aï v e n e utr o p hils w er e i n c u b at e d wit h eit h er 



	

	
	

9 3 	

c y cl o h e x a mi d e or  A er o m o n as v er o nii [1: 1, 3: 1, 1 0: 1 r ati os ( b a ct eri a: c ell) ] f or 2 4 ho urs  at 

1 8 ° C . F oll o wi n g i n c u b ati o n, c ells w er e w as h e d t wi c e i n A n n e xi n V bi n di n g b uff er ( B D 

P h ar mi n g e n) a n d r es us p e n d e d i n 1 0 0 µ L A n n e xi n V bi n di n g b uff er.  A n n e xi n V FI T C 

( e Bi os ci e n c e) w as a d d e d a c c or di n g t o m a n uf a ct ur ers pr ot o c ols. Pr o pi di u m i o di d e 

( Si g m a) w as a d d e d to a fi n al c o n c e ntr ati o n of 4 µ g/ m L. C ells w er e t h e n i n c u b at e d f or a 

f urt h er 3 0 mi n ut es a n d d at a w as  a c q uir e d o n a B D F a cs C a nt o II or I m a g e Str e a m M K II 

fl o w c yt o m et er ( A m nis; E M D Milli p or e).   

 

2. 1 1. 3  P h a g o c yt osis  

2. 1 1. 3. 1  Li g ht mi c r os c o p y  

L at e x b e a ds ( 3 m m; P ol ys ci e n c es) w er e a d d e d at r ati os of 1: 1, 5: 1 a n d 1 0: 1 ( b e a d:  

c ell) t o 1 x 1 0 5  c ells i n 2 4 w ell pl at es a n d i n c u b at e d at 1 8 ° C  f or t h e s p e cifi e d ti m es. C ells 

w er e st ai n e d b y H e m a 3 st ai n s et ( Fis h er S ci e ntifi c) a n d c o u nt e d b y li g ht mi cr os c o p y. 

P h a g o c yti c i n d e x w as c al c ul at e d b as e d o n t h e n u m b er of b e a ds i nt er n ali z e d p er 

p h a g o c yt e.  

 

2. 1 1. 3. 2  I m a g e St r e a m  

L at e x b e a ds ( 3 m m; P ol ys ci e n c es), E. c oli  D H 5 a -G F P, z y m os a n -FI T C, or 

a p o pt oti c  c ells w er e a d d e d t o c ells at v ari o us r ati os ( d e p e n di n g o n e x p eri m e nt) a n d 

i n c u b at e d f or t h e s p e cifi e d ti m es. F oll o wi n g i n c u b ati o n t h e c ells w er e w as h e d t wi c e i n 

1 x P B S -/- a n d fi x e d i n 1 % f or m al d e h y d e at 4 ° C o v er ni g ht. P h a g o c yti c i n d e x w as 

c al c ul at e d b as e d  o n t h e n u m b er of p arti cl es i nt er n ali z e d p er p h a g o c yt e. D at a w as 

a c q uir e d o n a n I m a g e Str e a m I S 1 0 0 or M KII fl o w c yt o m et er a n d a n al y z e d usi n g I N S PI R E 
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s oft w ar e.  

 

2. 1 1. 4  R es pi r at o r y b u rst  

R es pir at or y b urst w as us e d as a c ell ul ar m ar k er t o e x a mi n e i nfl a m m at or y st at e,  b y 

t a ki n g a d v a nt a g e of t h e m ol e c ul e di h y dr or h o d a mi n e ( D H R), w hi c h p assi v el y diff us es 

a cr oss t h e c ell m e m br a n e. W h e n o xi di z e d i nsi d e t h e c ell, it b e c o m es r h o d a mi n e a n d 

fl u or es c es. T his all o w e d f or t h e a n al ysis of t h e r e a cti v e o x y g e n s p e ci es pr o d u cti o n  wit h i n 

t h e c ell. T his ass a y  w as p erf or m e d as pr e vi o usl y d es cri b e d wit h mi n or m o difi c ati o ns 

( Ri e g er et al., 2 0 1 2) . T h e c ells w er e har v est e d a n d c oll e ct e d i nt o 5 -m L  p ol yst yr e n e , 

r o u n d b ott o m t u b es ( B D F al c o n). Di h y dr or h o d a mi n e ( D H R; M ol e c ul ar Pr o b es) w as 

a d d e d t o t h e c ells at a fi n al c o n c e ntr ati o n of 1 0 m M a n d i n c u b at e d f or 5 mi n ut es  t o all o w 

t h e c ells t o t a k e u p t h e D H R. P M A ( Si g m a-Al dri c h) w as t h e n a d d e d at a fi n al 

c o n c e ntr ati o n of 1 0 0 n g/ ml. T h e c ells w er e f urt h er i n c u b at e d f or 3 0 mi n ut es  t o all o w 

o xi d ati o n of t h e D H R. All s a m pl es w er e a p pr o pri at el y st a g g er e d wit h r es p e ct t o ti mi n g  t o 

a c c o m m o d at e t h e tr a nsi e nt st at e of o xi di z e d D H R fl u or es c e n c e. Li v e c ells w er e g at e d 

a c c or di n g t o t h e f or w ar d s c att er a n d si d e s c att er p ar a m et ers. D H R fl u or es c e n c e w as 

d et e ct e d i n t h e FI T C c h a n n el, wit h  p ositi v e c ells h a vi n g a s hift > 1 l o g c o m p ar e d wit h  t h e 

u nsti m ul at e d c o ntr ols.  

 

2. 1 1. 5  T ot al killi n g ass a y  

N e utr o p hils w er e is ol at e d as d es cri b e d a b o v e. C ells ( 5 x 1 0 5 ) w er e t h e n s e e d e d i nt o 

5 m L p ol yst yr e n e r o u n d b ott o m t u b es at a 1: 1 r ati o wit h A er o m o n as v er o nii . At e a c h 

r es p e cti v e ti m e p oi nt all c ells w er e l ys e d i n distill e d w at er f or 4 5 s e c o n ds a n d t h e n 
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r et ur n e d t o is ot o ni c c o n diti o ns wit h 1 0 x P B S-/-. T o d et er mi n e t h e a p pr o pri at e ti m e a n d 

c o n diti o ns f or l ysis c ells w er e o bs er v e d u n d er mi cr os c o p y. F oll o wi n g l ysis, t h e 

s us p e nsi o n w as s eri all y dil ut e d a n d dri p  pl at e d o n T S A dri p pl at es. T h e f oll o wi n g d a y, 

t h e n u m b er of C F Us p er r o w w as c o u nt e d a n d t h e a m o u nt of vi a bl e b a ct eri a w as 

d et er mi n e d.  

 

2. 1 1. 6  T r a ns w ell ass a y  

T o d et er mi n e t h e r ol e of s ol u bl e f a ct or s i n m e di ati n g r es p o ns es, tr a ns w ells ( 0. 4 

µ m p or e si z e, C or ni n g ) w er e us e d. Tr a ns w ells  p er mit t h e fr e e fl o w of s ol u bl e f a ct ors 

w hil e  pr e v e nt i n g c ell tr a ns mi gr ati o n a n d c ell ul ar i nt er a cti o ns a cr oss t h e b arri er. 

N e utr o p hils is ol at e d at 1 8 h o urs a n d 4 8 h o urs p ost i nj e cti o n w er e c o m bi n e d wit h v ari o us  

sti m uli ( a p o pt oti c c ells or z y m os a n at a 3: 1 p arti cl e t o n e utr o p hil r ati o) i nt o t h e t o p w ell 

of a 6 -w ell p l at e i n 1 m L of c o m pl et e m e di a, w hil e t he b ott o m  of t h e w ell w as us e d f or 

r es p o n di n g m a cr o p h a g es. C ells w er e t h e n i n c u b at e d f or 2 h o urs at 1 8  o C . F oll o wi n g 

i nc u b ati o n, r es p o n di n g c ells w er e h ar v est e d a n d R O S p r o d u cti o n w as ass a y e d wit h D H R 

a n d p h a g o c yt osis w as a n al y z e d as d es cri b e d a b o v e o n t h e I m a g e Str e a m M K II fl o w 

c yt o m et er.  

 

2. 1 1. 7  Li pi d m e di at o rs  

2. 1 1. 7. 1  Li pi d m e di at o r p r o d u cti o n  

C o m m er ci al E LI S A kits w er e p ur c h as e d fr o m  O xf or d Bi o m e di c al R es e ar c h.  T his 

kit o p er at es vi a c o m p etiti o n b et w e e n t h e c o m m er ci al e n z y m e c o nj u g at e  wit h H R P a n d 

t h e li p o xi n A4  i n t h e is ol at e d s a m pl e f or a li mit e d n u m b er of a nti b o d y bi n di n g sit es o n t h e 
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pl at e . E LI S As w er e p erf or m e d as pr e vi o usl y d es cri b e d  (L e v y et al., 2 0 0 1) , wit h mi n or 

m o difi c a ti o ns. I n bri ef, g ol dfis h w er e i nj e ct e d i ntr a p erit o n e all y wit h 2. 5 m g of z y m os a n. 

At e a c h ti m e p oi nt, n e utr o p hils w er e is ol at e d, i n c u b at e d f or 1 h o ur  i n p erit o n e al e x u dat e, 

a n d t h e n r es us p e n d e d i n 1 x P B S -/-. S a m pl es  w er e t h e n a n al y z e d f or t h e pr es e n c e of 

L e u k otri e n e B 4  ( L T B4 ) or Li p o xi n A4 ( L X A4 ) ( O xf or d Bi o m e di c al R es e ar c h ), a c c or di n g 

t o t h e m a n uf a ct ur er’s pr ot o c ols. I n s h ort, 5 0 µ L  ali q u ots w er e l o a d e d i n t h e mi cr o pl at e  i n 

d u pli c at e, f oll o w e d b y 5 0 µ L  of L T B 4 -H R P or L X A 4 -H R P a n d i n c u b at e d f or 1 h o ur . 

Aft er i n c u b ati o n, t h e mi cr o pl at e w as w as h e d 3 ti m es wit h w a s h b uff er. Aft e r w as hi n g, 

1 5 0 µ L  of 3, 3’, 5, 5’ -t etr a m et h yl b e n zi di n e s u bstr at e w as a d d e d t o e a c h w ell a n d i n c u b at e d 

f or 1 5 mi nut es . T h e mi cr o pl at e w as t h e n r e a d at 6 5 0 n m o n a S p e ctr a M a x M 2 pl at e 

r e a d er ( M ol e c ul ar D e vi c es). T h e d at a w as a n al y z e d b y d et er mi ni n g t h e r ati o of  s a m pl e 

bi n di n g t o t h e p er c e nt a g e of m a xi m al bi n di n g ( bl a n k w ell wit h c o ntr ol li pi d) a c c or di n g t o 

a st a n d ar d c ur v e.  

 

2. 1 1. 7. 2  Li pi d sti m ul ati o n o n p ri m a r y n e ut r o p hils a n d m a c r o p h a g es  

N e utr o p hils w er e is ol at e d fr o m eit h er t h e h e m at o p oi eti c tiss u e ( ki d n e y) or 

p erit o n e al c a vit y ( 1 8 h pi), as d es cri b e d pr e vi o usl y. Is ol at e d n e utr o p hils w er e s e e d e d i nt o 

2 4 -w ell pl at es  at 5 x 1 0 5 . P K M c ult ur es w er e gr o w n f or 7 da ys a n d  s e e d e d i nt o 2 4 -w ell 

pl at es  at t h e s a m e d e nsit y . E a c h w ell w as tr e at e d wit h eit h er L T B4 ( 1 0, 4 2. 5, or 7 5 p g) or 

L X A 4 ( 9 0, 1 9 0, or 2 9 0 p g) f or 2 ho urs . Aft er sti m ul ati o n, t h e c ells w er e r e m o v e d fr o m 

e a c h w ell a n d pl a c e d i n 5 -ml p ol yst yr e n e r o u n d b ott o m t u b es ( B D F al c o n). R es pir at or y 

b urst w as m e as ur e d vi a t h e p er c e nt a g e of D H R + fl u or es c e n c e o n a F A C S C a nt o I I fl o w 

c yt o m et er ( B D Bi os ci e n c e s). T o e x a mi n e t h e i nt er n ali z a ti o n of a p o pt oti c n e utr o p hils aft er 
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sti m ul ati o n st ai n e d a p o pt oti c n e utr o p hils w er e a d d e d at a 3: 1 r ati o a n d i n c u b at e d f or 

a n ot h er 2 h o urs . M a cr o p h a g es w er e t h e n fi x e d o v er ni g ht i n 1 % f or m al d e h y d e at 4  ° C. 

T h e s a m pl es w er e t h e n a c q uir e d o n a n I m a g e Str e a m M KII fl o w c yt o m et er. 

 

2. 1 1. 8  C h e m ot a xis ass a y  

T h e c h e m ot a xis ass a y w as p erf or m e d usi n g bli n d w ell l e u cit e c h e m ot a xis 

c h a m b ers ( N u cl e o pr o b e C or p.). Z y m os a n , A. v er o nii , or M. f ort uit u m  at v ar yi n g n u m b ers  

w as a p pli e d t o t h e l o w er w ells of a l e u cit e c h e m ot a xis c h a m b er a n d o v erl ai d wit h 

p ol y c ar b o n at e m e m br a n e filt ers ( 5 µ m). T o t h e u p p er w ell  of t h e c h e m ot a xis a p p ar at us, 

5 x 1 0 5  n e utr o p hils w er e a d d e d a n d i n c u b at e d f or 1 h o ur  at 2 0  ° C. T h e c h e m o ki n esis 

( C h K) c ontr ol all o w e d f or c o ntr ol of n e utr o p hil c h e m ot a xis t o a n i nfl a m m at or y sti m ul us 

i n t h e a bs e n c e of a c h e m ot a cti c gr a di e nt a n d c o nsist e d of t h e a d diti o n of z y m os a n , A. 

v er o nii , or M. f ort uit u m  i n b ot h t h e u p p er a n d l o w er c h a m b ers of t h e c h e m ot a xis 

a p p ar at us. F oll o wi n g i n c u b ati o n, t h e c o nt e nts of t h e t o p w ells w er e as pir at e d a n d t h e 

filt ers w er e r e m o v e d a n d m o u nt e d b ott o m-si d e -u p o n mi cr os c o p e sli d es. T h e filt ers w er e 

air -dri e d, fi x e d i n m et h a n ol f or 1 mi n a n d st ai n e d usi n g Gill’s s ol uti o n 3 ( Si g m a).  

C h e m ot a ct i c a cti vit y w as d et er mi n e d b y c o u nti n g t h e t ot al n u m b er of c ells pr es e nt i n 2 5 

r a n d o ml y s el e ct e d fi el ds of vi e w u n d er oil i m m ersi o n (1 0 0 0  x m a g nifi c ati o n ). 

 

2. 1 1. 9  I n vi v o B r d U p r olif e r ati o n ass a y  

Br d U ( e Bi os ci e n c e ) w as us e d i n vi v o t o d et er mi n e c ell ul ar pr olif er ati o n wit hi n t h e 

h e m at o p oi eti c c o m p art m e nt ( ki d n e y) of t h e g ol dfis h. Br d U ( 1 0 m M) w as i nj e ct e d i nt o t h e 

g ol dfis h p erit o n e al c a vit y a n d all o w e d t o i n c or p or at e i nt o tiss u es f or 1 h o ur . Aft er t his 
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p eri o d, t h e fis h w er e kill e d a n d t h eir ki d n e ys r e m o v e d . T ot al ki d n e y l e u k o c yt es w er e 

is ol at e d as d es cri b e d a n d fi x e d i n 1 % f or m al d e h yd e f or a mi ni m u m of 2 4 h i n 5 m L  

p ol yst yr e n e r o u n d b ott o m t u b es ( B D F al c o n). T h e c ells w er e st ai n e d a c c or di n g t o t h e 

m a n uf a c t ur er’s s p e cifi c ati o ns. I n s h ort, aft er fi x ati o n, t h e c ells w er e w as h e d o n c e i n 

1 x P B S -/- f oll o w e d b y o n c e i n fl ow c yt o m etr y b uff er ( 2 % F B S i n 1 x P B S -/-). T he c ells 

w er e r es us p e n d e d i n 1 m L  of Br d U st ai ni n g b uff er a n d i n c u b at e d at 4  ° C f or 1 h o ur . Aft er 

i n c u b ati o n, t h e c ells w er e r es us p e n d e d i n 1 0 0 µ L  fl o w c yto m etr y st ai ni n g b uff er 

c o nt ai ni n g D N as e I ( 3 0 m g; Si g m a -Al dri c h) a n d i n c u b at e d at 3 7  ° C f or 1 h o ur . T h e c ells 

w er e t h e n w as h e d i n fl o w c yt o m etr y b uff er t o r e m o v e D N as e I. Aft er c e ntrif u g ati o n, t h e 

c ells w er e r es us p e n d e d i n 1 0 0 µ L  fl o w c yt o m etr y st ai ni n g b uff er c o nt ai ni n g a nti-Br d U 

FI T C a nti b o d y a n d i n c u b at e d at r o o m t e m p er at ur e f or 1 h o ur . T h e c ells w er e w as h e d 

t wi c e i n fl o w c yt o m etr y st ai ni n g b uff er. D at a w er e a c q uir e d o n a F A C S C a nt o II fl o w 

c yt o m et er ( B D Bi os ci e n c es) a n d a n al y z e d usi n g F A C S Di v a. A mi ni m u m  of 5 x 1 0 4  c ells 

w as a c q uir e d. T h e c ells w er e g at e d a c c or di n g t o t h e f or w ar d s c att er a n d si d e s c att er 

p ar a m et ers. Br d U fl u or es c e n c e w as d et e ct e d i n t h e FI T C c h a n n el, wit h p ositi v e c ells 

s h o wi n g i n cr e as e d fl u or es c e n c e c o m p ar e d wit h t h at of u nl a b el e d c o ntr ols .  

 

2. 1 2  St atisti c al a n al ysis  

Fl o w c yt o m etr y d at a w as a n al y z e d wit h F C S E x pr ess s oft w ar e  v 4  ( D e N o v o 

S oft w ar e) or F A C S Di v a v 6. 1. 3 ( B D Bi os ci e n c es). I m a g e Str e a m d at a w as a n al y z e d usi n g 

I D E A S v 6  ( A m nis C or p or ati o n, E M D Milli p or e). St atisti cs w er e p erf or m e d  o n Pris m 6  

s oft w ar e ( Gr a p h P a d Pris m).  F or st atisti c al a n al ys es  i n v ol vi n g t w o c o m p aris o ns a 

St u d e nts’ t -t est w as pr ef or m e d, w hil e a o n e-w a y A N O V A w as us e d f or st atisti c al 
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a n al ysis  i n v ol vi n g gr e at er t h a n t w o c o m p aris o ns . F or p ost-h o c a n al ys es, a T u k e y’s t es t 

w as us e d w h e n all -p air wis e a n al ys es w er e d esir e d, w h er e as w h e n c o m p ari n g t o c o ntr ol,  a 

D u n n et’s p ost -h o c t est w as us e d.  F or st atisti c al a n al ys es i n v ol vi n g m or e t h a n t w o 

c o m p aris o ns o v er ti m e, a t w o -w a y A N O V A w as us e d , f oll o w e d b y a B o nf err o ni p ost-h o c 

t est. 

   

 



	 	 	1 0 0 	
	

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fi g u r e 2. 1 A n al ysis of n e ut r o p hil vi a bilit y  
 
N e utr o p hils w er e is ol at e d fr o m g ol dfis h ki d n e ys as  d es cri b e d  a b o v e . C ells w er e 
s e e d e d i nt o T 2 5 c ult ur e fl as ks at 4 x 1 06  c ells p er fl as k. P er c e nt vi a bl e, a p o pt oti c, 
a n d n e cr oti c w as ass ess e d at e a c h ti m e p oi nt i n di c at e d usi n g A n n e xi n V/ Pr o pi di u m 
i o di d e st ai ni n g. 
  

0 2 4 6 8 2 4 1 9 64 8 9 6
0

2 5

5 0

7 5

1 0 0

% 
vi

a
bi
li
t
y

c H B S S

c M G F L
i M G F L

i R P MI

i D M E M

i H B S S

c R P MI

c D M E M

c n M G F L

0 2 4 6 8 2 4 1 9 64 8 9 6
0. 0

2. 5

5. 0

2 5

5 0

7 5

1 0 0

% 
a

p
o

pt
o
si

s

0 2 4 6 8 2 4 1 9 64 8 9 6
0. 0

2. 5

5. 0

2 5

5 0

7 5

1 0 0

Ti m e ( h o ur s)

% 
n
e
cr

o
si

s



� � �� � ��
�

 
 
Fi g u r e 2. 2 G r o wt h c u r v e of A er o m o n as v er o nii bi o v a r s o b ri a 
 
A er o m o n as v er o nii  w as gr o w n f or 8 h o urs at r o o m t e m p er at ur e. E v er y h o ur, 1 m L 
ali q u ot w as r e m o v e d fr o m t h e c ult ur e t o d et er mi n e o pti c al d e nsit y ( O D) a n d c ol o n y 
f or mi n g u nits ( C F U). 
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Fi g u r e 2. 3 Di a g r a m d e pi cti n g l o c ati o n of l a m p r e y t y p hl os ol e 
 
L a m pr e ys w er e diss e ct e d al o n g t h e c e ntr al si d e a n d t h e i nt esti n e a n d ass o ci at e d 
t y p hl os ol e tiss u e w er e r e m o v e d. B ott o m di a gr a m d e pi cts t h e l o c ati o n of t h e 
t y p hl os ol e i n r el ati o n t o t h e i nt esti n al l u m e n.   
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T a bl e 2 . 1. C a r b o n at e b uff e r  c o m p ositi o n  

C O M P O N E N T  A M O U N T  
0. 5 M s o di u m c ar b o n at e b uff er *  0. 8  m L  
0. 5 M s o di u m bi c ar b o n at e b uff er * *  1. 7 m L  
Milli Q w at er  t o p u p t o 1 0 m L 
 

* A d d 0. 5 2 9 g of s o di u m c ar b o n at e t o 1 0 m L Milli Q w at er  
* * A d d 0. 4 2 0 g of s o di u m bi c ar b o n at e t o 1 0 m L Milli Q w at er  

S et fi n al p H t o 9. 6  

 

  



	 	 	1 0 4 	
	

T a bl e 2. 2. G F L -1 5 m e di a c o m p ositi o n  

C O M P O N E N T  A M O U N T ( 2 L)  
L ei b o vit z’s L -1 5 m e di u m  1 p a c k a g e  
D u l b e c c o’s M o difi e d E a gl e Me di u m  1 p a c k a g e  
 

P a c k a g es ( 1 0 x 1 L) ar e p ur c h as e d fr o m Si g m a -Al dri c h. L ei b o vit z’s L -1 5 m e di u m  is 
c at al o g n u m b er 4 1 3 0 0 0 3 9 a n d D ul b e c c o’s M o difi e d E a gl e M e di u m is c at al o g 
n u m b er 1 2 1 0 0 0 4 6.  
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T a bl e 2 . 3 C o m p o n e nts of M G F L -1 5 m e di u m  

C O M P O N E N T  A M O U N T  
H E P E S  7. 0 0 g  
K H 2 P O 4  0. 6 8 8 g  
K 2 H P O 4  0. 5 7 g  
N a O H  0. 7 5 g  
N a H C O 3  0. 3 4 g  
1 0 x H a n ks B al a n c e d S alt S ol uti o n  8 0 m L  
M E M a mi n o a ci d s ol uti o n  2 5 m L  
M E M n o n -ess e nti al a mi n o a ci d s ol uti o n  2 5 m L  
S o di u m p yr u v at e  2 5 m L  
M E M vit a mi n s ol uti o n  2 0 m L  
N u cl ei c a ci d pr e c urs or s ol uti o n  2 0 m L  
L -gl ut a mi n e  0. 5 8 4 4 g  
I ns uli n 0. 0 1 g  
G F L -1 5 *  1 0 0 0 m L  
β -m er c a pt o et h a n ol  7  µ L  
Milli Q w at er  u p t o 2 L  
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T a bl e 2. 4  C o m p o n e nts of n u cl ei c a ci d s ol uti o n  

C O M P O N E N T  A M O U N T  
A d e n osi n e  0. 0 6 7 g  
C yti di n e  0. 0 6 1 g  
H y p o x a nt hi n e  0. 0 3 4 g  
T h y mi di n e  0. 0 6 1 g  
Uri di n e  0. 0 6 1 g  
Milli Q w at er  1 0 0 m L  
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T a bl e 2. 5  C o m p o n e nts of 1 0 x H a n ks b al a n c e d s alt s ol uti o n  

C O M P O N E N T  A M O U N T  
K Cl  2. 0 0  g  
K H 2 P O 4  0. 3 0  g  
N a Cl  4 0. 0 0  g  
N a 2 H P O 4 � 7 H 2 0  0. 4 5  g  
D -gl u c os e  5. 0 0  g  
P h e n ol r e d  0. 0 5  g  
Milli Q w at er  t o p t o 5 0 0 m L 
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T a bl e 2. 6  C o m p o n e nts of  1 x  n e ut r o p hil H a n k’s b al a n c e d s alt s ol uti o n  

C O M P O N E N T  A M O U N T ( 1 L) 
K Cl  0. 4  g  
K H 2 P O 4  0. 0 6  g  
N a Cl  8 . 0 g  
N a 2 H P O 4 � 7 H 2 0  0. 0 4 8  g  
D -gl u c os e  1. 0 g  
Milli Q w at er  t o p t o 1 L  
F o r H B S S +/ +  a d d:   
C a Cl 2  0. 1 4 g  
M g C L 2 � 6 H 2 0  0. 1 g  
M g S O 4 � 7 H 2 0  0. 1 g  
 

 

  



	 	 	1 0 9 	
	

T a bl e 2. 7  P ri m e rs us e d t o i d e ntif y A. v er o nii bi o v a r s o b ri a  

C O M P O N E N T  S E Q U E N C E ( 5’ -3’)  
1 6 S r R N A f or w ar d ( 2 6)  A G A G T T T G A T C A T G G C T C A  
1 6 S r R N A r e v ers e ( 1 3 9 1)  G T G T G A C G G G C G G T G T G T A  
1 6 S r R N A f or w ar d ( 3 0 8)  G C T G G T C T G A G A G G A T G A T C  
1 6 S r R N A r e v ers e ( 5 5 6)  C T T T A C G C C C A G T A A T T C C G  
g yr B U P 3  A C T A C G A G A T C C T G G C C A A G  
g yr B U P 4  T C C T C C C A G A C C A A G G A C  
g yr B U P 5r  G C C T T C T T G C T G T A G T C C T C T  
g yr B U P 6r  G C A G A G T C C C C T T C C A C T A T G  
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T a bl e 2. 8  P ri m e rs us e d i n c D N A s y nt h esis  

C O M P O N E N T  S E Q U E N C E ( 5’ -3’)  
5' oli g o  A A G C A G T G G T A T C A A C G C A G A G T A C G  
3' C D S p ol y T  A A G C A G T G G T A T C A A C G C A G A G T A T T  
5' P C R  A A G C A G T G G T A T C A A C G C A G A G T  
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T a bl e 2. 9 P ri m e rs us e d i n Q -P C R  

C O M P O N E N T  S E Q U E N C E ( 5’ -3’)  

E F -1 α  f or w ar d  C C G T T G A G A T G C A C C A T G A G T  

E F -1 α  r e v ers e  T T G A C A G A C A C G T T C T T C A C G T T  
C X C L -8 f or w ar d  C T G A G A G T C G A C G C A T T G G A A  
C X C L -8 r e v ers e  T G G T G T C T T T A C A G T G T G A G T T T G G  
C C L -1 f or w ar d  A A G G T C A C C G A A C C C  A T C A G  
C C L -1 r e v ers e  T C G T C A C A T G A T G G C C T T C A  
T N F α 2 f or w ar d  T C A T T C C T T A C G A C G G C A T T T  

T N F α 2 r e v ers e  C A G T C A C G T C A G C C T T G C A G  

I L-1 β 1 f or w ar d  G C G C T G C T C A A C T T C A T C T T G  

I L-1 β -1 r e v ers e  G T G A C A C A T T A A G C G G C T T C A C  
I L-1 0 f or w ar d  C A A G G A G C T C C G T T C T G C A T  
I L-1 0 r e v ers e  T C G A G T A A T G G T G C C A A G T C A T C A  
T G F -β  f or w ar d G T A C A C T A C G G C G G A T T G  

T G F -β  r e v ers e C G C T T C G A T T C G C T T  T C T C T  
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C h a pt e r 3. C o n s e r v ati o n of di v e r g e nt p r o -

i nfl a m m at o r y a n d h o m e ost ati c r es p o n s es i n 

l a m p r e y a n d g ol dfis h p h a g o c yt es1  

 

3. 1  I nt r o d u cti o n  

T h e i m m u n e s yst e m h as e v ol v e d t o c o nf er eff e cti v e pr ot e cti o n a g ai nst i nf e cti o n, 

dri v e n b y c o nti n u o us i nt er a cti o ns b et w e e n h osts a n d mi cr o b es. T h e r es ulti n g m ulti -

l a y er e d s yst e m i n cr e asi n gl y r e q uir es c o m pl ex cr oss -r e g ul at or y n et w or ks. P h a g o c yt osis 

s er v es a di v ers e arr a y of f u n cti o ns fr o m u ni c ell ul ar e u k ar y ot es ‘f e e di n g’ o n b a ct eri a 

(P er eir a -N e v es a n d B e n c hi m ol, 2 0 0 7) , t o tiss u e r e m o d eli n g ( D esj ar di ns et al., 2 0 0 5), 

i m m u n e r e g ul ati o n ( A d er e m, 2 0 0 3; H a vi x b e c k et al., 2 0 1 5; Ri e g er et al., 2 0 1 2), a n d 

a p o pt oti c c ell r e m o v al ( M a d er n a a n d G o ds o n, 2 0 0 3; Rie g er et al., 2 0 1 2) . At t h e c or e of 

t h es e rol es , p h a g o c yt osis c o nti n u es t o fill i n cr e asi n g r ol es as a n i n d u c er a n d r e g ul at or of 

h ost i m m u nit y. I nt er n ali z ati o n of p at h o g e ns b y p h a g o c yt es l e a ds t o sti m ul ati o n of p ot e nt 

killi n g m e c h a nis ms s u c h as t h e pr o d u c ti o n of r e a cti v e o x y g e n s p e ci es ( R O S) t h at h a v e 

e v ol v e d t o d e gr a d e a n d kill f or ei g n i n v a d ers a n d c o ntri b ut e t o d o w nstr e a m a d a pti v e 

																																																								
1 	A p orti o n of t his c h a pt er h as b e e n pr e vi o usl y p u blis h e d i n:  

H a vi x b e c k JJ, Ri e g er A M, W o n g M E, Wil ki e M P, a n d B arr e d a D R ( 2 0 1 4) E v ol uti o n ar y 

C o ns er v ati o n of Di v er g e nt Pr o -I nfl a m m at or y a n d H o m e ost ati c R es p o ns es i n L a m pr e y 

P h a g o c yt es. P L o S O N E 9( 1): e 8 6 2 5 5.  
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m e c h a nis ms ( D u pr é-Cr o c h et et al., 2 0 1 3) . F urt h er , t h e i m p ort a n c e f or eff e cti v e 

i nt er n ali z ati o n a n d cl e ar a n c e of a p o pt oti c c ells is alr e a d y w ell est a blis h e d i n 

d e v el o p m e nt al p at h w a ys of e arl y m ulti -c ell ul ar or g a nis ms ( Fr a n c et al., 1 9 9 9; Fristr o m, 

1 9 6 9; R e d di e n a n d H or vit z, 2 0 0 4) . P h a g o c yti c r e c e pt ors i n C a e n or h a b ditis el e g a ns  

( C E D-1) a n d Dr os o p hil a m el a n o g ast er  ( Dr a p er), f or e x a m pl e, dri v e r e c o g nitio n a n d 

i nt er n ali z ati o n of a p o pt oti c c or ps es a n d a cti v at e d o w nstr e a m  pr o c essi n g p at h w a ys t h at 

ar e c e ntr al t o m or p h o g e n esis a n d t h e m ai nt e n a n c e of tiss u e i nt e grit y a n d f u n cti o n 

( M a n a k a et al., 2 0 0 4; Z h o u et al., 2 0 0 1). F urt h er, b ot h C E D -1 a n d Dr a p er a p p e ar t o pl a y 

a n i m m u n ol o gi c al r ol e as w ell. L oss of f u n cti o n st u di es f o u n d t h at C E D -1 is r e q uir e d f or 

C. el e g a ns i m m u nit y t o S. e nt eri c a  ( H as ki ns et al., 2 0 0 8), a n d a Dr a p er k n o c k d o w n i n 

Dr os o p hi l a w as r es p o nsi bl e f or i m p air e d mi gr ati o n of h e m o c yt es t o w ar d l as er i n d u c e d 

w o u n ds ( E v a ns et al., 2 0 1 5). 

At t h e sit e of i nf e cti o n, m a m m ali a n p h a g o c yt es eff e cti v el y s h a p e t h e 

e n vir o n m e nt al mili e u  f or d estr u cti o n of i n v a di n g p at h o g e ns or r es ol uti o n of tiss u e 

i nfl a m m ati o n. P at h o g e n e n g a g e m e nt l e a ds t o r a pi d pr o du cti o n of pr o -i nfl a m m at or y 

m e di at ors i n cl u di n g t h e pr o d u cti o n of r e a cti v e o x y g e n a n d nitr o g e n s p e ci es ( Ri e g er a n d 

B arr e d a, 2 0 1 1) , r el e as e of a nti mi cr o bi al p e pti d es ( N o g a et al., 2 0 0 9), a n d t h e s e cr eti o n of 

t u m or n e cr osis f a ct or al p h a ( T N F-α ), i nt erf er o n g a m m a (I F N-γ ) a n d I L-1 b et a (I L -1 β ) 

(J u n g et al., 1 9 9 5). I n c o ntr ast, i nt er n ali z ati o n of a p o pt oti c c ells i niti at es t h e s hift t o w ar ds 

r es ol uti o n m e c h a nis ms t h at pr o m ot e tiss u e r e p air a n d a r et ur n t o h o m e ost asis o n c e t h e 

p at h o g e n h as b e e n eff e cti v el y cl e ar e d. T his is m ar k e d b y i n cr e as es i n i nt erl e u ki n 1 0 (I L -

1 0), tr a nsf or mi n g gr o wt h f a ct or b et a 1 ( T G F-β 1), pr ost a gl a n di n E 2 a n d pl at el et a cti v ati n g 

f a ct or ( F a d o k et al., 1 9 9 8; M a d er n a a n d G o ds o n, 2 0 0 3; V oll et al., 1 9 9 7), c o m bi n e d wit h 
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d e cr e as es i n pr o -i nfl a m m at or y m e di at ors, i n cl u di n g t u m or n e cr osis f a ct or al p h a (T N F -α ), 

I L-6, I L -8, I L -1 2, I L -1 7, I L -2 3, l e u k otri e n e C 4 a n d t hr o m b o x a n e B 2 ( Ki m et al., 2 0 0 4; 

M a d er n a a n d G o ds o n, 2 0 0 3; St ar k et al., 2 0 0 5) . 

I pr e vi o usl y s h o w e d t h at p h a g o c yt es of t el e ost fis h c o ntri b ut e d t o b ot h pr o -

i nfl a m m at or y a n d a nti-i nfl a m m at or y (r es ol uti o n) r es p o ns es at i nf e cti o us f o ci ( Ri e g er et 

al., 2 0 1 2) . Li k e m uri n e p h a g o c yt es, t h e y p oss ess e d t h e c a p a cit y t o b al a n c e b et w e e n t h es e 

t w o s e e mi n gl y c o ntr a di ct or y pr o c ess es. H o w e v er, t el e ost p h a g o c yt es dis pl a y e d 

si g nifi c a nt diff er e n c es i n vi v o wit h r e g ar ds t o t h e l e v el of r es p o nsi v e n ess t o z y m os a n a n d 

a p o pt oti c b o di es, t h e i d e ntit y of l e u k o c yt es i nfiltr ati n g t h e i nf e cti o us sit e, t h eir r at e of 

i nfiltr ati o n, a n d t h e ki n eti cs a n d str e n gt h of r es ulti n g a nti mi cr o bi al r es p o ns es ( Ri e g er et 

al., 2 0 1 2) . T h e stri ki n g e v ol uti o n ar y diff er e n c es o bs er v e d i n i nfl a m m at or y c o ntr ol 

b et w e e n mi c e a n d g ol dfis h pr o vi d e d a pl atf or m t o i n v esti g at e t h es e diff er e n c es d o w n t h e 

e v ol uti o n ar y s c al e i n a pri m or di al v ert e br at e.  

I n t his st u d y, I c o m p ar e d t h e eff e cts of i nfl a m m at or y a n d/ or h o m e ost ati c sti m uli  

o n t h e  i n d u cti o n a n d r e g ul ati o n of pr o-i nfl a m m at or y r es p o ns es i n g ol dfis h ( C ar assi us 

a ur at us ) a n d s e a l a m pr e y (P etr o m yz o n m ari n us ). As o n e of t h e e arli est v ert e br at es 

( di v er g e n c e of ~ 4 5 0-5 0 0 m y a) , al o n g wit h h a gfis h (M y xi ni d a e ), s e a l a m pr e ys w er e a n 

a p pr o pri at e m o d el t o i n v esti g at e t h e c o ns er v ati o n of t his di c h ot o m y. T hr o u g h t h e us e of 

z y m os a n, a pr o -i nfl a m m at or y sti m ul us k n o w n t o i n d u c e pr o d u cti o n of r e a cti v e 

i nt er m e di at es ( Ari el et al., 2 0 0 6; B a n n e n b er g et al., 2 0 0 5; Br o w n et al., 2 0 0 2; C as h et al., 

2 0 0 9; C h a d zi ns k a et al., 2 0 0 8; K ol a c z k o ws k a et al., 2 0 0 8; S c h w a b et al., 2 0 0 7) , t h e 

i m p a ct of a p o pt oti c c ells o n t h e pr o d u cti o n of r e a cti v e o x y g e n s p e ci es  w as e x a mi n e d . 

I nt er esti n gl y, I f o u n d n ot a bl e diff er e n c es b et w e e n g ol dfis h a n d l a m pr e y R O S r es p o ns es 
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i n p h a g o c yt es t h at h a d i nt er n ali z e d b ot h z y m os a n a n d a p o pt oti c b o di es, t h o u g h r es p o ns es 

i n c ells t h at h a d i nt er n ali z e d o nl y z y m os a n or o nl y a p o pt oti c b o di es w er e l ar g el y 

c o ns er v e d. T his w or k u n d ers c or es t h e i m p ort a n c e of p h a g o c yt osis as a p h yl o g e n eti c all y 

a n ci e nt pr o c ess ess e nti al t o t h e i n n at e i m m u n e r es p o ns e.  

 

 

3. 2  R e s ult s  

3. 2. 1  G ol dfis h p h a g o c yt es dis pl a y a g r e at e r c a p a cit y f o r t h e i nt e r n ali z ati o n of p r o -

i nfl a m m at o r y p a rti cl es c o m p a r e d t o l a m p r ey p h a g o c yt es  

As a first st e p i n t h e c h ar a ct eri z ati o n of diff er e n c es b et w e e n t h e c o ntri b uti o ns of 

a g n at h a n (j a wl ess fis h) a n d t el e ost ( b o n y fis h) p h a g o c yt es t o  t h e c o ntr ol of i nfl a m m ati o n, 

I c o m p ar e d t h e p h a g o c yti c c a p a cit y of pri m ar y l e u k o c yt es fr o m s e a l a m pr e y t y p hl os ol e 

a n d g ol dfis h ki d n e y. T h es e c orr es p o n d e d t o t h e pri m ar y h e m at o p oi eti c tiss u es of t h e 

a ni m als e x a mi n e d a n d pr o vi d e d s uffi ci e nt n u m b ers of t h eir pri m ar y p h a g o c yt e 

p o p ul ati o ns f or e x vi v o  e x a mi n ati o n  (J or d a n a n d S p ei d el, 1 9 3 0; P er c y a n d P ott er, 19 7 6; 

Pi a vis a n d Hi att, 1 9 7 1; Z a p at a, 1 9 7 9) . P h a g o c yt osis of t hr e e c o m m o nl y us e d m o d el 

p arti cl es w as e x a mi n e d: 1 ) 3 µ m l at e x b e a ds; 2 ) E. c oli ; a n d 3 ) z y m os a n ( Fi g ur e 1 A). 

P h a g o c yt osis w as ass ess e d b y i m a gi n g fl o w c yt o m etr y, w hi c h all o w e d dis cri mi n ati o n of 

b o u n d a n d i nt er n ali z e d p arti cl es [Fi g ur e 3. 1 B;  ( Ri e g er et al., 2 0 1 2)]. Fr o m t h e o uts et, m y 

e x p eri m e nts i n di c at e d diff er e n c es i n t h e effi ci e n c y of p h a g o c yt osis f or g ol dfis h a n d 

l a m pr e y l e u k o c yt es e x vi v o . T w o h o urs w as s uffi ci e nt t o e x a mi n e b as al l e v els of 

p h a g o c yt osis i n g ol dfis h ( Fi g ur e 3. 1 A). I n c o ntr ast, 6  h o urs w er e r e q uir e d t o a c hi e v e 

e q ui v al e nt l e v els of p h a g o c yt osis a m o n g s e a l a m pr e y l e u k o c yt es. T h e ti m e n e e d e d  w as 
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f urt h er c orr o b or at e d b y a c o n v e nti o n al li g ht mi cr os c o p y p h a g o c yt osis ass a y  ( Fi g ur e 3. 2), 

a n d t h e d et er mi n ati o n of o pti m al r es pir at or y b urst l e v els ( Fi g ur e 3. 3 ). H o w e v er, r es ults 

w er e n ot c o nsist e nt a cr oss t h e t hr e e pr o -i nfl a m m at or y p arti cl es e x a mi n e d. L a m pr e y 

l e u k o c yt es c o nti n u e d t o dis pl a y l o w er l e vels of z y m os a n p h a g o c yt osis t h a n  g ol dfis h e v e n 

aft er s i x h o urs of i n c u b ati o n ( Fi g ur e 3. 1A, b ott o m r o w).  

A gr e at er c a p a cit y f or p h a g o c yt osis of z y m os a n s u g g est e d a n i n cr e as e d a bilit y of 

g ol dfis h p h a g o c yt es t o eff e cti v el y m o u nt a nti mi cr o bi al d ef e n s es a g ai nst f u n g al 

p at h o g e ns. I  w o n d er e d w h et h er t his diff er e n c e w as ass o ci at e d wit h diff er e n c es i n t h e 

r el ati v e a b u n d a n c e of disti n ct p h a g o c yt e gr o u ps wit hi n t h e h e m at o p oi eti c l e u k o c yt e p o ol 

a n d/ or diff er e n c es i n t h eir p h a g o c yti c c a p a cit y c o m p ar e d t o t h os e i n l a m pr e y ( Fi g ur e 3. 4 ). 

I f o c us e d o n t h e gr a n ul o c yt e, m o n o c yt e, a n d m a cr o p h a g e p o p ul ati o ns as t h e cl assi c al 

pr of essi o n al p h a g o c yt es of fis h, a n d t h e l y m p h o c yt e p o p ul ati o n as t h e n e w est m e m b ers of 

t h e p h a g o c yt e gr o u p ( Li et al., 2 0 0 6; Ø v erl a n d et al., 2 0 1 0; Z h a n g et al., 2 0 1 0). Alt h o u g h 

l e u k o c yt e p o p ul ati o ns i n l a m pr e y dis pl a y e d si mil ar c ell ul ar c h ar a ct eristi cs t o t h os e of 

g ol dfis h b as e d o n si z e, m or p h ol o g y , a n d i nt er n al c o m pl e xit y  ( Fi g ur e 3. 4), t h e r a n g e of 

r e a g e nts a v ail a bl e t o h el p d efi n e v ari o us s u bs ets is still li mit e d. As s u c h, t h e y r e m ai n as 

l y m p h o c yt e-li k e, gr a n ul o c yt e-li k e, m o n o c yt e-li k e a n d m a cr o ph a g e -li k e c ells. F or 

g ol dfis h, gr a n ul o c yt es/ m o n o c yt es r e pr es e nt e d t h e m aj orit y of t h e l e u k o c yt es is ol at e d 

fr o m ki d n e y h e m at o p oi eti c tiss u es ( 7 3 %), wit h s m all er c o ntri b uti o ns fr o m m a cr o p h a g e 

a n d l y m p h o c yt e p o p ul ati o ns ( 1 9 % a n d 9 % r es p e cti v el y; Fi g ur e 3. 5 A).  F or t h e l a m pr e y, 

l y m p h o c yt e-li k e c ells c o m pris e d t h e m aj orit y of t h e t ot al t y p hl os ol e l e u k o c yt e p o ol 

( 5 0 %; Fi g ur e 3. 5 A, 6 h). Gr a n ul o c yt e/ m o n o c yt e a n d m a cr o p h a g e -li k e c ells f oll o w e d a n d 

c o ntri b ut e d a p pr o xi m at el y 3 2 % a n d 1 8 %, r es p e cti v el y. E v al u ati o n of p h a g o c yt osis 
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i n di c at e d t h at m a cr o p h a g e a n d m a cr o p h a g e-li k e c ells w er e t h e pri m ar y m e di at ors of 

z y m os a n i nt er n ali z ati o n i n g ol dfis h a n d l a m pr e y, r es p e cti v el y ( Fi g ur e 3. 5 B).  H o w e v er, 

t h es e c ells r e pr es e nt e d diff er e nt pr o p orti o ns of t h e h e m at o p oi eti c p h a g o c yt e p o ol t h at 

i nt er n ali z e d z y m os a n i n g ol dfis h a n d l a m pr e y ( 1 1 % a n d 3 5 %, r es p e cti v el y; Fi g ur e 3. 5 C). 

F urt h er, t h e y als o dis pl a y e d a diff er e nti al a bilit y t o i nt er n ali z e z y m os a n ( 2 8 % a n d 1 7 % 

p h a g o c yt osis, r es p e cti v el y; Fi g ur e 3. 5 B). D es pit e t h eir l o w er a b u n d a n c e wit hi n t h e 

h e m at o p oi eti c tiss u es e x a mi n e d, g ol dfis h m a cr o p h a g es s h o w e d a m ar k e d gr e at er c a p a cit y 

t o i nt er n ali z e z y m os a n, w hi c h c o ntri b ut e d t o o v er all gr e at er l e v els of z y m os a n 

p h a g o c yt osis f or g ol dfis h ki d n e y l e u k o c yt es ( 1 6 % i n g ol dfis h v ers us 6 % i n l a m p r e ys; 

Fi g ur e 3. 1 A). T h e i n cr e as e d r el ati v e effi c a c y f or z y m os a n i nt er n ali z ati o n i n g ol dfis h w as 

n ot li mit e d t o t h e m a cr o p h a g e p o p ul ati o n. D es pit e t h eir l o w er c o ntri b uti o n t o t h e 

i nt er n ali z ati o n of z y m os a n, m o n o c yt es/ gr a n ul o c yt es als o dis pl a y e d a f o ur-f ol d gr e at er 

c a p a cit y f or z y m os a n p h a g o c yt osis i n g ol dfis h c o m p ar e d t o t h e m o n o c yt e/ gr a n ul o c yt e -

li k e p o ol i n l a m pr e y ( 8 % v ers us 2 %, r es p e cti v el y; Fi g ur e 3. 5 B). T h us, pr of essi o n al 

p h a g o c yt es ( m a cr o p h a g es, m o n o c yt es, n e utr o p hils) ar e t h e pri m ar y c o ntri b ut ors t o t h e 

i nt er n ali z ati o n of z y m os a n i n b ot h g ol dfis h a n d l a m pr e y h e m at o poi eti c l e u k o c yt es; 

h o w e v er, t el e ost p h a g o c yt es dis pl a y e d a si g nifi c a ntl y gr e at er a bilit y f or z y m os a n 

p h a g o c yt osis w h e n c o m p ar e d t o t h eir l a m pr e y c o u nt er p arts. Of n ot e, I  o bs er v e d l o w 

l e v els of p h a g o c yt osis a m o n g g ol dfis h l y m p h o c yt es a n d l a m pr e y l y m p h o c yt e -li k e c ells i n 

t h es e e x p eri m e nts ( 0. 2 7 % a n d 0. 8 %, r es p e cti v el y; Fi g ur e 3. 5 B). 
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3. 2. 2  G ol dfis h p h a g o c yt es dis pl a y p r o mi n e nt r es pi r at o r y b u rst r es p o ns es, e v e n 

w h e n a p o pt oti c c ells a r e i nt e r n ali z e d  

O ur l a b  pr e vi o usl y d et er mi n e d t h at t el e ost p h a g o c yt es, li k e t h os e of mi c e, 

dis pl a y e d t h e c a p a cit y f or di v er g e nt pr o -i nfl a m m at or y a n d h o m e ost ati c r es p o ns es, 

f oll o wi n g i nt er n ali z ati o n of z y m os a n a n d a p o pt oti c c ells, r es p e cti v el y ( Ri e g er et al., 

2 0 1 2) . F urt h er, i nt er n ali z ati o n of z y m os a n, a p o pt oti c c ells, or b ot h b y i n di vi d u al 

p h a g o c yt es c o ntri b ut e d  diff er e nti all y t o t h e m o d ul ati o n of a nti mi cr o bi al i nfl a m m at or y 

r es p o ns es ( Ri e g er et al., 2 0 1 2). A c c or di n gl y, I i n v esti g at e d w h et h er or n ot a si mil ar 

m e c h a nis m of i nfl a m m at or y c o ntr ol at t h e l e v el of t h e i n di vi d u al p h a g o c yt e w as alr e a d y 

dis pl a y e d i n t h e l a m pr e y. As e x p e ct e d, z y m os a n i nt er n ali z ati o n r es ult e d i n a n i n cr e as e i n 

t h e l e v el of t h e r es pir at or y b urst r es p o ns e i n b ot h g ol dfis h a n d l a m pr e y ( Fi g ur e 3. 6A). 

C o n v ers el y, i nt er n ali z ati o n of a p o pt oti c c ells l e d t o a si g nifi c a nt r e d u cti o n i n R O S 

pr o d u cti o n i n b ot h s p e ci es. T h us, t h e  r es ults i n di c at e d t h at s e a l a m pr e y p h a g o c yt es w er e 

alr e a d y c a p a bl e of m e di ati n g di v er g e nt pr o - a n d a nti -i nfl a m m at or y res p o ns es. 

I nt er esti n gl y, w h e n I a n al y z e d t h e l e v el of R O S pr o d u cti o n i n c ells t h at h a d i nt er n ali z e d 

b ot h z y m os a n a n d a p o pt oti c c ells, I  s a w a stri ki n g diff er e n c e b et w e e n g ol dfis h a n d 

l a m pr e y p h a g o c yt es. G ol dfis h p h a g o c yt es t h at h a d i nt er n ali z e d b ot h z y m os a n a n d 

a p o pt oti c c ells s h o w e d e q ui v al e nt l e v els of R O S pr o d u cti o n c o m p ar e d t o t h os e t h at 

i nt er n ali z e d z y m os a n al o n e ( p = 0. 8 8; Fi g ur e 3. 6A). I n s h ar p c o ntr ast, l a m pr e y 

p h a g o c yt es t h at i nt er n ali z e d a p o pt oti c  c ells dis pl a y e d l o w l e v els of R O S pr o d u cti o n e v e n 

w h e n z y m os a n w as c o -i nt er n ali z e d ( Fi g ur e 3. 6A). Gi v e n t h at t h e pr o p orti o n of 

p h a g o c yt es i nt er n ali zi n g z y m os a n, a p o pt oti c c ells, or b ot h w er e c o nsist e nt b et w e e n 
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g ol dfis h a n d l a m pr e ys ( Fi g ur e 3 . 6B), t his m a y  r efl e ct a gr e at er dri v e f or i n d u cti o n of 

i nfl a m m at or y a nti mi cr o bi al r es p o ns es i n g ol dfis h i n r es p o ns e t o z y m os a n. 

E x a mi n ati o n of t h e Z y m + A C gr o u p pr es e nt e d a n o p p ort u nit y t o e x a mi n e t h e 

m e c h a nis m(s) b y w hi c h i n di vi d u al p h a g o c yt es r e g ul at e i nfl a m m at or y p r o c ess es f oll o wi n g 

i nt er n ali z ati o n of pr o-i nfl a m m at or y or h o m e ost ati c p arti cl es. O n e p ossi bilit y f or t h e 

gr e at er c a p a cit y of g ol dfis h p h a g o c yt es t o dis pl a y r o b ust r es pir at or y b urst r es p o ns es w as 

t h at i n di vi d u al g ol dfis h p h a g o c yt es i nt er n ali z e d a gr e at er n um b er of z y m os a n p arti cl es. 

Alt er n ati v el y, t h e y m a y h a v e i nt er n ali z e d f e w er a p o pt oti c c ells. H o w e v er, t h e  r es ults 

s h o w e d t h at g ol dfis h a n d l a m pr e y pri m ar y h e m at o p oi eti c tiss u e p h a g o c yt es di d n ot 

dis pl a y a diff er e nti al c a p a cit y t o i nt er n ali z e z y m os a n or a p o p t oti c c ells ( Fi g ur e 3. 6C). 

I nst e a d, s u bs e q u e nt a n al ysis r e v e al e d t h at g ol dfis h p h a g o c yt es w er e m or e r es p o nsi v e t o 

z y m os a n i nt er n ali z ati o n t h a n t h os e i n l a m pr e y, as e vi d e n c e d b y t h e r el ati v e str e n gt h of 

r es pir at or y b urst r es p o ns es ( Fi g ur e 3. 6D). W h e n t h e n u m b er of i nt er n ali z e d a p o pt oti c 

c ells w as k e pt c o nst a nt, r el ati v e i n cr e as es i n t h e i nt er n ali z ati o n of z y m os a n ( 1 a p o pt oti c 

c ell wit h 1 -2, 3 -4, or > 5 z y m os a n p arti cl es) tr a nsl at e d t o a dr a m ati c i n cr e as e i n R O S 

pr o d u cti o n i n g ol dfis h p h a g o c yt es ( Fi g ur e 3 . 6D).  I n c o ntr ast, l a m pr e y p h a g o c yt es 

dis pl a y e d m u c h l ess pr o mi n e nt r es pir at or y b urst r es p o ns es i n all gr o u ps e x a mi n e d w h e n 

c o m p ar e d t o t h at of z y m os a n al o n e. T h us, i nt er n ali z ati o n of e v e n a si n gl e a p o pt oti c c ell 

i m p air e d t h e a bilit y of l a m pr e y, b ut n ot g ol dfish p h a g o c yt es, t o m o u nt r o b ust pr o -

i nfl a m m at or y r es pir at or y b urst a nti mi cr o bi al r es p o ns es w h e n a p h a g o c yt e e n c o u nt er e d 

b ot h pr o -i nfl a m m at or y a n d h o m e ost ati c p arti cl es, as w o ul d c o m m o nl y o c c ur wit hi n a n 

i nf e cti o n sit e.  
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I m p ort a ntl y, t h e i n cr e as e d str e n gt h i n g ol dfis h p h a g o c yt e r es pir at or y b urst 

r es p o ns es d es cri b e d a b o v e di d n ot pr e cl u d e t h eir eff e cti v e i n hi biti o n b y h o m e ost ati c 

sti m uli. Pr e -i n c u b ati o n of pri m ar y l e u k o c yt es wit h a p o pt oti c c ells (-2 h) w as s uffi ci e nt t o 

i m p air t h e r es pir at or y b urst r es p o ns e of g ol dfis h l e u k o c yt es ( Z y m + A C gr o u p; Fi g ur e 

3. 7 A). T h e r el ati v e pr o p orti o n of p h a g o c yt es i nt er n ali zi n g z y m os a n, a p o pt oti c c ells, or 

b ot h r e m ai n e d c o nsist e nt b et w e e n g ol dfis h a n d l a m pr e y ( Fi g ur e 3. 7 B), as w as o bs er v e d 

w h e n b ot h p arti cl es w er e a d d e d at t h e s a m e ti m e ( Fi g ur e 3. 7 B). F urt h er, t h e p h a g o c yti c 

i n d e x of t h e Z y m + A C p o p ul ati o n r e m ai n e d c o nst a nt i n b ot h or g a nis ms e v e n w h e n 

a p o pt oti c c ells w er e a d d e d t w o h o urs pri or t o z y m os a n ( Fi g ur e 3. 7 C). T h us, d es pit e t h e 

gr e at er a bilit y of g ol dfis h p h a g o c yt es t o m o u nt r o b ust r es pir at or y b urst r es p o ns es t o 

z y m os a n, a m o d el d e v el o ps w h er e b y g ol dfis h p h a g o c yt es c a n r e m ai n as i m p ort a nt 

c o ntri b ut ors t o t h e r es ol uti o n p h as e of i nfl a m m ati o n f oll o wi n g e arl y i n d u cti o n of p ot e nt 

a nti mi cr o bi al pr o -i nfl a m m at or y m e c h a nis ms.  

T h e e x p eri m e nts pr es e nt e d als o s h o w c as e t h e r es p o ns es of i n di vi d u al p h a g o c yt es 

a mi dst a mi cr o e n vir o n m e nt t h at c o nt ai ns mi x e d p o p ul ati o ns of p h a g o c yt es t h at h a v e 

i nt er n ali z e d z y m os a n, a p o pt oti c c ells, b ot h p arti cl e t y p es or n o n e. B ot h g ol dfis h a n d 

l a m pr e y dis pl a y e d m ar k e d c o m p art m e nt ali z ati o n i n t h e a cti v ati o n of r es pir at or y b urst 

r es p o ns es a m o n g p h a g o c yt e s u b gr o u ps f oll o wi n g t h e i nt er n ali z ati o n of pr o-i nfl a m m at or y 

a n d/ or h o m e ost ati c p arti cl es. As s u c h, t h es e r es ults hi g hli g ht t h e i m p ort a n c e of i ntri nsi c 

m e c h a nis ms of i nfl a m m ati o n c o ntr ol at t h e l e v el of t h e i n di vi d u al p h a g o c yt e i n b ot h of 

t h es e a ni m al gr o u ps. 
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3. 2. 3  D e c r e as e d g ol dfis h p h a g o c yt e s e nsiti vit y t o a p o pt oti c c ells c o nt ri b ut es t o 

p r o n o u n c e d a nti mi c r o bi al R O S p r o d u cti o n b ut d e c r e as e d effi c a c y i n 

l e u k o c yt e h o m e ost ati c r es p o ns es  

E x a mi n ati o n of R O S pr o d u cti o n a mi dst mi x e d c ell ul ar p o p ul ati o ns all o w e d us t o 

ass ess t h e br o a d er i m p a ct of p h a g o c yt e r es p o ns es o n t h e t ot al l e u k o c yt e p o ol. 

S p e cifi c all y, I  s o u g ht t o d et er mi n e h o w t h e diff er e nti al s e nsiti vit y t o pr o -i nfl a m m at or y 

a n d h o m e ost ati c p arti cl es f or g ol dfis h a n d l a m pr e y p h a g o c yt es i d e ntifi e d a b o v e 

c o ntri b ut e d t o t h e c o ntr ol of a nti mi cr o bi al r es pir at or y b urst r es p o ns es. V ar yi n g r ati os of 

z y m os a n t o a p o pt oti c c ells ( pr o -i nfl a m m at or y a n d h o m e ost ati c p arti cl es, r es p e cti v el y) 

w er e c o -i n c u b at e d wit h g ol dfis h a n d l a m pr e y t ot al h e m at o p oi eti c l e u k o c yt e is ol at es pri or 

t o e v al u ati o n of r es pir at or y b urst r es p o ns es ( Fi g ur e 3. 8 ). T h e g o al w as t o mi mi c t h e 

n at ur al s hift t h at o c c urs at a n i nf e cti o n sit e, w h er e p h a g o c yt es i niti all y e n c o u nt er gr e at er 

pr o p orti o ns of pr o -i nfl a m m at or y p arti cl es ( p at h o g e ns) f oll o w e d b y i n cr e asi n g pr o p orti o ns 

of h o m e ost ati c p arti cl es ( a p o pt oti c c ells), w hi c h ulti m at el y c o ntri b ut e t o t h e a ct i v ati o n of 

tiss u e r e p air m e c h a nis ms a n d a r et ur n t o h o m e ost asis ( D e vitt a n d M ars h all, 2 0 1 1; Er wi g 

a n d H e ns o n, 2 0 0 7; M a d er n a a n d G o ds o n, 2 0 0 3) . C o nsist e nt wit h a hi g h er c a p a cit y f or 

pr o -i nfl a m m at or y R O S pr o d u cti o n, gol dfis h l e u k o c yt es dis pl a y e d gr e at er effi c a c y i n t h e 

i n d u cti o n of r es pir at or y b urst r es p o ns es t h a n t h os e of l a m pr e y. H o w e v er, e x a mi n ati o n of 

d e cr e asi n g Z y m t o A C r ati os s h o w e d t h at t his f urt h er tr a nsl at e d i nt o a l o w er s e nsiti vit y t o 

a p o pt oti c c ell h o m e ost a ti c si g n als i n g ol dfis h c o m p ar e d t o l a m pr e y. G ol dfis h l e u k o c yt es 

r e q uir e d a t hr e e-f ol d gr e at er a m o u nt of a p o pt oti c c ells t h a n z y m os a n ( 1: 3 Z y m t o A C 

gr o u p, Fi g ur e 3. 8 ) t o r e a c h b as al l e v els of R O S pr o d u cti o n. I n c o ntr ast, l a m pr e y 

l e u k o c yt es r e a c h e d t h es e le v els e v e n w h e n z y m os a n o ut -n u m b er e d a p o pt oti c c ells t hr e e 
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t o o n e (i. e. n ot st atisti c all y si g nifi c a nt t o b as al l ev els of R O S pr o d u cti o n). F or t h e  

e x p eri m e nts, b as al l e v els of R O S pr o d u cti o n ( gr e y d as h e d li n e, Fi g ur e 3. 8 ) w er e d eri v e d 

fr o m t h os e p h a g o c yt es t h at e x cl usi v el y i nt er n ali z e d a p o pt oti c c ells ( Fi g ur e 3. 8 A). As 

s u c h, t h e r es ults s u g g est t h at t h e r e d u c e d s e nsiti vit y of g ol dfis h p h a g o c yt es t o a p o pt oti c 

c ells tr a nsl at es t o o v er all gr e at er c a p a cit y f or i n d u cti o n of a nti mi cr o bi al r es pir at or y b urst 

r es p o nses b ut als o a d e cr e as e d effi c a c y i n l e u k o c yt e h o m e ost ati c m e c h a nis ms t h at 

att e n u at e t his pr o -i nfl a m m at or y pr o c ess. 

 

3. 2. 4  L a m p r e y a n d g ol dfis h n e ut r o p hils d o n ot i nt e r n ali z e c y cl o h e x a mi d e i n d u c e d 

a p o pt oti c c ells  

It h as pr e vi o usl y b e e n d e m o nstr at e d t h at m a m m ali a n, b ut n ot t el e ost, n e utr o p hils 

ar e  c a p a bl e of i nt er n ali zi n g a p o pt oti c c ells ( Es m a n n et al., 2 0 1 0; Ri e g er et al., 2 0 1 2). I n 

li g ht of t h e r es ults i n di c ati n g t h at l a m pr e y p h a g o c yt es r es p o n d at a hi g h er effi c a c y t o 

h o m e ost at i c sti m uli ( a p o pt oti c c ells), I w a nt e d t o d et er mi n e if l a m pr e y n e utr o p hils w er e 

c a p a bl e of i nt er n ali zi n g a p o pt oti c c ells. I nt er esti n gl y, alt h o u g h t ot al l a m pr e y p h a g o c yt es 

r es p o n d t o h o m e ost ati c sti m uli wit h a hi g h er s e nsiti vit y, n aï v e t y p hl os ol e n e utr o p hils ar e 

u n a bl e t o i nt er n ali z e a p o pt oti c c ells, si mil arl y t o n aï v e g ol dfis h n e utr o p hils  is ol at e d fr o m 

t h e h e m at o p oi eti c ki d n e y ( Fi g ur e 3. 9). As s u c h, t h e  r es ults s u g g est t h at t h e i n cr e as e d 

s e nsiti vit y of l a m pr e y p h a g o c yt es t o a p o pt oti c c ells m a y b e d u e t o t h e 

m o n o c yt e/ m a cr o p h a g e p o p ul ati o ns, or, alt er n ati v el y d u e t o s urf a c e bi n di n g e v e nts 

l e a di n g t o d o w nstr e a m h o m e ost ati c r es p o ns es.  
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3. 3  Dis c u s si o n  

P h a g o c yt osis is a p h yl o g e n eti c all y a n ci e nt i n n at e d ef e ns e str at e g y t h at h as s er v e d 

as a n i m p ort a nt pl atf or m f or t h e e v ol uti o n of m e c h a nis ms of i nfl a m m ati o n c o ntr ol  

( Bi a n c hi et al., 2 0 0 8; Er wi g a n d H e ns o n, 2 0 0 7; F ull ar d et al., 2 0 0 9; M a d er n a a n d 

G o ds o n, 2 0 0 3; Ri e g er et al., 2 0 1 2) . Pr e vi o us st u di es fr o m o ur l a b f o c us e d o n t h e 

di v er g e nt r es p o ns es of t el e ost a n d m uri n e p h a g o c yt es f oll o wi n g i nt er n ali z ati o n of 

p at h o g e n -d eri v e d a n d h o m e ost ati c p arti cl es  ( Ri e g er et al., 2 0 1 2). I n t h e pr es e nt st u d y, I 

s h o w t h at i n di vi d u al p h a g o c yt es of t h e j a wl ess v ert e br at e P etr o m yz o n m ari n us  (s e a 

l a m pr e y), li k e t h os e of t el e ost fis h a n d mi c e, dis pl a y t h e c a p a cit y f or di v er g e nt pr o-

i nfl a m m at ory a n d h o m e ost ati c r es p o ns es. P h a g o c yt es is ol at e d fr o m s e a l a m pr e y 

t y p hl os ol e a n d g ol dfis h ki d n e y h e m at o p oi eti c tiss u es w er e a bl e t o i nt er n ali z e a r a n g e of 

p arti cl es i n cl u di n g l at e x b e a ds, E. c oli , a n d z y m os a n. H o w e v er, g ol dfis h l e u k o c yt es 

dis pl a y e d gr e at er  effi ci e n c y i n t h e i nt er n ali z ati o n of t h es e pr o -i nfl a m m at or y p arti cl es. 

E x a mi n ati o n of p h a g o c yti c s u bs ets at t h e si n gl e c ell l e v el i n di c at e d t h at, f or z y m os a n, 

m a cr o p h a g es dis pl a y e d t h e gr e at est c a p a cit y of i nt er n ali z ati o n d es pit e r e pr es e nti n g a 

si g nifi c a n tl y l o w er pr o p orti o n of t h e p h a g o c yt es wit hi n t h e h e m at o p oi eti c l e u k o c yt e p o ol. 

T h us, alt h o u g h pr of essi o n al p h a g o c yt es ( m a cr o p h a g es, m o n o c yt es, n e utr o p hils) w er e 

i m p ort a nt c o ntri b ut ors t o t h e i nt er n ali z ati o n of z y m os a n i n b ot h g ol dfis h a n d l a m pr e y 

h e m at o p o i eti c l e u k o c yt es, t el e ost p h a g o c yt es dis pl a y e d a si g nifi c a ntl y gr e at er a bilit y f or 

z y m os a n p h a g o c yt osis w h e n c o m p ar e d t o t h eir a g n at h a n c o u nt er p arts.  T h e l o w l e v els of 

p h a g o c yt osis o bs er v e d a m o n g g ol dfis h l y m p h o c yt es a n d l a m pr e y l y m p h o c yt e -li k e c ells 

i n t h es e e x p eri m e nts ( 0. 2 7 % a n d 0. 8 %, r es p e cti v el y) m a y st e m fr o m t h eir li mit ati o n f or 

i nt er n ali z ati o n of l ar g er p arti cl es ( 2. 5 - 3 µ m f or z y m os a n) a n d n ot a n o v er all i n a bilit y f or 
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p h a g o c yt osis. Alt er n ati v el y, t his m a y b e ass o ci at e d wit h a r e d u c e d c a p a cit y t o i nt er a ct 

wit h z y m os a n. I n d e e d, e v al u ati o n of t h e c a p a cit y f or E. c oli  i nt er n ali z ati o n a m o n g t h e 

h e m at o p oi eti c l e u k o c yt e s u bs ets e x a mi n e d s h o w e d i n cr e as e d l e v els of p h a g o c yt osis 

a m o n g l a m pr e y l y m p h o c yt e -li k e c ells w h e n c o m p ar e d t o z y m os a n. W h er e as 0. 8 % of 

l a m pr e y l y m p h o c yt e-li k e c ells s h o w e d z y m os a n i nt er n ali z ati o n u n d er t h e e x p eri m e nt al 

c o n diti o ns t est e d, 2. 3 % s h o w e d E. c oli  u pt a k e  ( d at a n ot s h o w n). As l y m p h o c yt e -li k e c ells 

c orr es p o n d e d t o a p pr o xi m at el y 5 0 % of t h e l e u k o c yt e p o p ul ati o n e x a mi n e d i n l a m pr e y, 

l y m p h o c yt e-li k e c ells a c c o u nt e d f or ~ 1 3 % of E. c oli  i nt er n ali z ati o n. T his i n di c at es a 

si g nifi c a nt c o ntri b uti o n b y t h es e c ells t o b a ct eri al p h a g o c yt osis  a n d p ot e nti al cl e ar a n c e . 

I nt er esti n gl y, t his is f ar fr o m t h e first ti m e l y m p h o c yt e-li k e c ells h a v e b e e n i m pli c at e d i n 

t h e u pt a k e of p arti cl es. B a ct eri a i nt er n ali z e d b y tr o ut p h a g o c yti c I g M+  c ells i n d u c e d 

p h a g ol ys os o m e f or m ati o n a n d t h e i n d u cti o n of d o w nstr e a m killi n g m e c h a nis ms ( Li et al., 

2 0 0 6) . T h e r ol e of p h a g o c yti c l y m p h o c yt es e xt e n ds e v e n furt h er, wit h a c o nsi d er a bl e 

p orti o n of B c ells i n X. l a e vis  als o dis pl a yi n g p h a g o c yti c c a p a citi es ( Li et al., 2 0 0 6). 

C oll e cti v el y, it is c o n c ei v a bl e t h at s p e cifi c s u bs ets of l y m p h o c yt e p o p ul ati o ns pl a y a 

l ar g e r ol e i n t h e cl e ar a n c e of b a ct eri al p at h o g e ns. F urt h er, as n e w fi n di n gs ar e pr es e nt e d, 

t h e stri ct di visi o n of l e u k o c yt es u n d er t h e i n n ate or a d a pti v e ar ms of t h e i m m u n e r es p o ns e 

b e c o m es bl urr e d.  

Alt h o u g h I  f o u n d s o m e c o ns er v ati o n of p h a g o c yt e f u n cti o n al r es p o ns es b et w e e n 

l a m pr e y a n d g ol dfis h, I als o s a w si g nifi c a nt diff er e n c es i n t h e l e v el a n d c o ntr ol of t h es e 

r es p o ns es t o pr o-i nfl a m m at or y a n d h o m e ost ati c sti m uli. G ol dfis h p h a g o c yt es t h at h a d 

i nt er n ali z e d b ot h z y m os a n a n d a p o pt oti c c ells s h o w e d R O S l e v els si mil ar t o t h os e 

i n d u c e d i n c ells t h at int er n ali z e d o nl y z y m os a n. I n s h ar p c o ntr ast, l a m pr e y p h a g o c yt es 
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t h at i nt er n ali z e d b ot h sti m uli dis pl a y e d b as al l e v els of R O S pr o d u cti o n. G ol dfis h a n d 

l a m pr e y pri m ar y h e m at o p oi eti c tiss u e p h a g o c yt es di d n ot dis pl a y a diff er e nti al c a p a cit y 

t o i nt er n ali z e z y mos a n or a p o pt oti c c ells - t h e p h a g o c yti c i n d e x of e a c h p arti cl e w as 

si mil ar i n p h a g o c yt es d eri v e d fr o m e a c h a ni m al. I nst e a d, t h e  r es ults s u g g est t h at g ol dfis h 

p h a g o c yt es ar e m or e r es p o nsi v e t o i nt er n ali z e d z y m os a n t h a n t h os e i n l a m pr e y b as e d o n 

t h e r el ati ve str e n gt h of r es pir at or y b urst r es p o ns es o bs er v e d. I nt er n ali z ati o n of e v e n a 

si n gl e a p o pt oti c c ell i m p air e d t h e a bilit y of l a m pr e y, b ut n ot g ol dfis h p h a g o c yt es, t o 

m o u nt r o b ust pr o -i nfl a m m at or y r es pir at or y b urst a nti mi cr o bi al r es p o ns es w h e n a 

p h a g o c yt e e n c o u nt er e d b ot h pr o -i nfl a m m at or y a n d h o m e ost ati c p arti cl es, as w o ul d 

c o m m o nl y o c c ur wit hi n a n i nf e cti o n sit e. I m p ort a ntl y, pri mi n g g ol dfis h a n d l a m pr e y 

l e u k o c yt es i n a n a nti-i nfl a m m at or y e n vir o n m e nt ( pr e-i n c u b ati o n wit h a p o pt oti c c ells) 

r es ult e d i n si mil ar r es p o ns es i n b ot h a ni m al gr o u ps. T his w as p arti c ul arl y r el e v a nt i n t h e 

Z y m + A C gr o u p, w h er e t h e s u p pr essi o n of r es pir at or y b urst r es p o ns es w as n o w 

o bs er v e d i n b ot h g ol dfis h a n d l a m pr e y, i n c o ntr ast t o e x p eri m e nts w h er e b ot h p arti cl es 

w er e a d d e d at t h e s a m e ti m e. As s u c h, t h e  r es ults s u g g est t h at g ol dfis h p h a g o c yt es r e m ai n 

as c e ntr al c o ntri b ut ors t o t h e r es ol uti o n p h as e of i nfl a m m ati o n, e v e n t h o u g h t h e y 

s h o w c as e d a n i m pr o v e d a bilit y t o i n d u c e str o n g a nti mi cr o bi al i nfl a m m at or y r es p o ns es.  

F oll o wi n g a n i nf e ct i o us c h all e n g e, p at h o g e n l o a d a n d t h e n u m b er of a p o pt oti c 

c ells v ar y at e a c h p oi nt al o n g t h e i nfl a m m at or y pr o c ess. B y alt eri n g t h e d e nsit y of 

z y m os a n t o a p o pt oti c c ells I w as  a bl e t o mi mi c t his n at ur al pr o gr essi o n. A n al ysis of R O S 

pr o d u cti o n a m o n g mi x e d c e ll p o p ul ati o ns all o w e d us t o ass ess t h e br o a d er i m p a ct of 

p h a g o c yt e r es p o ns es o n t h e t ot al l e u k o c yt e p o ol. G ol dfis h l e u k o c yt es r e q uir e d t hr e e ti m es 

t h e n u m b er of a p o pt oti c c ells t o z y m os a n t o r et ur n t o b as al l e v els of R O S, w h er e as 
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p h a g o c yt es fr o m t h e s e a l a m pr e y r e a c h e d b as al l e v els w h e n z y m os a n o ut n u m b er e d 

a p o pt oti c c ells t hr e e t o o n e. C o nsist e nt wit h a n i n cr e as e d c a p a cit y f or a nti mi cr o bi al pr o -

i nfl a m mat or y r es p o ns es i n g ol dfis h, t h e  r es ults s u g g est e d a r e d u c e d s e nsiti vit y of t h eir 

p h a g o c yt es t o a p o pt oti c c ell h o m e ost ati c si g n als, a n d a gr e at er p ot e n c y f or R O S 

pr o d u cti o n c o m p ar e d t o l a m pr e y p h a g o c yt es f oll o wi n g z y m os a n sti m ul ati o n. It r e m ai ns 

t o b e d et er mi n e d if t h es e f e at ur es ar e s h ar e d a cr oss t h e r a n g e of p ot e nti al p at h o g e ni c 

c h all e n g es ( b a ct eri al, f u n g al , vir al, p ar asiti c) a n d w h et h er t h e y ar e c o nsist e nt a cr oss all 

p h a g o c yt e s u bs ets. It is p ossi bl e t h at e a c h p h a g o c yt e p o p ul ati o n ( e. g. m a cr o p h a g e, 

m o n o c yt e, n e utr o p hil) m a y dis pl a y disti n ct a biliti es t o t a k e u p z y m os a n or a p o pt oti c c ells , 

or t h at t h e c a p a ci t y of a p o pt oti c c ells t o i n hi bit t h e R O S p ot e nti al f or e a c h p h a g o c yt e 

p o p ul ati o n is diff er e nt. As s u c h, t h e o v er all c a p a cit y t o eli cit or i n hi bit R O S r es p o ns es 

m a y d e p e n d o n t h e t y p e of p h a g o c yt e t h at is pri m aril y pr es e nt at t h at sit e of i nf e cti o n or 

i nj ury, a n d t h eir r el ati v e c o ntri b uti o ns t o t his c o ntr ol. Si mil arl y, it r e m ai ns t o b e 

d et er mi n e d if t h es e f e at ur es ar e p art of a br o a dl y us e d str at e g y f or t h e r e g ul ati o n of 

p h a g o c yt e -dri v e n i nfl a m m at or y pr o c ess es b e y o n d R O S a nti mi cr o bi al r es p o ns es.  

A r e d u c e d s e nsiti vit y of g ol dfis h p h a g o c yt es t o a p o pt oti c c ells c o u pl e d t o gr e at er 

p ot e n c y f or R O S pr o d u cti o n w o ul d pr es u m a bl y tr a nsl at e i nt o i n cr e as e d effi c a c y f or 

killi n g of i n v a di n g p at h o g e ns b y r es pir at or y b urst r es p o ns es. H o w e v er, a d e cr e as e d 

effi c a c y i n a p o pt oti c c ell -dri v e n p h a g o c yt e m e c h a nis ms t h at att e n u at e t his pr o -

i nfl a m m at or y pr o c ess c o ul d c o m e at a c ost u nl ess c o m pl e m e nt ar y r e g ul at or y str at e gi es 

ar e d e v el o p e d t o e ns ur e c o nti n u e d m ai nt e n a n c e of h ost i nt e grit y. C oll e cti v el y, t h e  r es ults 

s u g g est a n e v ol vi n g c o ntri b uti o n of i ntri nsi c p h a g o c yt e m e c h a nis ms t o c o ntr ol of 

i nfl a m m ati o n, a n d ill ustr at e o n e eff e cti v e str at e g y t h at all o ws f or i n cr e as e d 



	

 

1 2 7 	

r es p o nsi v e n ess a g ai nst i n v a di n g p at h o g e ns w hil e e ns uri n g c o nti n u e d p arti ci p ati o n i n its 

r es ol uti o n p h as e. I m p ort a ntl y, f ut ur e st u di es s h o ul d e x p a n d o n t h e c o ntri b uti o ns of 

p h yl o g e n y a n d o nt o g e n y t o t h e r el ati v e s e nsiti viti es of p h a g o c yt es t o pr o -i nfl a m m at or y 

a n d h o m e ost ati c si g n als. D iff eri n g lif e c y cl es p os e u ni q u e p h ysi ol o gi c al c h all e n g es t h at 

dri v e t h e d e v el o p m e nt of n o v el str at e gi es f or i nfl a m m ati o n c o ntr ol. F or e x a m pl e, d uri n g 

t h e first 4-6 y e ars of t h eir lif e, l ar v al s e a l a m pr e ys b urr o w i n tri b ut ar y s e di m e nt w h er e 

t h e y i nt er a ct wit h t h eir e n vir o n m e nt as bli n d filt er f e e d ers ( M or k ert et al., 1 9 9 8). 

S u bs e q u e ntl y, t h es e l a m pr e ys u n d er g o a n 8 -m o nt h m et a m or p h osis p eri o d, w h er e tiss u e 

l oss a n d r e or g a ni z atio n is a c c o m p a ni e d b y e xt e nsi v e c ell d e at h  ( Y o us o n, 2 0 0 3). Fi n all y, 

i n t h eir 1 2-m o nt h a d ult st a g e, t h e p ar asiti c n at ur e of a d ult l a m pr e ys is li k el y t o s et u ni q u e 

r e q uir e m e nts f or i n d u cti o n a n d c o ntr ol of i nfl a m m at or y r e a cti o ns, gi v e n t h at a 

c o m pr o mis e m ust b e str u c k b et w e e n t h e  c o nti n u e d s ur v eill a n c e of n at ur al i nf e cti o ns 

w hil e e ns uri n g t h at s ust ai n e d i m m u n e c o m p et e n c e d o es n ot i m pi n g e o n t h e fr a gil e h ost -

p ar asit e r el ati o ns hi p. O n e  c a n n ot  d e b at e t h e li k el y i m pli c ati o ns of o nt o g e n y  i n d efi ni n g 

t h e n u m er o us r ol es of p h a g o c yt es wit h o ut als o dis c ussi n g p h yl o g e n y. As e u k ar y ot es 

c o nti n u e t o e v ol v e i nt o m or e a n d m or e c o m pl e x s p e ci es, t h e c o m pl e xiti es of  o ur  i m m u n e 

s yst e m  a n d h ost d ef e ns e m ust  e v ol v e as w ell. T his  i n cr e as e i n c o m pl e xit y l e a ds t o a t w o-

f ol d pr o bl e m f or p h a g o c yt es, 1) t h e y ar e n o w r e q uir e d t o m ai nt ai n a m or e c o m pl e x 

or g a nis m at h o m e ost asis;  a n d 2) t h e y ar e li k el y t o e n c o u nt er a n i n cr e asi n g n u m b er of 

p ot e nti al p at h o g e ns.  
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�� � � � �� �� ��� P h a g o c yt osis of diff e r e nt t a r g et p a rti cl es b y g ol dfis h a n d l a m p r e y 

p ri m a r y l e u k o c yt es .�
 
( A) G ol dfis h pri m ar y ki d n e y l e u k o c yt es ( P K L) or l a m pr e y pri m ar y t y p hl os ol e l e u k o c yt es 
( P T L) w er e i n c u b at e d wit h 3 µ m Y G l at e x b e a ds, E. c oli D H 5 � - G F P, or z y m os a n- FI T C 
at t h e i n di c at e d c o n c e ntr ati o ns f or t h e s p e cifi e d ti m es. C ells w er e t h e n fi x e d a n d 
p h a g o c yt osis w as q u a ntifi e d b y fl o w c yt o m etr y. Gr e y b ars r e pr es e nt p er c e nt i nt er n ali z e d. 
H at c h e d w hit e b ars r e pr es e nt p er c e nt s urf a c e b o u n d. F or all n = 4, o v er 2 e x a mi n e d o v er a 
mi ni m u m of t w o i n d e p e n d e nt e x p eri m e nts. * p < 0. 0 5 f or % i nt er n ali z e d, + p < 0. 0 5 f or % 
s urf a c e b o u n d- b et w e e n 1 0: 1 a n d 5: 1 p arti cl e t o c ell r ati os i n e a c h gr a p h. ( B) 
R e pr es e nt ati v e i m a g es of n o i nt er n ali z ati o n ( N o), s urf a c e b o u n d ( B), a n d i nt er n ali z e d 
b e a ds (I nt.) fr o m I m a g e Str e a m M kII fl o w c yt o m et er ( A m nis).  
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Fi g u r e 3. 2 . C o m p a r ati v e a n al ysis of g ol dfis h a n d l a m p r e y p ri m a r y l e u k o c yt e 
p h a g o c yt osis  b y li g ht mi c r os c o p y.  
 
( A) G ol dfis h pri m ar y ki d n e y l e u k o c yt es ( P K Ls) or l a m pr e y pri m ar y t y p hl os ol e 
l e u k o c yt es ( P T Ls) w er e pl at e d i n a 6-w ell pl at e a n d i n c u b at e d wit h 3 µ m l at e x b e a ds at 
t h e i n di c at e d c o n c e ntr ati o ns f or t h e s p e cifi e d ti m es. P h a g o c yt osis w as q u a ntifi e d b y li g ht 
mi cr os c o p y at 1 0 0 x m a g nifi c ati o n. ( B) P h a g o c yti c i n d e x r e pr es e nts t h e a v er a g e n u m b er 
of b e a ds i nt er n ali z e d p er p h a g o c yti c c ell i n t h e s a m pl e. ( C ) R e pr es e nt ati v e i m a g es ar e of 
p ositi v e p h a g o c yt osis ( i nt er n ali z e d b e a ds m ar k e d wit h x) a n d s urf a c e b o u n d b e a ds at  
1 0 0 x m a g nifi c ati o n. F or all n = 4 a ni m als e x a mi n e d o v er a mi ni m u m of t w o i n d e p e n d e nt 
e x p eri m e nts, * p < 0. 0 5 .  
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Fi g u r e 3. 3 . Ki n eti cs of g ol dfis h P K L a n d L a m p r e y P T L a cti v ati o n as m e as u r e d b y 
R O S p r o d u cti o n.  
 
G ol dfis h P K L a n d l a m pr e y P T L w er e i n c u b at e d wit h z y m os a n ( 5: 1 r ati o) f or t h e 
i n di c at e d ti m es. R es pir at or y b urst w as m e as ur e d i n t h e t ot al P K L a n d P T L p o p ul ati o n. 
F or all  n = 4, e x a mi n e d o v er a mi ni m u m of t w o i n d e p e n d e nt e x p eri m e nts. * p < 0. 0 5 
c o m p ar e d t o 0 h.  
 
 
 
 
 
 
 
 
  

0 h 2 h 4 h 6 h 8 h
0

2 5

5 0

7 5

1 0 0

% 
D

H
R

0 h 2 h 4 h 6 h 8 h
0

2 5

5 0

G ol dfi s h  L a m p r e y  

*  
	 *  

	 *  
	 *  

	 *  
	

*  
	

*  
	



	

 

1 3 1 	

 
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
 
Fi g u r e 3. 4 . G ati n g st r at e g y f o r c ell s u b p o p ul ati o ns is ol at e d f r o m h e m at o p oi eti c 
tiss u es. 
 
( A) Pri m ar y h e m at o p oi eti c l e u k o c yt es is ol at e d fr o m g ol dfis h ki d n e y a n d r e pr es e nt ati v e 
i m a g es of c ells fr o m wit hi n e a c h g at e. ( B) Pri m ar y h e m at o p oi eti c l e u k o c yt es is ol at e d 
fr o m l a m pr e y t y p hl os ol e a n d r e pr es e nt ati v e i m a g es of c ells fr o m wit hi n e a c h g at e. C ell 
p o p ul ati o ns w er e d et er mi n e d b as e d o n i nt er n al c o m pl e xit y ( d ar k fi el d) a n d ar e a. L - 
l y m p h o c yt es; M/ G- m o n o c yt es a n d gr a n ul o c yt es; M a c - m a cr o p h a g e.  	 	
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F i g u r e 3. 5. M a c r o p h a g es a r e t h e d o mi n a nt p h a g o c yt e of g ol dfis h a n d l a m p r e y 
p ri m a r y h e m at o p oi eti c tiss u es . 

 
A) G ol dfis h P K L a n d l a m pr e y P T L w er e i n c u b at e d wit h z y m os a n ( 5: 1 r ati o) f or t h e 
s p e cifi e d ti m es. T h e t ot al l e u k o c yt e p o ol w as br o k e n d o w n i nt o c ell ul ar s u b p o p ul ati o ns 
b as e d o n m or p h ol o g y a n d fl o w c yt o m etr y f or w ar d a n d si d e s c att er p ar a m et ers. ( B) T h e 
p er c e nt of p h a g o c yti c c ells fr o m e a c h s u b p o p ul ati o n pr e vi o usl y d et er mi n e d i n ( A). * 
p < 0. 0 5 c o m p ar e d t o l y m p h o c yt es; + p < 0. 0 5 c o m p ar e d t o m o n o c yt es/ gr a n ul o c yt es. ( C) 
T h e p er c e nt of m o n o c yt es/ gr a n ul o c yt es a n d m a cr o p h a g es t h at m a k e u p t h e pr of essi o n al 
p o p ul ati o n of p h a g o c yt es. F or all n = 4, e x a mi n e d o v er a mi ni m u m of t w o i n d e p e n d e nt 
e x p eri m e nts.  

  

H a vi x b e c k	 et	 al.		
Fi g ur e	 2	

L
M/ G
M a c

L M/ G M a c
0

2 0

4 0

6 0

% 
p

h
a

g
o
c
yt

o
si

s

L M/ G M a c
0

2 0

4 0

6 0

L M/ G M a c
0

2 0

4 0

6 0

M/ G M a c
0

2 5

5 0

7 5

1 0 0

% 
of
 

p
h
a

g
o
c
yt

e
p

o
p

ul
at
i

o
n

M/ G M a c
0

2 5

5 0

7 5

1 0 0

M/ G M a c
0

2 5

5 0

7 5

1 0 0

2 h 6 h 2 h 

G ol dfi s h L a m pr e y 

C

A

* 
* 

9 %	

1 9 %	

7 3 %	
2 7 %	

1 5 %	

5 8 %	 3 2 %	

1 8 %	

5 0 %	

* 

* 
+

+

+

B

L
M/ G
M a c

L M/ G M a c
0

2 0

4 0

6 0

% 
p

h
a

g
o
c
yt

o
si

s

L M/ G M a c
0

2 0

4 0

6 0

L M/ G M a c
0

2 0

4 0

6 0

M/ G M a c
0

2 5

5 0

7 5

1 0 0

% 
of
 

p
h
a

g
o
c
yt

e
p

o
p

ul
at
i

o
n

M/ G M a c
0

2 5

5 0

7 5

1 0 0

M/ G M a c
0

2 5

5 0

7 5

1 0 0



�

 

� � ��

 
 

 
 
 

N o  Z y m  A C  Z y m +
0

2 5

5 0

7 5

1 0 0
% 

D
H

R
+

N o  Z y m  A C  Z y m
0

1 0

5 0
1 0 0

% 
of 

po
pu

la
ti

on

N o  Z y m  A C  Z y m +
0

2 5

5 0

7 5

1 0 0

N o  Z y m  A C  Z y m +
0

1 0

5 0
1 0 0

N o  Z y m  A C  Z y m
0

1 0

5 0
1 0 0

% 
of
 

p
o

p
ul

at
i

o
n

Z y m  A C
0

1

2

3

4

5

p
h
a

g
o
c
yt
i
c 
i

n
d
e
x

L a m pr e y

G ol dfi s h

1- 2 3- 4  > 5
0

2 5

5 0

7 5

1 0 0

# z y m i nt er n ali z e d

%
D

H
R
+ L a m pr e y

G ol dfi s h

G ol dfi s h  L a m pr e y
0

2 5

5 0

7 5

1 0 0

% 
D

H
R

Z y m  A C
0

1

2

3

4

5

p
h
a

g
o
c
yt
i
c 
i

n
d
e
x

L a m pr e y

G ol dfi s h

1- 2 3- 4  < 5
0

2 5

5 0

7 5

1 0 0

# z y m i nt er n ali z e d

%
D

H
R
+ L a m pr e y

G ol dfi s h

B

N o  Z y m  A C  Z y m +
0

2 5

5 0

7 5
% 

D
H

R

N o Z y m  A C  Z y m
0

1 0

5 0
1 0 0

% 
of 

po
pu

la
ti

on

N o  Z y m  A C  Z y m +
0

2 5

5 0

7 5

N o  Z y m  A C  Z y m +
0

1 0

5 0
1 0 0

N o  Z y m  A C  Z y m
0

1 0

5 0
1 0 0

% 
of
 

p
o

p
ul

at
i

o
n

A C A C 

A

� ���
� � ��

� � ���
� � ��

� � � �� � ��� �� � �� ��

� � �� � � ��� ��� ��

� ��� ��

� ��� ��

� ��� ��

����

��

��

�� ��

����

����

��
����

����

��

�� ��

����

���� ����

A C A C 

G ol dfi s h L a m pr e y 

C

�

����
����

��
�� ��

��
�� ��

D

��



	

 

1 3 4 	

 
 
 
 
 
Fi g u r e 3. 6 . Di v e r g e nt p r o-i nfl a m m at o r y a n d h o m e ost ati c r es p o ns es of l a m p r e y a n d 
g ol dfis h p h a g o c yt es . 
 
G ol dfis h P K L a n d l a m pr e y P T L w er e i n c u b at e d wit h b ot h z y m os a n a n d a p o pt oti c c ells 
( 5: 1 r ati o f or e a c h) f or 2 h a n d 6 h, r es p e cti v el y. ( A) R es pir at or y b urst ( m e as ur e d as % 
D H R p ositi v e) w as t h e n a n al y z e d b as e d o n p h a g o c yti c c a p a cit y a cr oss t h e f o ur r es ulti n g 
s u b -p o p ul ati o ns: n o n -p h a g o c yti c c ells, p h a g o c yt es c o nt ai ni n g o nl y z y m os a n, p h a g o c yt es 
c o nt ai ni n g o nl y a p o pt oti c c ells, a n d p h a g o c yt es t h at c o nt ai n b ot h. ( B) T h e p er c e nt of t ot al 
p o p ul ati o n f o u n d i n e a c h of t h e f o ur s u b -p o p ul ati o ns of ( A); n o i nt er n ali z ati o n, z y m os a n 
o nl y, a p o pt oti c c ells o nl y, z y m os a n a n d a p o pt oti c c ells. * p < 0. 0 5 c o m p ar e d t o N o; + 
p < 0. 0 5 c o m p ar e d t o Z y m. ( C) T h e p h a g o c yti c i n d e x of t h e Z y m + A C gr o u p i n ( A). ( D) 
R es pir at or y b urst a n al y z e d a c c or di n g t o  t h e n u m b er of z y m os a n p arti cl es i nt er n ali z e d i n 
t h e Z y m + A C gr o u p. * p < 0. 0 5 c o m p ar e d t o g ol dfis h. N o- n o i nt er n ali z e d p arti cl e; A C - 
a p o pt oti c c ells; Z y m - z y m os a n. F or all n = 4, e x a mi n e d o v er a mi ni m u m of t w o 
i n d e p e n d e nt e x p eri m e nts. 
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Fi g u r e 3. 7. Eff e ct of p r e-i n c u b ati o n wit h z y m os a n a n d a p o pt oti c c ells o n r es pi r at o r y 
b u rst r es p o ns es of i n di vi d u al p h a g o c yt es.  
 
G ol dfis h P K L a n d l a m pr e y P T L w er e i n c u b at e d wit h b ot h z y m os a n a n d a p o pt oti c c ells 
( 5: 1 r ati o f or e a c h) f or 2 h a n d 6 h, r es p e cti v el y. ( A) T o i n v esti g at e t h e eff e cts of pr e-
i n c u b ati o n wit h a p o pt oti c c ells, a p o pt oti c c ells w er e a d d e d 2 h pri or t o z y m os a n. 
R es pir at or y b urst ( m e as ur e d as % D H R p ositi v e) w as t h e n a n al y z e d b as e d o n p h a g o c yti c 
c a p a cit y a cr oss t h e f o ur r es ulti n g s u b- p o p ul ati o ns: n o n- p h a g o c yti c c ells, p h a g o c yt es 
c o nt ai ni n g o nl y z y m os a n, p h a g o c yt es c o nt ai ni n g o nl y a p o pt oti c c ells, a n d p h a g o c yt es 
t h at c o nt ai n b ot h. ( B) T h e p er c e nt of t ot al p o p ul ati o n f o u n d i n e a c h of t h e f o ur s u b-
p o p ul ati o ns of ( A); n o i nt er n ali z ati o n, z y m os a n o nl y, a p o pt oti c c ells o nl y, z y m os a n a n d 
a p o pt oti c c ells. ( C) T h e p h a g o c yti c i n d e x of t h e Z y m + A C gr o u p i n ( A). F or all n = 4, 
e x a mi n e d o v er a mi ni m u m of t w o i n d e p e n d e nt e x p eri m e nts. * p < 0. 0 5 c o m p ar e d t o N o; + 
p < 0. 0 5 c o m p ar e d t o Z y m.   
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Fi g u r e 3. 8. R es pi r at o r y b u rst r es p o ns es of g ol dfis h a n d l a m p r e y h e m at o p oi eti c 
l e u k o c yt es f oll o wi n g z y m os a n a n d a p o pt oti c c ell sti m ul ati o n. 
 
G ol dfis h P K L a n d l a m pr e y P T L w er e i n c u b at e d wit h b ot h z y m os a n a n d a p o pt oti c c ells 
( 5: 1 r ati o f or e a c h) f or 2 h a n d 6 h, r es p e cti v el y. T o e x a mi n e t h e eff e cts of a d os e 
r es p o ns e, z y m os a n a n d a p o pt oti c c ells w er e a d d e d at v ar yi n g c o n c e ntr ati o ns. R es pir at or y 
b urst ( m e as ur e d as % D H R p ositi v e) w as t h e n a n al y z e d f or t h e e ntir e l e u k o c yt e 
p o p ul ati o n. F or all n = 6, e x a mi n e d o v er a mi ni m u m of t w o i n d e p e n d e nt e x p eri m e nts. 
Gr e y d as h e d li n e r e pr es e nts t h e r es pir at or y b urst of p h a g o c yt es i nt er n ali zi n g o nl y A C 
c ells. * p < 0. 0 5 c o m p ar e d t o gr e y d as h e d li n e ( % D H R of p h a g o c yt es i nt er n ali zi n g o nl y 
a p o pt oti c c ells).  
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Fi g u r e 3. 9 . I nt e r n ali z ati o n of a p o pt oti c c ells b y n aï v e la m p r e y a n d g ol dfis h 
n e ut r o p hils  / n e ut r o p hil-li k e c ells 
 
N e utr o p hil -li k e c ells fr o m l a m pr e y t y p hl os ol e a n d n e utr o p hils fr o m t h e g ol dfis h ki d n e y 
w er e is ol at e d as d es cri b e d. N e utr o p hils w er e i n c u b at e d wit h c ells  is ol at e d fr o m P T Ls a n d 
P K Ls, r es p e cti v el y, r e n d er e d a p o pt oti c vi a c y cl o h e x a mi d e at a 3: 1 ( A C: n e utr o p hil) r ati o. 
F or all n = 4, e x a mi n e d o v er a mi ni m u m of t w o i n d e p e n d e nt e x p eri m e nts. * p < 0. 0 5 a n d + 
p < 0. 0 5  c o m p ar e d t o l a m pr e y a n d g ol dfis h % i nt er n ali z e d, r es p e cti v el y.   
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C h a pt e r 4. N e ut r o p hil c o nt ri b uti o ns t o t h e 

i n d u cti o n a n d r e g ul ati o n of t h e a c ut e 

i nfl a m m at o r y r es p o n s e i n t el e ost fis h1  

4. 1  I nt r o d u cti o n  

 N e utr o p hils ar e i m p ort a nt i n n at e eff e ct or c ells t h at d o mi n at e t h e i niti al i nfl u x of 

l e u k o c yt es i nt o a sit e of i nfl a m m ati o n ( H e n d ers o n et al., 2 0 0 3). U p o n a cti v ati o n wit hi n 

t h e i nfl a m m at or y sit e, n e utr o p hils b e c o m e p o w erf ul kill ers, r el e as e t o xi c i ntr a c ell ul ar 

gr a n ul e s, pr o du c e r e a cti v e o x y g e n s p e ci es  ( N at h a n, 2 0 0 6; Wi nt er b o ur n a n d K ettl e, 2 0 1 2), 

a n d d e pl o y n e utr o p hil e xtr a c ell ul ar tr a ps ( N E Ts) ( Bri n k m a n n et al., 2 0 0 4; Bri n k m a n n a n d 

Z y c hli ns k y, 2 0 1 2) . T his n oti o n is c o nsist e nt wit h e arl y d es cri pti o ns of t h e mi cr o p h a g e b y 

Eli e M et c h ni k off, w hi c h h e i d e ntifi e d as hi g hl y p h a g o c yti c l e u k o c yt es i m p ort a nt i n  

d ef e ns e a g ai nst mi cr o or g a nis ms  ( M et c h ni k off, 1 9 0 5). Hist ori c all y, it h as b e e n t h es e pr o -

i nfl a m m at or y r ol es t h at h a v e s er v e d as o ur f o c us f or t his i m m u ne c ell; t h eir c o ntri b uti o ns 

t o t h e r es ol uti o n of i nfl a m m ati o n li mit e d t o a p o pt oti c c ell d e at h a n d s u bs e q u e nt cl e ar a n c e 

b y m a cr o p h a g es. H o w e v er, m or e r e c e ntl y I  a n d ot h ers h a v e s h o w e d t h at b ot h h u m a n a n d 

m uri n e n e utr o p hils i nt er n ali z e a p o pt oti c c ells a n d a c ti v el y c o ntri b ut e t o t h e d e cr e as e d 

																																																								
1 	A p orti o n of t his c h a pt er h as b e e n pr e vi o usl y p u blis h e d i n:  

H a vi x b e c k  JJ,  Ri e g er  A R,  W o n g  M E,  H o d g ki ns o n  J W,  a n d  B arr e d a  D R  ( 2 0 1 6)  

N e utr o p hil  c o ntri b uti o ns  t o  t h e  i n d u cti o n  a n d  r e g ul ati o n  of  t h e  a c ut e  i nfl a m m at or y 

r es p o ns e i n t el e ost fis h. J L B  9 9( 2) : 2 4 1 -2 5 2.  
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pr o d u cti o n o f r e a cti v e o x y g e n s p e ci es i n ot h er l e u k o c yt es ( Es m a n n et al., 2 0 1 0; Ri e g er et 

al., 2 0 1 2) . A c q uisiti o n of t his m e c h a nis m w o ul d pr es u m a bl y off er m a m m als a n o v el 

alt er n ati v e f or t h e c o ntr ol of i nfl a m m ati o n.  

I n h u m a ns, t h e g e n er ati o n of n e utr o p hils is a k e y a cti vit y of t h e h e m at o p oi eti c 

c o m p art m e nt, w h er e a p pr o xi m at el y 5 x 1 0 1 0  - 1 0 x 1 0 1 0  n e w n e utr o p hils ar e g e n er at e d e a c h 

d a y ( S u m m ers et al., 2 0 1 0). A m o n g ot h ers, t hes e c o ntri b ut e t o t h e est a blis h m e nt of 

st or a g e p o ol of m at ur e n e utr o p hils wit hi n t h e b o n e m arr o w ( B o xi o et al., 2 0 0 4; F ur z e a n d 

R a n ki n, 2 0 0 8; R a n ki n, 2 0 1 0) . U p o n i nj ur y or i nf e cti o n, m at ur e n e utr o p hils mi gr at e 

t hr o u g h t h e si n us oi ds a n d ar e r a pi dl y r el e as e d i nt o cir c ul ati o n, tr affi c ki n g t o sit es of 

i nf e cti o n a n d/ or i nfl a m m ati o n ( B o xi o et al., 2 0 0 4; F ur z e a n d R a n ki n, 2 0 0 8; R a n ki n, 

2 0 1 0) . T h e m o bili z ati o n a n d r e cr uit m e nt of n e utr o p hils is d e p e n d e nt u p o n si g n als t h at 

ori gi n at e fr o m t h e sit e of i nfl a m m ati o n. A di v ers e p a n el of sti m uli, i n cl u di n g p at h o g e n -

ass o ci at e d m ol e c ul ar p att er ns ( P A M Ps) a n d d a m a g e -ass o ci at e d m ol e c ul ar p att er ns 

( D A M Ps) a cti v at e t h e tiss u e -r esi d e nt c ells t o r el e as e pr o-i nfl a m m at or y m e di at ors ( e. g. 

T N F -α , I F N-γ , a n d I L-1 β ), as w ell as n e utr o p hil-s p e cifi c c h e m o attr a ct a nts ( e. g. C X C L -8) 

a n d li pi d m e di at ors ( e. g. L T B 4 ) ( Ar a n ci bi a et al., 2 0 0 7; Willi a ms et al., 2 0 1 1; Z e ytu n et 

al., 2 0 1 0) . Wit hi n mi n ut es of tiss u e i nj ur y, n e utr o p hils b e gi n “r olli n g ” al o n g t h e w alls of 

v e n ul es s urr o u n di n g t h e aff e ct e d sit e ( B ut c h er, 1 9 9 1). A n i nt er a cti o n b et w e e n n e utr o p hil 

L -s el e cti n a n d v as c ul ar E - a n d P -s el e cti ns t h e n all o ws f or e xtr a v as ati o n ( B ut c h er, 1 9 9 1). 

T h es e m e di at ors als o a cti v at e n e utr o p hils, i n cr e asi n g t h eir c a p a cit y f or p h a g o c yt osis a n d 

a nti mi cr o bi al eff e ct or m e c h a nis ms u p o n r e cr uit m e nt t o t h e i nfl a m m at or y sit e ( S ør e ns e n 

et al., 2 0 0 1) . 
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T h e c h ar a ct eri z ati o n of i m m u n e c ell p o p ul ati o ns i n a r a n g e of a ni m al m o d els 

s u g g ests t h at n e utr o p hils ar os e a m o n g t h e ost ei c ht h y a ns a b o ut 4 2 0 milli o n y e ars a g o, 

pri or t o t h e di v er g e n c e of t h e l ast c o m m o n a n c est or f or r a y - a n d l o b e -fi n n e d fis h ( Fl er o v a 

a n d B al a b a n o v a, 2 0 1 3; H e nr y et al., 2 0 1 3; K at z e n b a c k a n d B el os e vi c, 2 0 0 9) . As t el e osts 

r e pr es e nt t h e m ost b as al a ni m al gr o u p t o c o nt ai n b o n a fi d e n e utr o p hils, t h e y r e pr es e nt a 

vi a bl e pl atf or m t o b ett er u n d erst a n d t h e ori gi ns of t h eir c o ntri b uti o ns t o i nfl a m m ati o n. 

H o w e v er, si g nifi c a nt g a ps r e m ai n wit h r e g ar ds t o t h e eff e ct or a n d p ot e nti al r e g ul at or y 

c o ntri b uti o ns of t el e ost n e utr o p hils at t h e i nfl a m m at or y sit e, as w ell as t h e m e c h a nis ms 

t h at pr o m ot e a n d c o ntr ol t h eir eff e cti v e r e cr uit m e nt fr o m h e m at o p oi eti c tiss u es. I n t his 

c h a pt er , I e x a mi n e d t h e c o ntri b uti o ns of n e u tr o p hils t o t h e a c ut e i nfl a m m at or y r es p o ns e 

i n t el e ost fis h usi n g a s elf-r es ol vi n g z y m os a n p erit o nitis m o d el. T his m o d el all o w e d b ot h 

bi o c h e mi c al a n d c ell ul ar a n al ys es of l o c al i nfl a m m at or y r es p o ns es, w hi c h r es e m bl e d t h e 

P M N -ri c h e x u d at es of h u m a n dis e as e. Usi n g t his m o d el, I  i n v esti g at e d t h e m o bili z ati o n 

of n e utr o p hils a n d t h e r e g ul ati o n of i nfl a m m at or y pr o c ess es d uri n g a n a c ut e 

i nfl a m m at or y r es p o ns e. I r e p ort h er e t h at n e utr o p hils pl a y a si g nifi c a nt r ol e i n t h e pr o-

i nfl a m m at or y a n d r es ol uti o n p h as es of t he a c ut e i nfl a m m at or y r es p o ns e i n t el e ost fis h.  

C o nsist e nt wit h m a m m ali a n st u di es, m y  d at a s h o ws t h at i n g ol dfis h a l ar g e p o ol of 

m at ur e n e utr o p hils r a pi dl y e xit t h e h e m at o p oi eti c tiss u e, e nt er cir c ul ati o n, a n d i nfiltr at e 

t h e i nfl a m m at or y sit e. I f o u n d t h at n e utr o p hil i nfiltr ati o n i nt o t h e p erit o n e u m p e a k e d 1 8 

h pi ( h o urs p ost i nj e cti o n). I nt er esti n gl y, o n c e at t h e i nfl a m m at or y sit e, I  f o u n d t h at t el e ost 

n e utr o p hils p oss ess t h e c a p a cit y t o m e di at e di v er g e nt pr o - a n d a nti -i nfl a m m at or y 

r es p o ns es. T el e ost n e utr op hils is ol at e d at 1 8 h pi, a p eri o d w h er e t h e i nfl a m m at or y sit e 

e x hi bit e d a cl assi c al pr o -i nfl a m m at or y p h e n ot y p e, dis pl a y e d i n cr e as e d R O S pr o d u cti o n 
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w h e n c o m p ar e d t o n e utr o p hils is ol at e d at 4 8 h pi, w h er e t h e p h e n ot y p e h a d s hift e d t o t h e 

pr o -r es ol vi n g p h as e. N e utr o p hils fr o m t his pr o -r es ol uti o n ti m e p oi nt als o d e m o nstr at e d a 

gr e at er a bilit y t o m o d ul at e m a cr o p h a g e f u n cti o n. T h es e n e utr o p hils w er e a bl e t o m e di at e 

di v er g e nt r es p o ns es, b ot h i n cr e asi n g a n d d e cr e asi n g R O S pr o d u cti o n i n m a cr o p h a g es 

f oll o wi n g sti m ul ati o n wit h z y m os a n or a p o pt oti c c ells, r es p e cti v el y. I nt er esti n gl y, I f o u n d 

li p o xi n A4 ( L X A4 ) t o b e a si g nifi c a nt c o ntri b ut or t o t h e u pt a k e of a p o pt oti c c ells b y 

t el e ost m a cr o p h a g es. I n a d diti o n, L X A4  als o pl a y e d a r ol e, at l e ast i n p art, i n t h e d o w n -

r e g ul ati o n of R O S pr o d u cti o n i n m a cr o p h a g es. O ur r es ults hi g hli g ht t h e e v ol vi n g r ol es of 

n e utr o p hils i n b ot h t h e pr o m oti o n a n d r e g ul ati o n of t h e i nfl a m m at or y r es p o ns e.  

 

4. 2  R e s ult s  

4. 2. 1  Ki n eti c a n al ysis of t el e ost a c ut e i nfl a m m ati o n usi n g a n i n vi v o p e rit o nitis 

m o d el  

M y  g o al i n t his st u d y w as t o d efi n e t h e a c ut e i nfl a m m at or y r es p o ns e i n t el e osts, as 

a w a y t o b ett er u n d erst a n d t h e e v ol uti o n ar y ori gi ns of n e utr o p hil -b as e d m e c h a nis ms of 

i m m u nit y. As a first st e p t o d efi n e t h e pr o-i nfl a m m at or y p h as e of a c ut e i nfl a m m ati o n i n 

t el e ost fis h, I e x a mi n e d t h e ki n eti cs of c ell ul ar i nfiltr ati o n i nt o a n i nfl a m m at or y sit e, t h e 

pr o d u cti o n of a nti mi cr o bi al r e a cti v e o x y g e n s p e ci es ( R O S), a n d t h e e x pr essi o n of pr o -

i nfl a m m at or y c yt o ki n es usi n g a n i n vi v o z y m os a n p erit o nitis m o d el. I  f o u n d r ecr uit m e nt 

of l e u k o c yt es i nt o t h e p erit o n e u m as e arl y as 8 h pi, wit h p e a k i nfiltr ati o n o bs er v e d at 1 8 

h pi. T ot al c ell n u m b ers at t h e sit e of i nfl a m m ati o n r e m ai n e d el e v at e d t hr o u g h 3 6 h w h e n 

c o m p ar e d t o n o n -i nj e ct e d fis h ( 0 h; Fi g ur e 4. 1 A). B y 7 2 h pi, t h e n um b er of c ells pr es e nt 

at t h e i nfl a m m at or y sit e h a d r et ur n e d t o b as al l e v els. C o nsist e nt wit h t h e ki n eti cs of 
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c ell ul ar i nfiltr ati o n, R O S pr o d u cti o n i n cr e as e d si g nifi c a ntl y b et w e e n 8 a n d 3 6 h, wit h a 

p e a k at 1 8 h pi ( Fi g ur e 4. 1 B).  

C yt o ki n e e x pr essi o n a n al ysi s w as p erf or m e d b y q P C R usi n g t h e pri m ers i n T a bl e 

2. 9 . R N A w as is ol at e d fr o m t ot al l e u k o c yt es wit hi n t h e p erit o n e al c a vit y a n d e x a mi n e d 

f or t h e e x pr essi o n of T N F-α 2, I L -1 β 1, a n d I F N γ , c yt o ki n es k n o w n t o b e i m p ort a nt i n t h e 

i nfl a m m ati o n pr o c ess ( Gr a yf er et al., 2 0 0 8; Gr a yf er a n d B el os e vi c, 2 0 0 9). O v er all, I  

i d e ntifi e d hi g h l o c al e x pr essi o n of T N F-α 2, I L -1 β 1, a n d I F N -γ  wit hi n t h e first 2 4 h pi, 

wit h a p e a k b et w e e n 8 a n d 1 2 h pi, a n d a r et ur n t o b as al l e v els b y 4 8 h pi ( Fi g ur e 4. 1 C). 

I m p ort a ntl y, e v e n t h o u g h i n di vi d u al a ni m als w er e d eri v e d fr o m a n o ut-br e d p o p ul a ti o n, I 

f o u n d si g nifi c a nt h o m o g e n eit y a m o n g t h e ki n eti cs of pr o-i nfl a m m at or y c yt o ki n e g e n e 

e x pr essi o n pr ofil es a cr oss all fis h.  C h ar a ct eri z ati o n of  t h e l e u k o c yt e p o p ul ati o ns wit hi n 

t h e e x u d at e i d e ntifi e d n e utr o p hils as t h e d o mi n a nt s u bs et, r e pr es e nti n g n e a rl y 5 0 % of all 

i nfiltr ati n g l e u k o c yt es at t h e sit e of i nfl a m m ati o n at 1 8 h pi ( Fi g ur e 4. 1 D). 

 

4. 2. 2  T el e ost i nfl a m m at o r y n e ut r o p hils e x hi bit r o b ust a nti mi c r o bi al r es p o ns es i n 

c o m p a ris o n t o t h ei r h e m at o p oi eti c c o u nt e r p a rts  

U p o n e ntr y i nt o a n i nfl a m m at or y sit e, m a m m ali a n n e utr o p hils ar e r a pi dl y 

a cti v at e d fr o m t h e n aï v e p h e n ot y p e s e e n i n t h e h e m at o p oi eti c c o m p art m e nt, a n d e x hi bit 

p ot e nt hist ot o xi c c a p a biliti es i n cl u di n g p h a g o c yt osis a n d d o w nstr e a m killi n g m e c h a nis ms 

( M ó cs ai, 2 0 1 3; S a di k et al., 2 0 1 1; Wri g ht et al., 2 0 1 0). T o d et er mi n e if t el e ost n e utr o p hils 

s h ar e t his di c h ot o m y, I  c o m p ar e d t h e a nti mi cr o bi al r es p o ns es a m o n g t el e ost n e utr o p hils 

is ol at e d fr o m t h e ki d n e y h e m at o p oi eti c c o m p art m e nt a n d t h e p erit o n e al c h all e n g e sit e of 

g ol dfis h i nj e ct e d wit h 1 ×  P B S-/- or z y m os a n. N e utr o p hils is ol at e d fr o m t h e i nfl a m m at or y 
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sit e e x hi bit e d si g nifi c a ntl y hi g h er r at es of p h a g o c yt osis a n d m ar k e d i n cr e as es i n R O S 

pr o d u cti o n i n c o m p aris o n t o t h eir h e m at o p oi eti c c o u nt er p arts ( Fi g ur e 4. 2 A a n d 4. 2 B). As 

s u c h, I  c h os e t o f o c us o n n e utr o p hils is ol at e d fr o m t h e i nfl a m m at or y sit e i n or d er t o 

e x a mi n e t h eir c o ntri b uti o ns t hr o u g h o ut t h e a c ut e i nfl a m m at or y r es p o ns e.  

 

 
4. 2. 3  I n d u cti o n of t el e ost a c ut e i nfl a m m ati o n r es ults i n m a r k e d m o bili z ati o n of 

n e ut r o p hils f r o m t h e h e m at o p oi eti c c o m p a rt m e nt t o t h e p e ri p h e r al bl o o d  

It is wi d el y r e c o g ni z e d t h at m a n y i nfl a m m at or y r e a cti o ns ar e ass o ci at e d wit h a 

pr o m pt a n d s el e cti v e m o bili z ati o n of n e utr o p hils fr o m t h e b o n e m arr o w t o t h e 

i nfl a m m at or y sit e i n m a m m als ( B o xi o et al., 2 0 0 4; F ur z e a n d R a n ki n, 2 0 0 8; R a n ki n, 

2 0 1 0; S a di k et al., 2 0 1 1) . F urt h er, t el e ost n e utr o p hils h a v e als o b e e n s h o w n t o m o bili z e 

fr o m t h e h e m at o p oi eti c c o m p art m e nt i n m o d els s u c h as t h e z e br afis h a n d gilt h e a d 

s e a br e a m ( C h a v es-P o z o et al., 2 0 1 2, 2 0 0 5; D e n g et al., 2 0 1 3; G ar cí a -C astill o et al., 2 0 0 4; 

H all et al., 2 0 1 2) . A m o n g ot h ers, C/ E B Pβ  a n d N os 2 a ar e criti c al t o t h e i niti ati o n of 

gr a n ul o p oi esis f oll o wi n g i nf e cti o n, a n d C X C L 8 -C X C R 2 si g n ali n g is r e q uir e d f or t h e 

m otilit y a n d m o bili z ati o n of n e utr o p hils fr o m h e m at o p oi eti c tiss u es ( D e n g et al., 2 0 1 3; 

Y a n g et al., 2 0 1 2) . As t h e n e xt st e p i n e x a mi ni n g t h e a c ut e i nfl a m m at or y r es p o ns e i n 

t el e ost fis h, I i n v esti g at e d t h e c o ntri b uti on of t h e h e m at o p oi eti c c o m p art m e nt t o t h e 

m o bili z ati o n of n e utr o p hils i n g ol dfis h. I  f o u n d t h at a dr a m ati c i n cr e as e i n t h e p erit o n e al 

l e u k o c yt es ( Fi g ur e 4. 1 A) c orr el at e d t o a d e cr e as e i n t ot al l e u k o c yt es wit hi n t h e 

h e m at o p oi eti c c o m p art m e nt ( Fi g ur e 4. 8 A). W h e n I  e x a mi n e d t h e n u m b er of l e u k o c yt es 

r e m ai ni n g i n th e h e m at o p oi eti c c o m p art m e nt, I  f o u n d t h at t h e n u m b er of n e utr o p hils 

d e cr e as e d dr a m ati c all y b y 7 0 % at 1 2 h pi ( Fi g ur e 4. 3 A). T his f urt h er c orr el at e d wit h a 
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m ar k e d e arl y d e cr e as e i n l e u k o c yt e pr olif er ati o n ( 8 h pi; Fi g ur e 4. 3 B), w hi c h r et ur n e d t o 

b as al l e v els b y 7 2 h pi. T h e st e a d y i n cr e as e i n pr olif er ati o n b et w e e n 8 a n d 7 2 h pi li k el y 

c o ntri b ut e d t o t h e r e pl e nis h m e nt of t h e d e pl et e d p o ol of h e m at o p oi eti c n e utr o p hils, 

e v e nt u all y r et ur ni n g t o b as al l e v els b et w e e n 4 8 a n d 7 2 h pi.  

F oll o wi n g a n i n vi v o c h all e n g e wit h z y m os a n, t h e pr o p orti o n of cir c ul ati n g 

n e utr o p hils i n cr e as e d n e arl y 1 0 -f ol d, fr o m l ess t h a n 5 % at 0 h pi t o n e arl y 5 0 % of 

cir c ul ati n g l e u k o c yt es b et w e e n 8 a n d 1 8 h pi ( Fi g ur e 4. 3 C). I n c o ntr ast, p eri p h er al bl o o d 

m o n o c yt es p e a k e d at 3 6 h pi ( Fi g ur e 4. 4 C), w h er e as p eri p h er al bl o o d l y m p h o c yt es 

dr o p p e d si g nifi c a ntl y b et w e e n 8 a n d 3 6 h pi ( Fi g ur e 4. 4 D). I nt er esti n gl y, t ot al bl o o d 

l e u k o c yt e c o u nts r e m ai n e d r el ati v el y c o nst a nt t hr o u g h o ut t h e 7 2 h ti m e c o urs e (Fi g ur e 

4. 4 B). H o w e v er, t h e si g nifi c a nt i n cr e as e i n t h e pr o p orti o n of n e utr o p hils wit hi n t h e bl o o d 

b et w e e n 8 a n d 3 6 h pi ( Fi g ur e 4. 3 C), als o r es ult e d i n a si g nifi c a nt i n cr e as e i n t ot al 

n e utr o p hil n u m b ers, w hi c h p e a k e d at 8 h pi ( 8. 4 f ol d o v er b as al l e v els; Fi g u r e 4. 3 D), 

i d e ntif yi n g a p eri o d of n e utr o p hili a wit hi n t h e cir c ul ati n g bl o o d of g ol dfis h. 

 

4. 2. 4  F oll o wi n g a n i n c r e as e i n c x cl 8 e x p r essi o n, n e ut r o p hils r a pi dl y i nfilt r at e t h e 

sit e of i nfl a m m ati o n a n d a cti v at e p ot e nt r es pi r at o r y b u rst r es p o ns es  

I n m a m m als, c h e m ot acti c m e di at ors s u c h as C X C L 8 ar e pr o d u c e d wit hi n 

i nfl a m m at or y sit es a n d r e cr uit n e utr o p hils fr o m cir c ul ati o n ( K a ur a n d Si n g h, 2 0 1 3; 

S c a pi ni et al., 2 0 0 5) . T el e ost m o d els i n cl u di n g z e br afis h a n d c ar p h a v e als o s h o w n 

C X C L 8 t o m e di at e n e utr o p hil r e cr uit m e nt ( d e Oli v eir a et al., 2 0 1 3; D e n g et al., 2 0 1 3; v a n 

d er A a et al., 2 0 1 2) . Usi ng t his as o ur f o u n d ati o n, I w as  i nt er est e d i n d et er mi ni n g if 

C X C L 8 pl a y e d a r ol e i n o ur m o d el. E x a mi n ati o n of C X C L 8 e x pr essi o n d uri n g t h e a c ut e 
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i nfl a m m at or y r es p o ns e t o z y m os a n-i n d u c e d p erit o nitis s h o w e d a si g nifi c a nt i n cr e as e at 

t h e sit e of i nfl a m m ati o n, p e a ki n g at 1 2 h pi a n d r et ur ni n g t o b as al l e v els b y 1 8 h pi ( Fi g ur e 

4. 4 A). T his ris e i n C X C L 8 e x pr essi o n dir e ctl y pr e c e d e d t h e r a pi d i nfl u x of n e utr o p hils 

i nt o t h e p erit o n e u m, w hi c h p e a k e d at 1 8 h pi ( Fi g ur e 4. 5 B). T o g et h er wit h t h e d at a 

pr es e nt e d a b o v e, t his all o w e d us t o d efi n e 0 -1 8 h pi as t h e i n d u cti o n p h as e of t h e a c ut e 

i nfl a m m at or y r es p o ns e i n t his s elf-r es ol vi n g p erit o nitis m o d el. 

As d es cri b e d a b o v e, n e utr o p hils is ol at e d fr o m t h e i nfl a m m at or y sit e dis pl a y e d 

m or e pr o mi n e nt a nti mi cr o bi al r es p o ns es w h e n c o m p ar e d t o t h eir n aï v e c o u nt er p arts. T o 

g ai n f urt h er i nsi g hts i nt o t h e a nti mi cr o bi al p ot e nti al of n e utr o p hils d uri n g t h e t el e ost  

a c ut e i nfl a m m at or y r es p o ns e, I  e x a mi n e d ki n eti cs of R O S pr o d u cti o n a m o n g i nfiltr a t e d 

n e utr o p hils. As e x p e ct e d, I  f o u n d t h at n e utr o p hils dis pl a y e d pr o mi n e nt r es pir at or y b urst 

r es p o ns es u p o n e ntr y i nt o t h e p erit o n e al i nfl a m m at or y sit e. Si mil ar t o t h e t ot al c ell 

p o p ul ati o n, r es pir at or y b urst r es p o ns es p e a k e d at 1 8 h pi  ( Fi g ur e 4.5 C). H o w e v er, u nli k e 

R O S pr o d u cti o n b y t ot al l e u k o c yt es, w hi c h d e cli n e d st e a dil y u ntil 7 2 h pi ( Fi g ur e 1 B), t h e 

r es pir at or y b urst r es p o ns es of n e utr o p hils r et ur n e d t o b as al l e v els b y 3 6 h pi ( Fi g ur e 

4. 5 C).  

 

4. 2. 5  I n c r e as e i n n e ut r o p hil a p o pt osis m a r ks t r ansiti o n t o p r o -r es ol uti o n p h as e  

N e utr o p hil a p o pt osis a n d t h eir s u bs e q u e nt u pt a k e b y p h a g o c yt es is c e ntr al t o t h e 

s u c c essf ul r es ol uti o n of i nfl a m m ati o n i n m a m m als ( L eit c h et al., 2 0 1 1). T h us, I a d dr ess e d 

if t h e i n d u cti o n of n e utr o p hil a p o pt osis m a y als o m ar k t h e tr a nsiti o n b et w e e n pr o -

i nfl a m m at or y a n d pr o-r es ol uti o n r es p o ns es i n t el e ost fis h. I f o u n d t h at t h e pr es e n c e of 

a p o pt oti c n e utr o p hils p e a k e d at 2 4 h pi, s u bs e q u e ntl y d e cr e asi n g t o b as al l e v els b y 7 2 h pi 
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( Fi g ur e 4. 5 D). T his tr a nsiti o n f oll o w e d t h e i n d u cti o n p h as e of a c ut e i nfl a m m ati o n d efi n e d 

a b o v e. I m p ort a ntl y, b et w e e n 2 4 h pi a n d 4 8 h pi, n e utr o p hil c o u nts r e m ai n e d a b o v e b as al 

l e v els e v e n as n e utr o p hil R O S pr o d u cti o n r et ur n e d t o b as eli n e. I h y p ot h esi z e d t h at t his 

r e m ai ni n g s u bs et of vi a bl e n e utr o p hils h a d s hift e d t o w ar ds a pr o-res ol vi n g p h e n ot y p e, 

a cti v el y pr o m oti n g t h e r es ol uti o n of i nfl a m m ati o n.  

 

4. 2. 6  I nfl a m m at o r y n e ut r o p hils c a n m o d ul at e t h e f u n cti o n al r es p o ns es of 

m a c r o p h a g es t h r o u g h s ol u bl e f a ct o rs  

R e c e nt st u di es h a v e hi g hli g ht e d t h e dir e ct c o ntri b uti o n of m a m m ali a n n e utr o p hils 

t o t h e r es ol uti o n of i nfl a m m ati o n, b as e d o n t h e i nt er n ali z ati o n a p o pt oti c c ells ( Es m a n n et 

al., 2 0 1 0; Ri e g er et al., 2 0 1 2)  a n d t h e r el e as e li pi d m e di at ors ( S er h a n, 2 0 1 4; S er h a n et al., 

2 0 0 8; S er h a n a n d S a vill, 2 0 0 5) . I n or d er t o c h ar a ct eri z e t h e eff e ct of t el e ost n e utr o p hils 

o n m a cr o p h a g e f u n cti o n al r es p o ns es, g ol dfis h n e utr o p hils w er e sti m ul at e d i n vi v o a n d 

is ol at e d fr o m t h e p erit o n e u m at 1 8 a n d 4 8 h pi, as d es cri b e d a b o v e. N e utr o p hils w er e 

c ult ur e d f or 2 h i n 0. 4 µ m tr a ns w ells i n t h e pr es e n c e of z y m os a n or a p o pt oti c c ells ( A C) 

t o d et er mi n e if s ol u bl e f a ct ors c o ul d eli cit c h a n g es i n m a cr o p h a g e r es p o ns es o utsi d e of 

t h e tr a ns w ell ( Fi g ur e 4. 6 A). I  f o u n d t h at w h e n i n c u b at e d wit h z y m os a n, n e utr o p hils 

is ol at e d 1 8 h pi i n d u c e d si g nifi c a nt i n cr e as es i n m a cr o p h a g e R O S pr o d u cti o n, c o m p ar e d 

t o n e utr o p hils is ol at e d at 4 8 h pi ( 6 0 % vs. 4 6 % r es p e cti v el y). T his s u g g est e d t h at 

n e utr o p hils fr o m t h e i n d u cti o n p h as e of t his a c u t e i nfl a m m at or y r es p o ns e (is ol at e d at 1 8 

h pi) w er e m or e s uit e d t o a cti v ati n g i nfl a m m at or y m a cr o p h a g e f u n cti o ns t h a n t h os e fr o m 

t h e pr o-r es ol uti o n p h as e (is ol at e d at 4 8 h pi). I n c o ntr ast, w h e n t h es e i n d u cti o n p h as e 

n e utr o p hils w er e i n c u b at e d wit h a p o pt oti c c ells, t h e y dis pl a y e d n o c a p a cit y t o r e d u c e 
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m a cr o p h a g e R O S pr o d u cti o n b el o w b as al l e v els ( Fi g ur e 4. 6 A). T his d ef err e d 

dr a m ati c all y fr o m pr o -r es ol uti o n n e utr o p hils, w hi c h d e cr e as e d m a cr o p h a g e R O S l e v els 

w h e n i n c u b at e d wit h A C ( 2 8 % vs. 3 8 % r es p e cti v el y). T hi s s u g g est e d t h at ( 1.) n e utr o p hils 

r el e as e d s ol u bl e f a ct ors t h at m o d ul at e d m a cr o p h a g e f u n cti o n a n d t h at ( 2.) t h e t y p es of 

s ol u bl e f a ct ors pr o d u c e d ar e l ar g el y d e p e n d e nt o n t h e p h e n ot y p e e x hi bit e d b y is ol at e d 

n e utr o p hils ( pr o -i nfl a m m at or y or pr o-r es ol vi n g). I n a d diti o n, I e x a mi n e d t h e a bilit y of 

n e utr o p hils t o i n d u c e t h e u pt a k e of a p o pt oti c n e utr o p hils b y m a cr o p h a g es. I o bs er v e d n o 

diff er e n c es i n t h e a bilit y of m a cr o p h a g es t o i nt er n ali z e a p o pt oti c n e utr o p hils f oll o wi n g 

sti m ul ati o n u n d er t h es e c o n diti o ns ( Fi g u r e 4. 6 B).  

Li pi d m e di at ors r e pr es e nt k e y i m m u n or e g ul at or y s ol u bl e f a ct ors r el e as e d b y 

n e utr o p hils. T h us, I  i n v esti g at e d t h e p ot e nti al c o ntri b uti o ns fr o m l e u k otri e n e B4  ( L T B4 ), 

k n o w n t o b e i n v ol v e d i n n e utr o p hil r e cr uit m e nt a n d a cti v ati o n ( S a di k et al., 2 0 1 1), a n d 

li p o xi n A4 ( L X A4 ), a n i m p ort a nt m e di at or wit h pr o -r es ol vi n g f u n cti o n ( L e v y et al., 2 0 0 1; 

S er h a n, 2 0 1 4; S er h a n et al., 2 0 0 8) . I f o u n d t h at t h e s e cr eti on of t h e pr o -i nfl a m m at or y 

li pi d L T B4  dis pl a y e d v er y si mil ar ki n eti cs t o t h os e of C X C L 8  ( Fi g ur e 4. 7 A). A 

si g nifi c a nt i n cr e as e i n L T B 4  ( ~ 7 5 p g p er 5 x 1 05  n e utr o p hils) w as f o u n d b et w e e n 8 a n d 1 2 

h pi, f oll o w e d b y a n i m m e di at e r et ur n t o b as al l e v els. I n c o ntr ast, L X A 4  p e a k e d ( ~ 3 0 0 

pi c o gr a ms p er 5 x 1 0 5  n e utr o p hils) d uri n g t h e p ut ati v e tr a nsiti o n p oi nt t o t h e pr o -

r es ol uti o n p h as e ( 2 4 h pi; Fi g ur e 4. 7 B). A c o m p a ris o n b et w e e n n e utr o p hil, m o n o n u cl e ar 

c ell a n d s ol u bl e e x u d at e fr a cti o ns c o nfir m e d t h at n e utr o p hils w er e t h e pri m ar y pr o d u c ers 

of L T B 4  a n d L X A 4  (Fi g ur e 4. 8 ). I nt er esti n gl y, p e a k L X A4  r el e as e at 2 4 h pi p ar all el e d t h at 

of p e a k n e utr o p hil a p o pt osis, s u p p orti n g t his as a tr a nsiti o n p oi nt t o w ar ds t h e r es o l uti o n 

of a c ut e i nfl a m m ati o n. I  n e xt d et er mi n e d if t h es e li pi d m e di at ors als o i n d u c e d a ut o cri n e 



	 1 5 2 	

eff e cts o n n e utr o p hils. I f o u n d t h at sti m ul ati o n wit h L T B4  pr o m ot e d i n cr e as e d r es pir at or y 

b urst r es p o ns es i n b ot h n aï v e n e utr o p hils is ol at e d fr o m t h e h e m at o p oi eti c ki d n e y a n d 

i nfl a m m at or y n e utr o p hils is ol at e d fr o m t h e p erit o n e al c a vit y at 1 8 h pi. W h er e as a d os e -

d e p e n d e nt eff e ct w as e vi d e nt i n h e m at o p oi eti c ki d n e y P M N ( Fi g ur e 4. 7 C), p erit o n e al 

c a vit y P M N dis pl a y e d c o nsi st e nt hi g h l e v els of R O S pr o d u cti o n ( Fi g ur e 4. 7 D). T his is 

li k el y ass o ci at e d wit h t h e a cti v at e d st at us of i nfl a m m at or y P M N i nfiltr ati n g t h e p erit o n e al 

c o m p art m e nt.  Pri m ar y m a cr o p h a g es w er e t h e n sti m ul at e d i n vitr o wit h L T B 4  or L X A 4  at 

v ar yi n g c o n c e ntr ati o ns f or 2 h. Alt h o u g h L T B 4  h as b e e n s h o w n t o a cti v at e i ntr a c ell ul ar 

killi n g m e c h a nis ms of m uri n e p erit o n e al m a cr o p h a g es ( Wirt h a n d Ki ers z e n b a u m, 1 9 8 5), 

L T B 4  h a d littl e eff e ct o n t el e ost pri m ar y ki d n e y m a cr o p h a g e  r es p o ns es ( Fi g ur e 4. 7 E). 

C o n v ers el y, L X A 4  t e n d e d t o d e cr e as e m a cr o p h a g e R O S pr o d u cti o n at all c o n c e ntr ati o ns 

e x a mi n e d ( Fi g ur e 4. 7 E). I n a d diti o n, sti m ul ati o n wit h L X A 4  als o r es ult e d i n a si g nifi c a nt 

i n cr e as e i n m a cr o p h a g e u pt a k e of a p o pt oti c n e utr o p hils i n a d os e d e p e n d e nt m a n n er 

( Fi g ur e 4. 7 F). M a cr o p h a g es sti m ul at e d wit h t h e hi g h est c o n c e ntr ati o n of li p o xi n A 4  ( 2 9 0 

p g) dis pl a y e d a f o ur -f ol d i n cr e as e i n a p o pt oti c n e utr op hil u pt a k e o v er u nsti m ul at e d l e v els 

( Fi g ur e 4. 7 F).  

 

4. 3  Dis c u s si o n  

T h e a c ut e i nfl a m m at or y r es p o ns e r e q uir es pr o p er c o or di n ati o n of b ot h pr o - a n d 

a nti -i nfl a m m at or y r es p o ns es f or eff e cti v e d ef e n c es a g ai nst i nf e cti o n, t h e r e m o v al of 

d a m a g e d c ells, a n d t h e i niti ati o n of tiss u e r e p air pr o c ess es.  Si mil ar t o pr e vi o us st u di es i n 

m a m m als t h at h a v e e x a mi n e d z y m os a n -i n d u c e d i nfl a m m ati o n ( M e d z hit o v a n d O ki n, 

2 0 1 2; Y a m a d a et al., 2 0 1 1) , i ntr a p erit o n e al i nj e cti o n of z y m os a n i nt o g ol dfis h r es ult e d i n 
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s u bst a nti al c ell u l ar i nfiltr ati o n a n d m ar k e d i n cr e as es i n t h e g e n er ati o n of a nti mi cr o bi al 

pr o d u cts  a n d s ol u bl e m e di at ors . B as e d o n t his m o d el, 7 2 h pr o vi d e d a n a d e q u at e 

o bs er v ati o n p eri o d f or e x a mi n ati o n of t h e i n d u cti o n, r e g ul ati o n, a n d r es ol uti o n of a c ut e 

i nfl a m m at or y r es p o ns es ( K ol a c z k o ws k a et al., 2 0 1 0).  

N e utr o p hils  ar e ess e nti al first -li n e eff e ct or c ells of i n n at e i m m u nit y; t h eir 

r e cr uit m e nt i nt o p eri p h er al tiss u es is c e ntr al t o h ost d ef e ns e a g ai nst i n v a di n g p at h o g e ns. 

I n m a m m als, n e utr o p hils s p e n d t h e m aj orit y of t h eir li v es i n b o n e m arr o w, w h er e 5 x 1 0 1 0  

t o 1 0 x 1 01 0  n e w n e utr o p hils ar e g e n er at e d e a c h d a y ( S u m m ers et al., 2 0 1 0). A l ar g e 

st or a g e p o ol of m at ur e n e utr o p hils e xists h er e, t er m e d t h e b o n e m arr o w r es er v e ( 1 2– 1 4) . 

U p o n r e c ei vi n g t h e a p pr o pri at e si g n als, t his p o ol c a n b e r a pi dl y m o bili z e d t o r es p o n d t o 

a n i nf e cti o n or i nfl a m m at or y c h all e n g e ( B o xi o et al., 2 0 0 4; F ur z e a n d R a n ki n, 2 0 0 8; 

R a n ki n, 2 0 1 0) , r es ulti n g i n a dr a m ati c ris e i n t h e n u m b er of cir c ul ati n g n e utr o p hils. M y  

r es ults ar e c o nsist e nt wit h t h os e fr o m m a m m als, w h er e t h e n u m b er of n e utr o p hils wit hi n 

t h e h e m at o p oi eti c tiss u e of g ol dfis h d e cr e as e d b y n e arl y 7 0 % wit hi n 1 2 h pi. N e utr o p hil 

d e pl eti o n i n t h e h e m at o p oi eti c c o m p art m e nt l e d t o a r a pi d ris e i n p eri p h er al bl o o d 

n e utr o p hils, wit h t h e n u m b er of cir c ul ati n g n e utr o p hils i n cr e asi n g 8. 4 f ol d o v er b as al 

l e v els. N ot a bl y, d uri n g t his p eri o d, t h er e w as als o a dr a m ati c d e cr e as e i n pr olif er ati o n 

wit hi n t h e h e m at o p oi eti c c o m p art m e nt. T h e l a c k of pr olif er ati o n, r a pi d r el e a s e of 

n e utr o p hils fr o m t h e ki d n e y, a n d i n cr e as e i n p eri p h er al bl o o d n e utr o p hils i n di c at e d t h at a 

st or a g e p o ol of n e utr o p hils e xists wit hi n t h e h e m at o p oi eti c tiss u e of g ol dfis h, si mil ar t o 

m a m m als. H o w e v er, m a m m ali a n n e utr o p hils r e pr es e nt t h e l ar g est p o p ul a ti o n of 

cir c ul ati n g l e u k o c yt es d uri n g h o m e ost asis. T his is n ot t h e c as e i n t el e ost fis h, w h er e 

l y m p h o c yt es ar e t h e d o mi n a nt cir c ul ati n g l e u k o c yt e ( R a m as a m y H ari kris h n a n et al., 
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2 0 0 9) . T his s u g g ests t h at t el e ost fis h ar e f ar m or e d e p e n d e nt o n t h e h e m at o p oi eti c st or a g e 

p o ol of n e utr o p hils, w hi c h li k el y r e pr es e nts t h e m aj orit y of m at ur e n e utr o p hils t h at c a n 

tr affi c t o a n d i nfiltr at e t h e sit e of i nfl a m m ati o n. I n m a m m als, m a n y of t h e n e utr o p hils 

i nfiltr ati n g t h e sit e of i nfl a m m ati o n ar e pr es u m a bl y alr e a d y i n cir c ul ati o n. T h eir 

h e m at o p oi eti c st or a g e p o ol m a y t h e n e xist as a m e a ns t o r e pl e nis h p eri p h er al bl o o d 

n e utr o p hils f oll o wi n g d e pl eti o n. C o ns e q u e ntl y, m a m m ali a n n e utr o p hils m a y b e a bl e t o 

r es p o n d m or e r a pi dl y t o a c ut e i nj ur y or p at h o g e n c h all e n g e. I m p ort a ntl y, t his w o ul d als o 

c o m e at t h e e x p e ns e of o n e r e g ul at or y s af e g u ar d f or t h e r el e as e of t h es e p ot e nt eff e ct or 

c ells fr o m t h e h e m at o p oi eti c c o m p art m e nt. 

Di v ers e c h e m o attr a ct a nts, s u c h as C X C L 8 a n d L T B 4  ( d e Oliv eir a et al., 2 0 1 3; 

K a ur a n d Si n g h, 2 0 1 3; S c a pi ni et al., 2 0 0 5, 2 0 0 0) , c a n a ct t o r e cr uit n e utr o p hils t o a sit e 

of i nfl a m m ati o n. H o w e v er, gi v e n t h eir d estr u cti v e p ot e nti al t o h ost tiss u es, n e utr o p hil 

e ntr y m ust b e ti g htl y r e g ul at e d ( S e g el et al., 2 0 1 1; Wri g ht et al., 2 0 1 0). I n z e br afis h, 

i n cr e as es i n C X C L 8 e x pr essi o n c a n b e s e e n wit hi n h o urs of w o u n di n g ( d e Oli v eir a et al., 

2 0 1 3) . F urt h er, C X C L 8 is u pr e g ul at e d i n r es p o ns e t o a c ut e i nfl a m m at or y sti m uli, criti c al 

f or n or m al n e utr o p hil r e cr uit m e nt t o t h e w o u n d a n d r es ol uti o n of i nfl a m mati o n ( d e 

Oli v eir a et al., 2 0 1 3) . I n a si mil ar m a n n er, d uri n g i n d u c e d at o pi c d er m atitis i n mi c e a n d 

h u m a ns, t h e i nfl u x of n e utr o p hils w as l ar g el y d e p e n d e nt o n t h e g e n er ati o n of L T B 4  b y 

n e utr o p hils i n a n a ut o cri n e m a n n er ( O y os hi et al., 2 0 1 2). I s h o w h er e t h at b ot h C X L 8 

e x pr essi o n a n d L T B 4  pr o d u cti o n i n cr e as e r a pi dl y at t h e sit e of i nfl a m m ati o n b et w e e n 8 

a n d 1 2 h pi. T his pr o vi d es t w o p ot e nti al c o ntri b ut ors t o t h e r a pi d r e cr uit m e nt of 

n e utr o p hils t o t h e sit e of i nfl a m m ati o n i n t el e osts. F urt h er, t h e n arr o w wi n d o w i n w hi c h 

C X C L 8 e x pr essi o n a n d L T B 4  pr o d u cti o n i n cr e as e d ar e c o nsist e nt wit h ti g ht r e g ul ati o n of 
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t his pr o c ess fr o m t h e i nfl a m m at or y sit e. T h e m aj orit y of L T B4  w as pr o d u c e d  b y 

n e utr o p hils at 1 2 h pi ( 5 1 p g p er 5 x 1 0 5  c ells; S u p pl e m e nt al Fi g ur e 2). I n c o ntr ast, 

m o n o n u cl e ar c ells (l y m p h o c yt es, m o n o c yt es, a n d m a cr o p h a g es) w er e f o u n d t o pr o d u c e 

l o w l e v els of L T B4  at t his ti m e p oi nt ( 1 4 p g p er 5 x 1 0 5  c ells; S u p pl e m e nt al Fi g ur e 2). 

L T B 4  w as s h o w n t o i n cr e as e t h e pr o d u cti o n of R O S i n b ot h n aï v e a n d i nfl a m m at or y 

n e utr o p hils. M y  r es ults hi g hli g ht t h e c o m pl e m e nt ar y a ut o cri n e eff e ct b y w hi c h li pi ds c a n 

aff e ct t el e ost n e utr o p hils at a n d ar o u n d t h e sit e of i nfl a m m ati o n.  

I f o u n d t h at n e utr o p hil i nfiltr ati o n i nt o t h e p erit o n e al c a vit y p e a k e d dir e ctl y aft er 

t h e s pi k e i n C X C L 8 a n d L T B4  at 1 8 h pi, c orr el ati n g w ell wit h pr e vi o usl y p u blis h e d d at a 

fr o m C h a d zi ns k a a n d c oll e a g u es w h er e c ell ul ar i nfiltr ati o n p e a k e d b et w e e n 1 6 a n d 2 4 h pi 

( C h a d zi ns k a et al., 2 0 0 4). In d u cti o n of pr o -i nfl a m m at or y a nti mi cr o bi al r es p o ns es 

c orr el at e d w ell wit h l e u k o c yt e r e cr uit m e nt, as m a xi m a l R O S pr o d u cti o n w as o bs er v e d 

d uri n g p e a k i nfiltr ati o n ( 1 8 h pi).  I nt er esti n gl y, t his als o c orr el at es wit h i n cr e as e d 

e x pr essi o n of pr o -i nfl a m m at or y c yt o ki n es wit hi n t h e p erit o n e al c a vit y, w hi c h ar e li k el y 

i n v ol v e d, at l e ast it p art, i n a cti v ati n g n e utr o p hils u p o n arri v al. It s h o ul d b e n ot e d t h at n ot 

e v er y c yt o ki n e e x erts its aff e ct o n e v er y c ell, a n d t h e ti mi n g of c yt o ki n e pr o d u cti o n a n d 

r el e as e ar e criti c al t o s uit a bl e i nfl a m m at or y a cti v ati o n a n d m o d ul ati o n. F urt h er, ot h er 

s ol u bl e eff e ct ors, i n cl u di n g li pi d  m e di at ors c a n als o  i m p a ct c yt o ki n e pr o d u cti o n a n d 

r el e as e ( Willi a ms a n d S h a ct er, 1 9 9 7). W h e n c o m p ar e d t o a m a m m ali a n m o d el , n e utr o p hil 

i nfl u x w as f o u n d t o p e a k b et w e e n 4 a n d 6 h pi in a m uri n e z y m os a n -i n d u c e d p erit o nitis 

m o d el ( C as h et al., 2 0 0 9; F uji e d a et al., 2 0 1 3; K ol a c z k o ws k a et al., 2 0 1 0) , t h o u g h 

n e utr o p hil s p e cifi c r es p o ns es w er e n ot e x a mi n e d. A s e c o n d m uri n e st u d y s h o w e d t ot al 

l e u k o c yt e R O S pr o d u cti o n p e a ki n g at 8 h pi ( Ri e g er et al., 2 0 1 2). T h e q ui c k er r es p o ns e 
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ti m e of m a m m ali a n n e utr o p hils m a y b e ass o ci at e d wit h f a ct ors: ( 1.) n e utr o p hils ar e t h e 

d o mi n a nt cir c ul ati n g l e u k o c yt e i n  m a m m als a n d t h us s h o ul d b e a bl e t o r es p o n d q ui c k er t o 

a n i nf e cti o n c o m p ar e d t o t el e ost fis h w h er e t h e y o nl y r e pr es e nt a p pr o xi m at el y 5 % of t h e 

cir c ul ati n g l e u k o c yt es, a n d ( 2.) r esi d e nt p erit o n e al c ells i n mi c e m a y dis pl a y a n e n h a n c e d 

c a p a cit y f or r e cr uit m e nt t o t h e i nfl a m m at or y sit e i n c o m p aris o n t o t h eir t el e ost 

c o u nt er p arts.  I m p ort a ntl y, t h e i n d u cti o n of i nfl a m m ati o n w as f oll o w e d b y a c o ntr oll e d 

r es ol uti o n p h as e of i nfl a m m ati o n, w h er e c ell c o u nts, R O S pr o d u cti o n, a n d t h e e x pr essi o n 

of pr o -i nfl a m m at or y c yto ki n es r et ur n e d t o b as al l e v els b et w e e n 2 4 a n d 7 2 h pi.   

T h e r es ol uti o n of i nfl a m m ati o n is criti c al t o m ai nt ai n h ost h e alt h. O n e i m p ort a nt 

st e p t o w ar d r es ol uti o n is t h e i n d u cti o n of pr o gr a m m e d c ell d e at h i n i nfl a m m at or y c ells. 

Gi v e n t h e p ot e nti all y d estr u ct i v e n at ur e of n e utr o p hils at a n i nfl a m m at or y sit e, t h eir h alf-

lif e is v er y s h ort, a n d t h e r e m o v al of a p o pt oti c n e utr o p hils b y m a cr o p h a g es is b eli e v e d t o 

b e a cr u ci al c o m p o n e nt dri vi n g t h e r es ol uti o n of i nfl a m m ati o n ( Er wi g a n d H e ns o n, 2 0 0 7; 

H asl ett et al., 1 9 9 4) . It w as pr e vi o usl y t h o u g ht t h at t h e i nt er n ali z ati o n of a p o pt oti c c ells 

w as a n i m m u n ol o gi c all y n e utr al e v e nt; h o w e v er, t h er e is n o w e vi d e n c e i n di c ati n g t h e 

i nt er n ali z ati o n or bi n di n g of a p o pt oti c n e utr o p hils b y m a cr o p h a g es i n vi v o a n d i n vitr o 

pr o m ot es t h e pr o d u cti o n of a nti -i nfl a m m at or y m e di at ors, n ot a bl y I L-1 0 a n d T G F -β  

( F a d o k et al., 1 9 9 8; V oll et al., 1 9 9 7). A m o n g ot h ers, t h e s hift i n b al a n c e b et w e e n T N F-α  

a n d T G F -β  f urt h er c o ntri b ut es t o t h e ‘ q u e n c hi n g’ of r e a cti v e o x y g e n a n d nitr o g e n s p e ci es 

( S eri n k a n et al., 2 00 5) . I nt er esti n gl y, I f o u n d n e utr o p hils b e g a n e nt eri n g t h e a p o pt oti c 

c as c a d e d uri n g t h e i n d u cti o n of i nfl a m m ati o n ( 0 -1 8 h pi), si g nif yi n g a gr a d u al s wit c h t o 

pr o -r es ol vi n g r es p o ns es. Of n ot e, it is diffi c ult t o g a u g e t h e e x a ct a m o u nt of n e utr o p hil 

a p o pt osis at t h e sit e of i nfl a m m ati o n d u e t o c o nf o u n di n g iss u es: ( 1.) a p o pt oti c n e utr o p hils 
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ar e r a pi dl y e n g ulf e d b y m a cr o p h a g es, a n d ( 2.) m a n y a p o pt oti c b o di es ar e l ost d uri n g 

is ol ati o n d u e t o si z e a n d d e nsit y. As s u c h, I b eli e v e t h at m y  r es ults ar e a c o ns er v ati v e 

esti m at e of w h e n m a xi m al a p o pt oti c n e utr o p hils ar e li k el y t o b e f o u n d at t h e 

i nfl a m m at or y sit e.  

  T h e b al a n c e b et w e e n p at h o g e ni c a n d h o m e ost ati c si g n als is  cr u ci al f or eff e cti v e 

p at h o g e n cl e ar a n c e wit h mi ni m al d a m a g e t o s urr o u n di n g h ost tiss u es ( M e d z hit o v, 2 0 0 7). 

M a cr o p h a g es ar e w ell k n o w n t o i nt er n ali z e a p o pt oti c c ells a n d s u bs e q u e ntl y d o w n -

r e g ul at e t h eir pr o-i nfl a m m at or y r es p o ns es (J o h a n n et al., 20 0 5; Ri e g er et al., 2 0 1 2; 

Z a m b o ni a n d R a bi n o vit c h, 2 0 0 3) . I n a d diti o n, h u m a n a n d m uri n e n e utr o p hils a cti v at e d e x 

vi v o  p oss ess t h e c a p a cit y t o i nt er n ali z e a p o pt oti c c ells, r es ulti n g i n d e cr e as e d R O S 

pr o d u cti o n ( Es m a n n et al., 2 0 1 0; Ri e g er et al., 2 0 1 2). T his est a blis h es m a m m ali a n 

m a cr o p h a g es a n d n e utr o p hils as a cti v e c o ntri b ut ors t o t h e r es ol uti o n of i nfl a m m ati o n. W e 

h a v e pr e vi o usl y s h o w n t his c a p a cit y  t o e xt e n d t o m a cr o p h a g es, b ut n ot n e utr o p hils, i n 

t el e ost fis h ( Ri e g er et al., 2 0 1 2). D es pite o ur  c urr e nt fi n di n gs, t h er e is a p ossi bilit y t h at 

t h er e m a y b e s p e cifi c i nst a n c es w h e n t el e ost n e utr o p hils d o i nt er n ali z e a p o pt oti c c ells. I n 

o n e c as e, z e br afis h n e utr o p hils w er e s h o w n t o i nt er n ali z e a p o pt oti c m a cr o p h a g es i nf e ct e d 

wit h M y c o b a ct eri u m m ari n u m ( Y a n g et al., 2 0 1 2). H o w e v er, o n e w o ul d pr e di ct 

si g nifi c a nt a cti v ati o n of p att er n r e c o g niti o n r e c e pt ors u n d er t h es e c o n diti o ns, li k el y 

r e n d eri n g t h es e i nf e ct e d a p o pt oti c c ells p o or c o ntri b ut ors t o t h e r es ol uti o n of 

i nfl a m m ati o n t h at is n or m all y e x hi bit e d d uri n g a cl assi c al a c ut e i nfl a m m at or y pr o c ess. 

  M y  r es ults als o i n di c at e t h at t el e ost n e utr o p hils ar e c a p a bl e of alt eri n g t h eir 

p h e n ot y p e t hr o u g h o ut t h e a c ut e i nfl a m m at or y r es p o ns e, c o ntri b uti n g t o b ot h t h e 

i n d u cti o n a n d r es ol uti o n of i nfl a m m ati o n. T w o p h as es of t h e a c ut e i nfl a m m at or y 
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r es p o ns e i n t el e ost fis h b e c a m e a p p ar e nt: ( 1.) a n i n d u cti o n p h as e of a c ut e i nfl a m m ati o n 

fr o m 0-1 8 h pi, a n d ( 2.) a pr o -r es ol vi n g p h as e fr o m 2 4-7 2 h pi ( Fi g ur e 7). T h e p eri o d 

b et w e e n ( 1 8 -2 4 h pi) r e pr es e nts a tr a nsiti o n p oi nt b et w e e n t h es e t w o p h as es, w h er e 

di v er g e nt pr o - a n d a nt i-i nfl a m m at or y r es p o ns es o v erl a p. N e utr o p hils is ol at e d d uri n g t h e 

i n d u cti o n p h as e ( 1 8 h pi) w er e o nl y a bl e t o i n d u c e R O S pr o d u cti o n i n m a cr o p h a g es. 

H o w e v er, n e utr o p hils is ol at e d d uri n g t h e pr o -r es ol vi n g p h as e ( 4 8 h pi) als o p oss ess t h e 

c a p a cit y t o d o w n -r e g ulat e m a cr o p h a g e R O S pr o d u cti o n. Alt h o u g h I  o bs er v e d n o c h a n g e 

i n t h e a bilit y t o sti m ul at e a n i n cr e as e d u pt a k e of a po pt oti c c ells b y m a cr o p h a g es, I  

r e c o g ni z e d t his as a p ossi bilit y u n d er diff er e nt e x p eri m e nt al c o n diti o ns. I a m c urr e ntl y 

p urs ui n g t w o p ot e nti a l m o difi c ati o ns, 1) n e utr o p hils n e e d t o b e is ol at e d at a diff er e nt ti m e 

p oi nt; a n d 2 ) t h e t y p e of m a cr o p h a g e (i. e. i nfl a m m at or y vs. ki d n e y d eri v e d) us e d f or t h e 

ass a y.  

W e  h a v e pr e vi o usl y s h o w n t h at, i n t h e pr es e n c e of a p o pt oti c c ells, t el e ost 

n e utr o p hils pr o d u c e s ol u bl e f a ct ors t h at c a n m o d ul at e m o n o c yt e a n d m a cr o p h a g e 

r es p o ns es ( Ri e g er et al., 2 0 12) . H o w e v er, t h es e pr e vi o us e x p eri m e nts w er e d o n e wit h 

n e utr o p hils fr o m t h e tr a nsiti o n p oi nt ( 2 4 h pi). It h as b e e n s h o w n i n m a m m als t h at li pi d 

m e di at ors ar e o n e t h e pri m ar y s ol u bl e f a ct ors pr o d u c e d b y n e utr o p hils. As s u c h, I  

e x a mi n e d t h e pr o d u cti o n of l i pi d m e di at ors t hr o u g h o ut a n a c ut e i nfl a m m at or y r es p o ns e. I 

f o u n d a s hift i n t h e pr o d u cti o n of l e u k otri e n e B4  t o li p o xi n A4  i n n e utr o p hils d uri n g t h e 

tr a nsiti o n p h as e ( 1 8-2 4 h pi) of a c ut e i nfl a m m ati o n ( Fi g ur e 6 C a n d F i g ur e 7), f urt h er 

s u p p orti n g m y  ar g u m e nt of m ulti -p h e n ot y pi c n e utr o p hils. As pr e vi o usl y m e nti o n e d, 

L T B 4  s e cr eti o n p ar all els t h at of i n cr e as e d C X C L 8 e x pr essi o n wit hi n t h e i nfl a m m at or y 

mili e u. C urr e nt m o d els pr o p os e t h at L T B 4  a cts as a s e c o n d ar y c h e m o attr a ct a nt i m p ort a nt 
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i n i niti ati n g t h e i nfl a m m at or y pr o c ess, i n di c ati n g t h at t el e ost n e utr o p hils m a y b e a cti v el y 

i n v ol v e d i n r e cr uiti n g m or e n e utr o p hils t o t h e i nfl a m m at or y sit e. F urt h er, L T B4  h as b e e n 

i m pli c at e d i n t h e a cti v ati o n of n e utr o p hils t hr o u g h B L T 1 r e c e pt or e n d o c yt osis, i n d u ci n g 

d e gr a n ul ati o n a n d i n cr e as e d r es pir at or y b urst r es p o ns es ( D e w al d a n d B a g gi oli ni, 1 9 8 5; 

G a u dr e a ult et al., 2 0 0 5) . O n t h e ot h er h a n d, L X A4  s e cr eti o n p ar all el e d t h at of n e utr o p hil 

a p o pt osis, p e a ki n g 2 4 h pi. L X A 4  ai ds i n t h e u pt a k e of a p o pt oti c c ells b y m a cr o p h a g es, 

pl a yi n g a n i m p ort a nt r ol e i n t h e r es ol uti o n of i nfl a m m ati o n ( G o ds o n et al., 2 0 0 0; Mit c h ell 

et al., 2 0 0 2) . Si mil arl y, I  f o u n d t h at m a cr o ph a g e i nt er n ali z ati o n of a p o p t oti c n e utr o p hils 

i n cr e as e d i n as m or e li p o xi n w as a d d e d, s u g g esti n g n e utr o p hils a p p e ar t o p arti ci p at e i n 

t h e r es ol uti o n of i nfl a m m ati o n b y sti m ul ati n g m a cr o p h a g es wit h L X A4  pri or t o e nt eri n g 

a p o pt osis. L X A 4  als o c o ntri b ut e d t o d o w nr e g ul ati n g R O S pr o d u cti o n i n m a cr o p h a g es a n d 

i nfl a m m at or y n e utr o p hils, s u g g esti n g t his pr o -r es ol vi n g li pi d m a y pl a y a br o a d er r ol e 

t h a n pr e vi o usl y d es cri b e d. I nt er esti n gl y, m a cr o p h a g es pr o d u c e a si g nifi c a nt a m o u nt of 

ar a c hi d o ni c a c i d, o n e of t h e n e c ess ar y pr e c urs ors t o li pi d m e di at or pr o d u cti o n, 

hi g hli g hti n g t h e n e e d f or l e u k o c yt e c oll a b or ati o n t hr o u g h o ut t h e i m m u n e r es p o ns e.  

B as e d o n m y  fi n di n gs, t h e i n d u cti o n p h as e of a c ut e z y m os a n p erit o nitis l asts fr o m 

0 -1 8 h pi i n t el e osts ( Fi g u r e 4. 9 ). It is m ar k e d b y s u bst a nti al i n cr e as es i n pr o-

i nfl a m m at or y c yt o ki n e e x pr essi o n, l e u k o c yt e i nfiltr ati o n, a n d r o b ust a nti mi cr o bi al 

r es p o ns es. At t his p oi nt a tr a nsiti o n p eri o d of o v erl a p pi n g di v er g e nt pr o- a n d a nti -

i nfl a m m at or y r es p o ns es o c c urs, pri mi n g t he e n vir o n m e nt al mili e u f or t h e r es ol uti o n of 

i nfl a m m ati o n ( 1 8-2 4 h pi; Fi g ur e 4. 9 ). D uri n g t his tr a nsiti o n I o bs er v e d  pr o -i nfl a m m at or y 

c yt o ki n e e x pr essi o n r et ur n t o b as al l e v els, a s wit c h i n t h e s e cr eti o n of li pi d m e di at ors 

fr o m L T B4  t o L X A4 , a n d a n i n cr e ase i n a p o pt ot i c n e utr o p hils. O n t his n ot e, I h y p ot h esi z e 
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t h e s wit c h i n s ol u bl e li pi d m e di at ors is m e di at e d, at l e ast i n p art, b y t h e s e cr eti o n of 

pr ost a gl a n di n E 2  ( P G E2 ) fr o m m o n o c yt es, m a cr o p h a g es , a n d e pit h eli al c ells, w hi c h I a m 

c urr e ntl y p urs ui n g. T h e f i n al p eri o d of a c ut e p erit o nitis is pr o-r es ol uti o n p eri o d fr o m 2 4-

7 2 h pi, r es ulti n g i n a r et ur n t o h o m e ost asis ( Fi g ur e 4. 9 ). I nt er esti n gl y, h o m e ost asis is n ot 

a n e x a ct st at e a n d ot h er e v e nts m a y still b e o n g oi n g, s u c h as l y m p h o c yt e r e cr uit m e nt a n d 

t h e i niti ati o n of a d a pti v e r es p o ns es. M y r es ults pr o vi d e a d d e d i nsi g hts i nt o t h e 

m e c h a nis ms b y w hi c h n e utr o p hils c o ntri b ut e t o t h e i n d u cti o n a n d r e g ul ati o n of a c ut e 

i nfl a m m at or y pr o c ess es. I n a d diti o n, t h e r es ults hi g hli g ht t h e i n v ol v e m e nt of n e utr o p hils 

i n at l e ast t h e i niti ati o n of r es ol vi n g e v e nts, w h er e t h e y pl a y a si g nifi c a nt r ol e i n li p o xi n 

pr o d u cti o n a n d t h e sti m ul ati o n of m a cr o p h a g es t o t a k e u p a p o pt oti c n e utr o p hils.   
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Fi g u r e 4 . 1. I nt r a p e rit o n e al  a d mi nist r ati o n of z y m os a n i n g ol dfis h i n d u c es m a r k e d 
i nfilt r ati o n of l e u k o c yt es t h at is li n k e d t o hi g h l e v els of p r o-i nfl a m m at o r y m e di at o rs. 

 
G ol dfis h w er e i nj e ct e d i ntr a p erit o n e all y wit h 2. 5 m g of z y m os a n. C ells w er e h ar v est e d b y 
p erit o n e al l a v a g e at 0 h  (s ali n e al o n e), 8, 1 2, 1 8, 2 4, 3 6, 4 8, a n d 7 2 h, a n d c o u nt e d or us e d 
f or R N A e xtr a cti o n. ( A) C ells p er l a v a g e at t h e i n di c at e d ti m e p oi nts ( n = 5). ( B) 
R es pir at or y b urst c a p a cit y i n is ol at e d c ells at t h es e ti m e p oi nts w as d et er mi n e d vi a D H R 
st ai ni n g ( n = 5). ( C) C yt o ki n e l e v els w er e m e as ur e d b y Q-P C R. Z y m os a n i n d u c e d a 
g e n er al i n cr e as e i n pr o -i nfl a m m at or y c yt o ki n e e x pr essi o n l e v els i n t h e e arl y st a g es of t h e 
ti m e c o urs e. E a c h li n e r e pr es e nts a n i n di vi d u al fis h ( n = 4). ( D) S u d a n Bl a c k st ai ni n g w as 
us e d t o d et er m i n e t h e pr o p orti o n of n e utr o p hils i n t h e p erit o n e al e x u d at e at 1 8 h pi ( n = 5). 
R e pr es e nt ati v e i m a g es s h o w n e utr o p hils p ositi v e f or S u d a n Bl a c k st ai ni n g, as w ell as a 
S u d a n Bl a c k n e g ati v e m o n o c yt e/ m a cr o p h a g e a n d l y m p h o c yt e. All st atisti cs c orr es p o n d t o 
a si g n ifi c a n c e of p < 0. 0 5 usi n g a o n e-w a y A N O V A; * si g nifi c a ntl y diff er e nt fr o m 0 h pi, ‡ 
si g nifi c a ntl y diff er e nt fr o m 1 8 h pi.  
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Fi g u r e 4 . 2. P e rit o n e al n e ut r o p hils dis pl a y i n c r e as e d p h a g o c yti c a n d r es pi r at o r y 
b u rst c a p a cit y i n c o m p a ris o n t o t h ei r h e m at o p oi eti c c o u nt e r p a rts.  
 
G ol dfis h w er e i nj e ct e d i ntr a p erit o n e all y wit h 1 x P B S -/- or 2. 5 m g of z y m os a n. N e utr o p hils 
w er e is ol at e d fr o m t h e h e m at o p oi eti c ki d n e y tiss u e a n d p erit o n e al e x u d at e. ( A) 
P h a g o c yti c c a p a cit y o f n e utr o p hils. S oli d bl a c k b ars r e pr es e nt i nt er n ali z ati o n, a n d 
h at c h e d w hit e b ars c orr es p o n d t o s urf a c e bi n di n g of p arti cl es ( n = 4). R e pr es e nt ati v e 
i m a g es fr o m I m a g e Str e a m M KII fl o w c yt o m et er d e n ot e n o n-p h a g o c yti c ( n -P h), s urf a c e 
b o u n d ( S B), a n d i nt er n ali z e d (I nt) e v e nts. ( B) R es pir at or y b urst c a p a cit y of n e utr o p hils 
( n = 4). All st atisti cs c orr es p o n d t o a si g nifi c a n c e of p < 0. 0 5 usi n g a o n e -w a y A N O V A; * 
si g nifi c a ntl y diff er e nt fr o m P B S i nj e cti o n ( ki d n e y n e utr o p hils), + si g nifi c a ntl y diff er e nt 
fr o m z y m i nj e cti on ( ki d n e y n e utr o p hils), † si g nifi c a ntl y diff er e nt fr o m P B S i nj e cti o n 
( p erit o n e al n e utr o p hils). 
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Fi g u r e 4 . 3. I nt r a p e rit o n e al a d mi nist r ati o n of z y m os a n i n d u c es a n effl u x of 
n e ut r o p hils f r o m t h e h e m at o p oi eti c  tiss u e i nt o ci r c ul ati o n. 
 
G ol dfis h w er e i nj e ct e d i ntr a p erit o n e all y wit h 2. 5 m g of z y m os a n f or 0, 8, 1 2, 1 8, 2 4, 3 6, 
4 8, or 7 2 h. Pri or t o ki d n e y is ol ati o n, g ol dfis h w er e i nj e ct e d i ntr a p erit o n e all y wit h Br d U 
a n d i n c u b at e d f or 1 h, t o all o w i n c or p or ati o n of  Br d U i nt o tiss u es. Ki d n e ys w er e is ol at e d, 
a n d t ot al l e u k o c yt es w er e h ar v est e d. C ells w er e fi x e d f or a mi ni m u m of 2 4 h i n 1 % 
f or m al d e h y d e, a n d t h e n st ai n e d wit h a nti-Br d U FI T C. ( A) Pri or t o h ar v esti n g c ells, 
ki d n e ys w er e w ei g h e d. T ot al ki d n e y l e u k o c yt es at  e a c h ti m e p oi nt w er e c o u nt e d usi n g a 
h a e m o c yt o m et er. T o a c c o u nt f or v ar yi n g si z es or fis h, c o u nts w er e di vi d e d b y ki d n e y 
w ei g ht (i n m g) t o d et er mi n e l e u k o c yt es / m g tiss u e ( n = 4). ( B) T h e p er c e nt of pr olif er ati n g 
c ells wit hi n t h e ki d n e y at e a c h of t h e i n di c at e d ti m es ( n = 4). ( C) Fis h w er e s a crifi c e d, bl e d 
at 0, 8, 1 2, 1 8, 2 4, 3 6, 4 8, a n d 7 2 h, a n d p eri p h er al bl o o d s m e ars w er e st ai n e d wit h S u d a n 
Bl a c k. N e utr o p hils w er e i d e ntifi e d as S u d a n Bl a c k p ositi v e, w hil e m o n o c yt es a n d 
l y m p h o c yt es, b ot h st ai n e d n e g ati ve. A mi ni m u m of 1 0 0 c ells w as c o u nt e d t o d et er mi n e 
t h e pr o p orti o n of n e utr o p hils i n t h e p eri p h er al bl o o d ( n = 4). ( D) T h e n u m b er of p eri p h er al 
bl o o d n e utr o p hils ( n = 4). All st atisti cs c orr es p o n d t o a si g nifi c a n c e of p < 0. 0 5 usi n g a o n e -
w a y A N O V A; * si g nifi c a nt l y diff er e nt fr o m 0 h pi, + si g nifi c a ntl y diff er e nt fr o m 8 h pi, † 
si g nifi c a ntl y diff er e nt fr o m 1 2 h pi, a n d ‡ si g nifi c a ntl y diff er e nt fr o m 1 8 h pi.  
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Fi g u r e 4. 4.  Ki n eti cs of l e u k o c yt e r el e as e f r o m t h e ki d n e y a n d e nt r y i nt o ci r c ul ati o n.  
 
G ol dfis h w er e i nj e ct e d i ntr a p erit o n e all y wit h 2. 5 m g of z y m os a n. At 0, 8, 1 2, 1 8, 2 4, 3 6, 
4 8, a n d 7 2 h, bl o o d s a m pl es w er e dr a w n a n d ki d n e y l e u k o c yt es w er e is ol at e d. ( A) T ot al 
n u m b er of l e u k o c yt es p er m g of ki d n e y tiss u e ( n = 4). ( B) Ki n eti cs of t ot al p eri p h er al 
bl o o d l e u k o c yt es ( P B L; n = 4). ( C) Pr o p orti o n of m o n o c yt es i n cir c ul ati o n ( n = 4). ( D) 
Pr o p orti o n of l y m p h o c yt es i n cir c ul ati o n ( n = 4). All st atisti cs c orr es p o n d t o a si g nifi c a n c e 
of p < 0. 0 5 usi n g a o n e -w a y A N O V A; * si g nifi c a ntl y diff er e nt fr o m 0 h pi, † si g nifi c a ntl y 
diff er e nt fr o m 1 2 h pi, ‡ si g nifi c a ntl y diff er e nt fr o m 1 8 h pi, ¶ si g nifi c a ntl y diff er e nt fr o m 
3 6 h pi.  
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Fi g u r e 4 . 5. Ki n eti cs of C X C L 8 e x p r essi o n, n e ut r o p hil i nfilt r ati o n, d o w nst r e a m 
r es pi r at o r y b u rst r es p o ns es a n d e nt r y i nt o p r o g r a m m e d c ell d e at h.  
 
G ol dfis h w er e i nj e ct e d i ntr a p erit o n e all y wit h 2. 5 m g of z y m os a n. At 0, 8, 1 2, 1 8, 2 4, 3 6, 
4 8, a n d 7 2 h, p erit o n e al c ells w er e h ar v est e d b y l a v a g e. ( A) C X C L 8 l e v els i n t ot al 
l e u k o c yt e p o p ul ati o n as m e as ur e d b y Q-P C R ( n = 4). ( B) Ki n eti cs of n e utr o p hil 
i nfiltrati o n. N e utr o p hils w er e is ol at e d usi n g P er c oll a n d c o u nt e d o n a h a e m o c yt o m et er 
( n = 4). ( C) R es pir at or y b urst r es p o ns es of p erit o n e al n e utr o p hils ( n = 4). ( D) P er c e nt a g e of 
a p o pt oti c n e utr o p hils is ol at e d fr o m t h e p erit o n e al c a vit y ( n = 4). All st atisti cs c orr es p o n d 
t o a si g nifi c a n c e of p < 0. 0 5 usi n g a o n e-w a y A N O V A; * si g nifi c a ntl y diff er e nt fr o m 0 
h pi, † si g nifi c a ntl y diff er e nt fr o m 1 2 h pi, ‡ si g nifi c a ntl y diff er e nt fr o m 1 8 h pi, § 
si g nifi c a ntl y diff er e nt fr o m 2 4 h pi.  
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Fi g u r e 4. 6. N e ut r o p hil s ol u bl e m e di at o rs aff e ct m a c r o p h a g e f u n cti o n al r es p o ns es. 
 
G ol dfis h w er e i nj e ct e d i ntr a p erit o n e all y wit h 2. 5 m g of z y m os a n. C ells w er e h ar v est e d b y 
p erit o n e al l a v a g e at 1 8 or 4 8 h pi a n d r u n o v er a 5 1 % P er c oll gr a di e nt t o is ol at e t h e 
n e utr o p hils. N e utr o p hils w er e a d d e d t o t h e u p p er c h a m b er of a 6- w ell tr a ns w ell. 
M a cr o p h a g es w er e s e e d e d i n t h e l o w er c o m p art m e nt. N e utr o p hils w er e i n c u b at e d wit h 
z y m os a n, a p o pt oti c n e utr o p hils or n ot hi n g at a 3: 1 ( p arti cl e: n e utr o p hil) r ati o. ( A) 
M a cr o p h a g e r es pir at or y b urst r es p o ns es f oll o wi n g 2 h i n c u b ati o n ( n = 4). ( B) P er c e nt 
i nt er n ali z ati o n of a p o pt oti c n e utr o p hils b y m a cr o p h a g es f oll o wi n g 2 h i n c u b ati o n ( n = 4). 
A p o pt oti c n e utr o p hils w er e g e n er at e d fr o m n e utr o p hils is ol at e d fr o m t h e p erit o n e al c a vit y 
1 8 h pi. R e pr es e nt ati v e i m a g es fr o m I m a g e Str e a m M KII a n al ys es s h o w i nt er n ali z e d or 
s urf a c e b o u n d a p o pt oti c n e utr o p hils. All st atisti cs c orr es p o n d t o a si g nifi c a n c e of p < 0. 0 5 
usi n g a t w o- w a y A N O V A; * si g nifi c a ntl y diff er e nt fr o m 1 8 h P M N al o n e, + si g nifi c a ntl y 
diff er e nt fr o m 1 8 h P M N + z y m, † si g nifi c a ntl y diff er e nt fr o m 4 8 h P M N al o n e, ‡ 
si g nifi c a ntl y diff er e nt fr o m 4 8 h P M N + z y m, § si g nifi c a ntl y diff er e nt fr o m 1 8 h 
P M N + z y m, ¶  si g nifi c a ntl y diff er e nt fr o m 1 8 h P M N + A C.  
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Fi g u r e 4 . 7. L T B 4  a n d L X A 4  aff e ct b ot h m a c r o p h a g e a n d n e ut r o p hil f u n cti o n.  
 
G ol dfis h w er e i nj e ct e d i ntr a p erit o n e all y wit h 2. 5 m g of z y m os a n. C ells w er e h ar v est e d b y 
p erit o n e al l a v a g e at 0, 8, 1 2, 1 8, 2 4, 3 6, 4 8 or 7 2 h pi a n d  r u n o v er a 5 1 % P er c oll gr a di e nt 
t o is ol at e t h e n e utr o p hils. P K Ms w er e us e d o n d a y 7.  Ki n eti cs of L T B 4 ( A) a n d L X A 4  ( B) 
r el e as e i n t h e p erit o n e al e x u d at e ( n = 3). St atisti cs c orr es p o n d t o a si g nifi c a n c e of p < 0. 0 5 
usi n g a o n e -w a y A N O V A; * si g nifi c a ntl y diff er e nt fr o m 0 h pi, † si g nifi c a ntl y diff er e nt 
fr o m 1 2 h pi, §  si g nifi c a ntl y diff er e nt fr o m 2 4 h pi. Eff e ct of L T B 4  a n d L X A 4 o n t h e 
r es pir at or y b urst r es p o ns es of n e utr o p hils fr o m t h e h e m at o p oi eti c ki d n e y ( C) a n d 
p erit o n e al c a vit y ( P er C; D). St atisti cs c orr es p o n d t o a si g nifi c a n c e of p < 0. 0 5 usi n g a t w o -
w a y A N O V A; * si g nifi c a ntl y diff er e nt fr o m u nsti m ul at e d n e utr o p hils, + si g nifi c a ntl y 
diff er e nt fr o m all ot h er c o n c e ntr ati o ns. Eff e ct of L T B 4  a n d L X A 4  o n t h e c a p a cit y of 
m a cr o p h a g es f or r es pir at or y b urst r es p o ns es ( E) a n d i nt er n ali z ati o n of a p o pt oti c 
n e utr o p hils ( F; n = 4) . All st atisti cs c orr es p o n d t o a si g nifi c a n c e of p < 0. 0 5 usi n g a t w o-
w a y A N O V A; * si g nifi c a ntl y diff er e nt fr o m all ot h er c o n c e ntr ati o ns.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	 1 7 4 	

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fi g u r e 4. 8. Ki n eti cs of L T B 4 a n d L X A 4  i n is ol at e d n e ut r o p hils, m o n o n u cl e a r c ells, 
a n d e x u d at es.  
 
G ol dfis h w er e i nj e ct e d i ntr a p erit o n e all y wit h 2. 5 m g of z y m os a n. At 0, 1 2, 2 4, a n d 4 8 h, 
is ol at e d n e utr o p hils, m o n o n u cl e ar c ells a n d e x u d at es w er e c oll e ct e d. ( A) L T B4  i n 
pi c o gr a ms p er 5 x 1 0 5  c ells or 5 0 µ L of t ot al p erit o n e al e x u d at e ( n = 3). ( B) L X A 4  i n 
pi c o gr a ms p er 5 x 1 0 5  c ells or 5 0 µ L of t ot al p erit o n e al e x u d at e ( n = 3). All st atisti cs 
c orr es p o n d t o a si g nifi c a n c e of p < 0. 0 5 usi n g a t w o -w a y A N O V A; * si g nifi c a ntl y 
diff er e nt fr o m all ot h er s a m pl es/ ti m e p oi nts.  
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Fi g u r e 4. 9. C o nt ri b uti o ns of n e ut r o p hils t o t h e i n d u cti o n, r e g ul ati o n, a n d r es ol uti o n 
of t h e a c ut e i nfl a m m at o r y r es p o ns e i n t el e ost fis h. 
 
P at h o g e n i n v asi o n of t h e h ost r es ults i n t h e r el e as e of c h e m o attr a ct a nts a n d pr o-
i nfl a m m at or y c yt o ki n es, s u c h as C X C L 8, T N F-� , I L- 1� , a n d I F N-� , i n d u ci n g t h e 
i nfiltr ati o n of n e utr o p hils as w ell as ot h er l e u k o c yt es. I nfl a m m at or y n e utr o p hils e nt er t h e 
sit e of i nfl a m m ati o n a n d ar e a cti v at e d b y t h e l o c al e n vir o n m e nt, r es ulti n g i n i n cr e as e d 
R O S pr o d u cti o n a n d t h e r el e as e of L T B 4 ( pr o-i nfl a m m at or y li pi d m e di at or). As 
i nfl a m m ati o n pr o gr ess es, a tr a nsiti o n fr o m pr o-i nfl a m m at or y t o pr o-r es ol uti o n b e gi ns t o 
t a k e pl a c e ( 1 8- 2 4 h pi). N e utr o p hils s wit c h t o t h e pr o d u cti o n of L X A4  a n d b e gi n t o 
b e c o m e a p o pt oti c, p e a ki n g at 2 4 h pi. W e h y p ot h esi z e t his s wit c h fr o m L T B 4  t o L X A4  is 
m e di at e d, at l e ast i n p art, b y P G E 2  pr o d u cti o n ( gr e y e d o ut i n m o d el wit h q u esti o n m ar ks). 
T h e l o c al i nfl a m m at or y mili e u sl o wl y b e c o m es pr o-r es ol vi n g as m a cr o p h a g es ar e 
sti m ul at e d b y L X A 4 , d e cr e asi n g t h eir pr o d u cti o n of R O S a n d i n cr e asi n g t h eir u pt a k e of 
a p o pt oti c n e utr o p hils. T his pr o gr essi o n e v e nt u all y l e a ds t o t h e r et ur n t o h o m e ost asis b y 
7 2 h pi.  
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W ei nr a u c h, Y., Z y c hli ns k y, A., 2 0 0 4. N e utr o p hil E xtr a c ell ul ar Tr a ps Kill 
B a ct eri a. S ci e n c e 3 0 3, 1 5 3 2 – 1 5 3 5. d oi: 1 0. 1 1 2 6/s ci e n c e. 1 0 9 2 3 8 5  
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Mi c e, E di bl e Fr o gs a n d G ol dfis h. F oli a Bi ol ( Kr a k o w) 5 2, 2 2 5 – 3 1.  

C h a v es -P o z o, E., G u ar di ol a, F. A., M es e g u er, J., Est e b a n, M. A., C u est a, A., 2 0 1 2. 
N o d a vir us i nf e cti o n i n d u c es a gr e at i n n at e c ell -m e di at e d c yt ot o xi c a cti vit y i n 
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i nfl a m m at or y c ells i n t h e b o n y fis h gilt h e a d s e a br e a m e x p eri m e nt all y i nf e ct e d 
wit h Vi bri o a n g uill ar u m. C ell Tiss u e R es. 3 2 0, 6 1 – 6 8. d oi: 1 0. 1 0 0 7/s 0 0 4 4 1 -0 0 4 -
1 0 6 3 -7  

d e Oli v eir a, S., R e y es -Al d as or o, C. C., C a n d el, S., R e ns h a w, S. A., M ul er o, V., C al a d o, 
A., 2 0 1 3. C x cl 8 (I nt erl e u ki n -8) m e di at es n e utr o p hil r e cr uit m e nt a n d b e h a vi or i n 
t h e z e br afis h i nfl a m m at or y r es p o ns e. J. I m m u n ol. B alti m. M d 1 9 5 0 1 9 0, 4 3 4 9–
4 3 5 9. d oi: 1 0. 4 0 4 9/ji m m u n ol. 1 2 0 3 2 6 6  

D e n g, Q., S arris, M., B e n ni n, D. A., Gr e e n, J. M., H er b o m el, P., H utt e nl o c h er, A., 2 0 1 3. 
L o c ali z e d b a ct eri al i nf e cti o n i n d u c es s yst e mi c a cti v ati o n of n e utr o p hils t hr o u g h 
C x cr 2 si g n ali n g i n z e br afis h. J. L e u k o c. Bi ol. 9 3, 7 6 1 – 7 6 9. 
d oi: 1 0. 1 1 8 9/jl b. 1 0 1 2 5 3 4  

D e w al d, B., B a g gi oli ni, M., 1 9 8 5. A cti v ati o n of N A D P H o xi d as e i n h u m a n n e utr o p hils. 
S y n er gis m b et w e e n f M L P a n d t h e n e utr o p hil pr o d u cts P A F a n d L T B 4. Bi o c h e m. 
Bi o p h ys. R es. C o m m u n. 1 2 8, 2 9 7 – 3 0 4. d oi: 1 0. 1 0 1 6/ 0 0 0 6 -2 9 1 X( 8 5) 9 1 6 7 8 -X  
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Er wi g, L. -P., H e ns o n, P. M., 2 0 0 7. I m m u n ol o gi c al C o ns e q u e n c es of A p o pt oti c C ell 
P h a g o c yt osis. A m. J. P at h ol. 1 7 1, 2 – 8. d oi: 1 0. 2 3 5 3/ aj p at h. 2 0 0 7. 0 7 0 1 3 5  

Es m a n n, L., I d el, C., S ar k ar, A., H ell b er g, L., B e h n e n, M., M öll er, S., Z a n d b er g e n, G. 
v a n, Kli n g er, M., K ö hl, J., B uss m e y er, U., S ol b a c h, W., L as k a y, T., 2 0 1 0. 
P h a g o c yt osis of A p o pt oti c C ells b y N e utr o p hil Gr a n ul o c yt es: Di mi nis h e d 
Pr oi nfl a m m at or y N e utr o p hil F u n cti o ns i n t h e Pr es e n c e of A p o pt oti c C ells. J. 
I m m u n ol. 1 8 4, 3 9 1– 4 0 0. d oi: 1 0. 4 0 4 9/ji m m u n ol. 0 9 0 0 5 6 4  

F a d o k, V. A., Br att o n, D. L., K o n o w al, A., Fr e e d, P. W., W est c ott, J. Y., H e ns o n, P. M., 
1 9 9 8. M a cr o p h a g es t h at h a v e i n g est e d a p o pt oti c c ells i n vitr o i n hi bit 
pr oi nfl a m m at or y c yt o ki n e pr o d u cti o n t hr o u g h a ut o cri n e/ p ar a cri n e m e c h a nis ms 
i n v ol vi n g T G F-b et a, P G E 2, a n d P A F. J. Cli n. I n v est. 1 0 1, 8 9 0 – 8 9 8.  

Fl er o v a, E. A., B al a b a n o v a, L. V., 2 0 1 3. Ultr astr u ct ur e of gr a n ul o c yt es of t el e ost fis h 
( S al m o nif or m es, C y pri nif or m es, P er cif or m es). J. E v ol. Bi o c h e m. P h ysi ol. 4 9, 
2 2 3 – 2 3 3. d oi: 1 0. 1 1 3 4/ S 0 0 2 2 0 9 3 0 1 3 0 2 0 1 2 6  

F uji e d a, Y., M a n n o, A., H a y as hi, Y., R h o d es, N., G u o, L., Arit a, M., B a m b a, T., 
F u k us a ki, E., 2 0 1 3. I nfl a m m ati o n a n d R e s ol uti o n Ar e Ass o ci at e d wit h 
U pr e g ul ati o n of F att y A ci d β -O xi d ati o n i n Z y m os a n -I n d u c e d P erit o nitis. P L o S 
O N E 8, e 6 6 2 7 0. d oi: 1 0. 1 3 7 1/j o ur n al. p o n e. 0 0 6 6 2 7 0  

F ur z e, R. C., R a n ki n, S. M., 2 0 0 8. N e utr o p hil m o bili z ati o n a n d cl e ar a n c e i n t h e b o n e 
m arr o w. I m m u n ol o g y 1 2 5, 2 8 1 – 2 8 8. d oi: 1 0. 1 1 1 1/j. 1 3 6 5 -2 5 6 7. 2 0 0 8. 0 2 9 5 0. x  

G ar cí a -C astill o, J., C h a v es -P o z o, E., Oli v ar es, P., P el e gí n, P., M es e g u er, J., M ul er o, V., 
2 0 0 4. T h e t u m or n e cr osis f a ct or α  of t h e b o n y fis h s e a br e a m e x hi bits t h e i n vi v o 
pr oi nfl a m m at or y a n d pr olif er ati v e a cti viti es of its m a m m ali a n c o u nt er p arts, y et it 
f u n cti o ns i n a s p e ci es-s p e cifi c m a n n er. C ell. M ol. Lif e S ci. C M L S 6 1, 1 3 3 1 –
1 3 4 0. d oi: 1 0. 1 0 0 7/s 0 0 0 1 8 -0 0 4 -4 0 6 8 -1  

G a u dr e a ult, E., T h o m ps o n, C., St a n k o v a, J., R ol a -Pl es z c z y ns ki, M., 2 0 0 5. I n v ol v e m e nt 
of B L T 1 E n d o c yt osis a n d Y es Ki n as e A cti v ati o n i n L e u k otri e n e B 4 -I n d u c e d 
N e utr o p hil D e gr a n ul ati o n. J. I m m u n ol. 1 7 4, 3 6 1 7 – 3 6 2 5. 
d oi: 1 0. 4 0 4 9/ji m m u n ol. 1 7 4. 6. 3 6 1 7  

G o ds o n, C., Mit c h ell, S., H ar v e y, K., P et asis, N. A., H o g g, N., Br a d y, H. R., 2 0 0 0. C utti n g 
E d g e: Li p o xi ns R a pi dl y Sti m ul at e N o n p hl o gisti c P h a g o c yt osis of A p o pt oti c 
N e utr o p hils b y M o n o c yt e -D eri v e d M a cr o p h a g es. J. I m m u n ol. 1 6 4, 1 6 6 3 – 1 6 6 7. 
d oi: 1 0. 4 0 4 9/ji m m u n ol. 1 6 4. 4. 1 6 6 3  

Gr a yf er, L., B el os e vi c, M., 2 0 0 9. M ol e c ul ar c h ar a ct eri z ati o n, e x pr essi o n a n d f u n cti o n al 
a n al ysis of g ol dfis h ( C ar assi us a ur ut us L.) i nt erf er o n g a m m a. D e v. C o m p. 
I m m u n ol. 3 3, 2 3 5– 2 4 6. d oi: 1 0. 1 0 1 6/j. d ci. 2 0 0 8. 0 9. 0 0 1  

Gr a yf er, L., W als h, J. G., B el os e vi c, M., 2 0 0 8. C h ar a ct eri z ati o n a n d f u n cti o n al a n al ysis of 
g ol dfis h ( C ar assi us a ur at us L.) t u m or n e cr osis f a ct or -al p h a. D e v. C o m p. 
I m m u n ol. 3 2, 5 3 2– 5 4 3. d oi: 1 0. 1 0 1 6/j. d ci. 2 0 0 7. 0 9. 0 0 9  

H all, C.J., Fl or es, M. V., O e hl ers, S. H., S a n d ers o n, L. E., L a m, E. Y., Cr osi er, K. E., 
Cr osi er, P. S., 2 0 1 2. I nf e cti o n -R es p o nsi v e E x p a nsi o n of t h e H e m at o p oi eti c St e m 
a n d Pr o g e nit or C ell  C o m p art m e nt i n Z e br afis h Is D e p e n d e nt u p o n I n d u ci bl e 
Nitri c O xi d e. C ell St e m C ell 1 0, 1 9 8 – 2 0 9. d oi: 1 0. 1 0 1 6/j.st e m. 2 0 1 2. 0 1. 0 0 7  

H asl ett, C., S a vill, J. S., W h yt e, M. K. B., St er n, M., Dr a nsfi el d, I., M e a g h er, L. C., 1 9 9 4. 
Gr a n ul o c yt e A p o pt osis a n d t h e C o ntr ol o f I nfl a m m ati o n. P hil os. Tr a ns. R. S o c. 
L o n d. B Bi ol. S ci. 3 4 5, 3 2 7 – 3 3 3. d oi: 1 0. 1 0 9 8/rst b. 1 9 9 4. 0 1 1 3  
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H e n d ers o n, R. B., H o b bs, J. A. R., M at hi es, M., H o g g, N., 2 0 0 3. R a pi d r e cr uit m e nt of 
i nfl a m m at or y m o n o c yt es is i n d e p e n d e nt of n e utr o p hil mi gr ati o n. Bl o o d 1 0 2, 32 8 –
3 3 5. d oi: 1 0. 1 1 8 2/ bl o o d -2 0 0 2 -1 0 -3 2 2 8  

H e nr y, K. M., L o y n es, C. A., W h yt e, M. K. B., R e ns h a w, S. A., 2 0 1 3. Z e br afis h as a m o d el 
f or t h e st u d y of n e utr o p hil bi ol o g y. J. L e u k o c. Bi ol. 9 4, 6 3 3– 6 4 2. 
d oi: 1 0. 1 1 8 9/jl b. 1 1 1 2 5 9 4  

J o h a n n, A. M., v o n K n et h e n, A., Li n d e m a n n, D., Br ü n e, B., 2 0 0 5. R e c o g niti o n of 
a p o pt oti c c ells b y m a cr o p h a g es a cti v at es t h e p er o xis o m e pr olif er at or -a cti v at e d 
r e c e pt or-γ  a n d att e n u at es t h e o xi d ati v e b urst. C ell D e at h Diff er. 1 3, 1 5 3 3– 1 5 4 0. 
d oi: 1 0. 1 0 3 8/sj. c d d. 4 4 0 1 8 3 2  

K at z e n b a c k, B. A., B el os e vi c, M., 2 0 0 9. Is ol ati o n a n d f u n cti o n al c h ar a ct eri z ati o n of 
n e utr o p hil -li k e c ells, fr o m g ol dfis h ( C ar assi us a ur at us L.) ki d n e y. D e v. C o m p. 
I m m u n ol. 3 3, 6 0 1– 6 1 1. d oi: 1 0. 1 0 1 6/j. d ci. 2 0 0 8. 1 0. 0 1 1  

K a ur, M., Si n g h, D., 2 0 1 3. N e utr o p hil C h e m ot a xis C a us e d b y C hr o ni c O bstr u c ti v e 
P ul m o n ar y Dis e as e Al v e ol ar M a cr o p h a g es: T h e R ol e of C X C L 8 a n d t h e 
R e c e pt ors C X C R 1/ C X C R 2. J. P h ar m a c ol. E x p. T h er. 3 4 7, 1 7 3 – 1 8 0. 
d oi: 1 0. 1 1 2 4/j p et. 1 1 2. 2 0 1 8 5 5  

K ol a c z k o ws k a, E., K o zi ol, A., Pl yt y c z, B., Ar n ol d, B., 2 0 1 0. I nfl a m m at or y m a cr o p h a g es, 
a n d n ot o nl y n e utr o p hils, di e b y a p o pt osis d uri n g a c ut e p erit o nitis. 
I m m u n o bi ol o g y 2 1 5, 4 9 2– 5 0 4. d oi: 1 0. 1 0 1 6/j.i m bi o. 2 0 0 9. 0 7. 0 0 1  

L eit c h, A. E., L u c as, C. D., R ossi, A. G., 2 0 1 1. E dit ori al: N e utr o p hil a p o pt osis: h ot o n t h e 
T R AI L of i nfl a m m at or y r es ol uti o n. J. L e u k o c. Bi ol. 9 0, 8 4 1 – 8 4 3. 
d oi: 1 0. 1 1 8 9/jl b. 0 5 1 1 2 2 2  

L e v y, B. D., Clis h, C. B., S c h mi dt, B., Gr o n ert, K., S er h a n, C. N., 2 0 0 1. Li pi d m e di at or 
cl ass s wit c hi n g d uri n g a c ut e i nfl a m m ati o n: si g n als i n r es ol uti o n. N at. I m m u n ol. 2, 
6 1 2 – 6 1 9. d oi: 1 0. 1 0 3 8/ 8 9 7 5 9  

M e d z hit o v, R., 2 0 0 7. R e c o g niti o n of mi cr o or g a nis ms a n d a cti v ati o n of t h e i m m u n e 
r es p o ns e. N at ur e 4 4 9, 8 1 9– 8 2 6. d oi: 1 0. 1 0 3 8/ n at ur e 0 6 2 4 6  

M e d z hit o v, R., O ki n, D., 2 0 1 2. E v ol uti o n of I nfl a m m at or y Dis e as es. C ell 2 2, R 7 3 3 –
R 7 4 0.  

M et c h ni k off, E., 1 9 0 5. I m m u nit y i n I nf e cti v e Dis e as es. U ni v ersit y Pr ess.  
Mit c h ell, S., T h o m as, G., H ar v e y, K., C ott ell, D., R e vill e, K., B erl as c o ni, G., P et asis, 

N. A., Er wi g, L., R e es, A.J., S a vill, J., Br a d y, H. R., G o ds o n, C., 2 0 0 2. Li p o xi ns, 
As piri n -Tri g g er e d E pi -Li p o xi ns, Li p o xi n St a bl e A n al o g u es, a n d t h e R es ol uti o n of 
I nfl a m m ati o n: Sti m ul ati o n of M a cr o p h a g e P h a g o c yt osis of A p o pt oti c N e utr o p hils 
I n Vi v o. J. A m. S o c. N e p hr ol. 1 3, 2 4 9 7– 2 5 0 7. 
d oi: 1 0. 1 0 9 7/ 0 1. A S N. 0 0 0 0 0 3 2 4 1 7. 7 3 6 4 0. 7 2  

M ó cs ai, A., 2 0 1 3. Di v ers e n o v el f u n cti o ns of n e utr o p hils i n i m m u nit y, i nfl a m m ati o n, a n d 
b e y o n d. J. E x p. M e d. 2 1 0, 1 2 8 3 – 1 2 9 9. d oi: 1 0. 1 0 8 4/j e m. 2 0 1 2 2 2 2 0  

N at h a n, C., 2 0 0 6. N e utr o p hils a n d i m m u nit y: c h all e n g es a n d o p p ort u niti es. N at. R e v. 
I m m u n ol. 6, 1 7 3– 1 8 2. d oi: 1 0. 1 0 3 8/ nri 1 7 8 5  

O y os hi, M. K., H e, R., Li, Y., M o n d al, S., Y o o n, J., Afs h ar , R., C h e n, M., L e e, D. M., 
L u o, H. R., L ust er, A. D., C h o, J. S., Mill er, L. S., L ars o n, A., M ur p h y, G. F., G e h a, 
R. S., 2 0 1 2. L e u k otri e n e B 4 -Dri v e n N e utr o p hil R e cr uit m e nt t o t h e S ki n Is 
Ess e nti al f or All er gi c S ki n I nfl a m m ati o n. I m m u nit y 3 7, 7 4 7 – 7 5 8. 
d oi: 1 0. 1 0 1 6 /j.i m m u ni. 2 0 1 2. 0 6. 0 1 8 
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Pr o k o p o wi c z, Z., M ar ci n ki e wi c z, J., K at z, D. R., C h ai n, B. M., 2 0 1 2. N e utr o p hil 
M y el o p er o xi d as e: S ol di er a n d St at es m a n. Ar c h. I m m u n ol. T h er. E x p. ( W ars z.) 
6 0, 4 3 – 5 4. d oi: 1 0. 1 0 0 7/s 0 0 0 0 5 -0 1 1 -0 1 5 6 -8  

R a m as a m y H ari kris h n a n, B al as u n d ar a m, C.,  M a n -C h ul Ki m, M o o n -s o o H e o, 2 0 0 9. 
Eff e cti v e a d mi nistr ati o n r o ut e of a z a dir a c hti n a n d its i m p a ct o n h a e m at ol o gi c al 
a n d bi o c h e mi c al p ar a m et ers i n g ol dfis h ( C ar assi us a ur at us) i nf e ct e d wit h 
A er o m o n as h y dr o p hil a. B ull V et I nst P ul a w y 5 3, 6 1 3 – 6 1 9.  

R a n ki n, S. M. , 2 0 1 0. T h e b o n e m arr o w: a sit e of n e utr o p hil cl e ar a n c e. J. L e u k o c. Bi ol. 8 8, 
2 4 1 – 2 5 1. d oi: 1 0. 1 1 8 9/jl b. 0 2 1 0 1 1 2  

Ri e g er, A. M., K o n o w al c h u k, J. D., Gr a yf er, L., K at z e n b a c k, B. A., H a vi x b e c k, J.J., 
Ki e m el e, M. D., B el os e vi c, M., B arr e d a, D. R., 2 0 1 2. Fis h a n d M a m m ali a n 
P h a g o c yt es Diff er e nti all y R e g ul at e Pr o -I nfl a m m at or y a n d H o m e ost ati c R es p o ns es 
I n Vi v o. P L o S O N E 7. d oi: 1 0. 1 3 7 1/j o ur n al. p o n e. 0 0 4 7 0 7 0 

S a di k, C. D., Ki m, N. D., L ust er, A. D., 2 0 1 1. N e utr o p hils c as c a di n g t h eir w a y t o 
i nfl a m m ati o n. Tr e n ds I m m u n ol. 3 2, 4 5 2– 4 6 0. d oi: 1 0. 1 0 1 6/j.it. 2 0 1 1. 0 6. 0 0 8  

S c a pi ni, P., C arl ett o, A., N ar d elli, B., C al z etti, F., R os c h k e, V., M eri g o, F., T a m assi a, N., 
Pi er o p a n, S., Bi asi, D., S b ar b ati, A., S o z z a ni, S., B a m b ar a, L., C ass at ell a, M. A., 
2 0 0 5. Pr oi nfl a m m at or y m e di at ors eli cit s e cr eti o n of t h e i ntr a c ell ul ar B -
l y m p h o c yt e sti m ul at or p o ol ( B L y S) t h at is st or e d i n a cti v at e d n e utr o p hils: 
i m pli c ati o ns f or i nfl a m m at or y dis e as es. Bl o o d 1 0 5, 8 3 0– 8 3 7. d oi: 1 0. 1 1 8 2/ bl o o d -
2 0 0 4 -0 2 -0 5 6 4  

S c a pi ni, P., L a pi n et -V er a, J. A., G as p eri ni, S., C al z etti, F., B a z z o ni, F., C ass at ell a, M. A., 
2 0 0 0. T h e n e utr o p hil as a c ell ul ar s o ur c e of c h e m o ki n es. I m m u n ol. R e v. 1 7 7, 
1 9 5 – 2 0 3. d oi: 1 0. 1 0 3 4/j. 1 6 0 0 -0 6 5 X. 2 0 0 0. 1 7 7 0 6. x  

S e g el, G. B., H alt er m a n, M. W., Li c ht m a n, M. A., 2 0 1 1. T h e p ar a d o x of t h e n e utr o p hil’s 
r ol e i n tiss u e i nj ur y. J. L e u k o c. Bi ol. 8 9, 3 5 9– 3 7 2. d oi: 1 0. 1 1 8 9/jl b. 0 9 1 0 5 3 8  

S er h a n, C. N., 2 0 1 4. Pr o -r es ol vi n g li pi d m e di at ors ar e l e a ds f or r es ol uti o n p h ysi ol o g y. 
N at ur e 5 1 0, 9 2 – 1 0 1. d oi: 1 0. 1 0 3 8/ n at ur e 1 3 4 7 9  

S er h a n, C. N., C hi a n g, N., V a n D y k e, T. E., 2 0 0 8. R es ol vi n g i nfl a m m ati o n: d u al a nti -
i nfl a m m at or y a n d pr o-r es ol uti o n li pi d m e di at ors. N at. R e v. I m m u n ol. 8, 3 4 9– 3 6 1. 
d oi: 1 0. 1 0 3 8/ nri 2 2 9 4  

S er h a n, C. N., S a vill, J., 2 0 0 5. R es ol uti o n of i nfl a m m ati o n: t h e b e gi n ni n g pr o gr a ms t h e 
e n d. N at. I m m u n ol. 6, 1 1 9 1 – 1 1 9 7. d oi: 1 0. 1 0 3 8/ ni 1 2 7 6  

S eri n k a n, B. F., G a m b elli, F., P ot a p o vi c h, A.I., B a b u, H., Gi us e p p e, M. D., Orti z, L. A., 
F a bisi a k, J. P., K a g a n, V. E., 2 0 0 5. A p o pt oti c c ells q u e n c h r e a cti v e o x y g e n a n d 
nitr o g e n s p e ci es a n d m o d ul at e T N F -α / T G F-β 1 b al a n c e i n a cti v at e d m a cr o p h a g es: 
i n v ol v e m e nt of p h os p h ati d yls eri n e -d e p e n d e nt a n d -i n d e p e n d e nt p at h w a ys. C ell 
D e at h Diff er. 1 2, 1 1 4 1 – 1 1 4 4. d oi: 1 0. 1 0 3 8/sj. c d d. 4 4 0 1 6 1 9  

S ør e ns e n, O. E., F olli n, P., J o h ns e n, A. H., C al af at, J., Tj a bri n g a, G. S., Hi e mstr a, P. S., 
B orr e g a ar d, N., 2 0 0 1. H u m a n c at h eli ci di n, h C A P -1 8, is  pr o c ess e d t o t h e 
a nti mi cr o bi al p e pti d e L L -3 7 b y e xtr a c ell ul ar cl e a v a g e wit h pr ot ei n as e 3. Bl o o d 
9 7, 3 9 5 1 – 3 9 5 9. d oi: 1 0. 1 1 8 2/ bl o o d. V 9 7. 1 2. 3 9 5 1  

S u m m ers, C., R a n ki n, S. M., C o n dliff e, A. M., Si n g h, N., P et ers, A. M., C hil v ers, E. R., 
2 0 1 0. N e utr o p hil ki n eti cs i n h e alt h a n d dis e as e. Tr e n ds I m m u n ol. 3 1, 3 1 8 – 3 2 4. 
d oi: 1 0. 1 0 1 6/j.it. 2 0 1 0. 0 5. 0 0 6  
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v a n d er A a, L. M., C h a d zi ns k a, M., G ol b a c h, L. A., Ri b eir o, C. M. S., Li d y V er b ur g -v a n 
K e m e n a d e, B. M., 2 0 1 2. Pr o -i nfl a m m at or y f u n cti o ns of c ar p C X C L 8-li k e a n d 
C X C b c h e m o ki n es. D e v. C o m p. I m m u n ol. 3 6, 7 4 1 – 7 5 0. 
d oi: 1 0. 1 0 1 6/j. d ci. 2 0 1 1. 1 1. 0 1 1  

V oll, R. E., H err m a n n, M., R ot h, E. A., St a c h, C., K al d e n, J. R., Gir k o nt ait e, I., 1 9 9 7. 
I m m u n os u p pr essi v e eff e cts of a p o pt oti c c ells. N at ur e 3 9 0, 3 5 0– 3 5 1. 
d oi: 1 0. 1 0 3 8/ 3 7 0 2 2  

Willi a ms, J. A., S h a ct er, E.,  1 9 9 7. R e g ul ati o n of M a cr o p h a g e C yt o ki n e Pr o d u cti o n b y 
Pr ost a gl a n di n E 2 DI S TI N C T R O L E S O F C Y C L O O X Y G E N A S E -1 A N D -2. J. 
Bi ol. C h e m. 2 7 2, 2 5 6 9 3 – 2 5 6 9 9. d oi: 1 0. 1 0 7 4/j b c. 2 7 2. 4 1. 2 5 6 9 3  

Willi a ms, M., A z c uti a, V., N e wt o n, G., Al c ai d e, P., L us ci ns k as, F. W., 2 0 1 1. E m e r gi n g 
m e c h a nis ms of n e utr o p hil r e cr uit m e nt a cr oss e n d ot h eli u m. Tr e n ds I m m u n ol. 3 2, 
4 6 1 – 4 6 9. d oi: 1 0. 1 0 1 6/j.it. 2 0 1 1. 0 6. 0 0 9  

Wi nt er b o ur n, C. C., K ettl e, A.J., 2 0 1 2. R e d o x R e a cti o ns a n d Mi cr o bi al Killi n g i n t h e 
N e utr o p hil P h a g os o m e. A nti o xi d. R e d o x Si g n al. 1 8, 6 4 2 – 6 6 0. 
d oi: 1 0. 1 0 8 9/ ars. 2 0 1 2. 4 8 2 7  

Wirt h, J.J., Ki ers z e n b a u m, F., 1 9 8 5. Sti m ul at or y eff e cts of l e u k otri e n e B 4 o n m a cr o p h a g e 
ass o ci ati o n wit h a n d i ntr a c ell ul ar d estr u cti o n of Tr y p a n os o m a cr u zi. J. I m m u n ol. 
1 3 4, 1 9 8 9 – 1 9 9 3.  

Wri g ht, H. L., M o ots, R.J., B u c k n all,  R. C., E d w ar ds, S. W., 2 0 1 0. N e utr o p hil f u n cti o n i n 
i nfl a m m ati o n a n d i nfl a m m at or y dis e as es. R h e u m at ol o g y 4 9, 1 6 1 8– 1 6 3 1. 
d oi: 1 0. 1 0 9 3/r h e u m at ol o g y/ k e q 0 4 5  

Y a m a d a, T., T a ni, Y., N a k a nis hi, H., T a g u c hi, R., Arit a, M., Ar ai, H., 2 0 1 1. E osi n o p hils 
pr o m ot e r es ol uti o n of a c ut e p erit o nitis b y pr o d u ci n g pr or es ol vi n g m e di at ors i n 
mi c e. F A S E B J. 2 5, 5 6 1 – 5 6 8. d oi: 1 0. 1 0 9 6/fj. 1 0 -1 7 0 0 2 7  

Y a n g, C. -T., C a m bi er, C.J., D a vis, J. M., H all, C.J., Cr osi er, P. S., R a m a kris h n a n, L., 
2 0 1 2. N e utr o p hils E x ert Pr ot e cti o n i n t h e E arl y T u b er c ul o us Gr a n ul o m a b y 
O xi d ati v e Killi n g of M y c o b a ct eri a P h a g o c yt os e d fr o m I nf e ct e d M a cr o p h a g es. 
C ell H ost Mi cr o b e 1 2, 3 0 1 – 3 1 2. d oi: 1 0. 1 0 1 6/j. c h o m. 2 0 1 2. 0 7. 0 0 9  

Z a m b o ni, D. S., R a bi n o vit c h, M., 2 0 0 3. Nitri c O xi d e P arti all y C o ntr ols C o xi ell a b ur n etii 
P h as e II I nf e cti o n i n M o us e Pri m ar y M a cr o p h a g es. I nf e ct. I m m u n. 7 1, 1 2 2 5 –
1 2 3 3. d oi: 1 0. 1 1 2 8/I AI. 7 1. 3. 1 2 2 5 -1 2 3 3. 2 0 0 3  

Z e yt u n, A., C h a u d h ar y, A., P ar di n gt o n, P., C ar y, R. B., G u pt a, G., 2 0 1 0. I n d u cti o n of 
C yt o ki n es a n d C h e m o ki n es b y T oll -li k e R e c e pt or Si g n ali n g: Str at e gi es f or 
C o ntr ol of I nf a m m ati o n. Crit. R e v. I m m u n ol. 3 0, 5 3 – 6 7. 
d oi: 1 0. 1 6 1 5/ Crit R e vI m m u n ol. v 3 0.i 1. 4 0  

 



	 1 8 1 	

C h a pt e r 5 .  N e ut r o p hils e x e rt p r ot e cti o n d u ri n g 

A er o m o n as v er o nii  i nf e cti o n s t h r o u g h t h e 

cl e a r a n c e of b ot h b a ct e ri a a n d d yi n g 

m a c r o p h a g es 1   

 

5. 1  I nt r o d u cti o n  

A er o m o n as  is o n e of t h e ol d est k n o w n fis h p at h o g e ns, ori gi n all y c h ar a ct eri z e d i n 

t h e 1 8 9 0s (J a n d a a n d A b b ott, 2 0 1 0) a n d m ost k n o w n f or its d e v ast ati n g eff e cts o n t h e 

fis hi n g i n d ustr y ( b ot h wil d a n d f ar m e d) ( Elli ott a n d S h otts, 1 9 8 0; M o n ett e et al., 2 0 0 6; 

Vi v e k a n a n d h a n  et al., 2 0 0 2) . Hist ori c all y, t h e g e n us w as di vi d e d i nt o t w o m aj or gr o u ps. 

T h e m es o p hili c gr o u p, w hi c h c o nsist e d of m otil e str ai ns t h at gr e w w ell at a p pr o xi m at el y 

3 5 t o 3 7 ° C a n d w er e ass o ci at e d wit h a v ari et y of i nf e cti o ns (i n cl u di n g i n h u m a ns). T h e 

s e c o n d gr o u p, r ef err e d t o as t h e ps y c hr o p hili c gr o u p w er e n o n -m otil e, h a d o pti m al 

gr o wt h t e m p er at ur es b et w e e n 2 2 a n d 2 5 ° C, a n d w er e t h e t y pi c all y f o u n d i nf e cti n g fis h 

(J a n d a a n d A b b ott, 2 01 0) . T his c a n still s er v e as a g e n er al br e a k d o w n i n A er o m o n as 

																																																								
1 	A p orti o n of t his c h a pt er h as b e e n pr e vi o usl y p u blis h e d i n:  

H a vi x b e c k  JJ,  Ri e g er  A R, C h ur c hill  LJ,  a n d  B arr e d a  D R  ( 2 0 1 7 ) N e utr o p hils  e x ert 

pr ot e cti o n  i n  e arl y A er o m o n as v er o nii i nf e cti o ns  t hr o u g h  t h e  cl e ar a n c e  of b ot h  b a ct eri a 

a n d d yi n g m a cr o p h a g es . Fis h a n d S h ellfis h I m m u n ol o g y 6 3: 1 8 -3 0 . 
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t a x o n o m y, h o w e v er t h e us e of D N A-D N A h y bri di z ati o n h as l e d t o t h e cl assifi c ati o n of 1 8 

g e n eti c all y diff er e nt s p e ci es (J a n da a n d A b b ott, 2 0 1 0) . H o w e v er, m a n y of t h es e s h ar e 

bi o c h e mi c al pr o p erti es.  

H er ei n, I  e x a mi n e d  A er o m o n as v er o nii , a m otil e, m es o p hili c A er o m o n a d. It h as 

b e e n c h ar a ct eri z e d as a ‘ hi g hl y vir ul e nt p at h o g e n’, i nf e cti n g a r a n g e of s p e ci es fr o m 

i n v ert e br at es t o a q u ati c v ert e br at es t o m a m m als, i n cl u di n g h u m a ns. I n fis h, A er o m o n as 

i nf e cti o ns ar e c h ar a ct eri z e d b y t h e pr es e n c e of fi n r ot, t ail r ot, ul c ers, a n d h e m orr h a gi c 

s e pti c e mi a - l e a di n g t o s c al e s h e d di n g, h e m orr h a g es i n t h e gills a n d a n al ar e a, 

e x o p ht h al mi a, a n d a b d o mi n al s w elli n g ( B er n ot h et al., 1 9 9 7; Hi n e y et al., 1 9 9 2; J os e p h 

a n d C ar n a h a n, 1 9 9 4; Wi kl u n d a n d D als g a ar d, 1 9 9 8) . I nf e cti o ns als o t y pi c all y pr es e nt 

wit h a f ur u n cl e o n t h e e xt eri or of t h e fis h. H o w e v er, n ot all i nf e ct e d fis h pr es e nt wit h 

f ur u n cl es, b ut ar e still c a p a bl e of s h e d di n g b a ct eri a i nt o t h e e n vir o n m e nt at hi g h r at es 

( 1 05 -1 0 6  C F U/fis h/ h o ur) ( N o g a, 2 0 1 0).  

S ki n w o u n di n g eli cits i nfl a m m at or y e v e nts t h at l e a d t o r a pi d i nfiltr ati o n of 

p h a g o c yt es fr o m t h e cir c ul ati o n t o t h e sit e of i nf e cti o n ( Li et al., 2 0 0 5; Si n g er a n d Cl ar k, 

1 9 9 9) . A criti c al b al a n c e e xists b et w e e n t h e pr ot e cti v e m e c h a nis ms of p h a g o c yt es a n d t h e 

p ot e nti al f or pr ol o n g e d i nfl a m m ati o n. I m p air e d l e u k o c yt e r e cr uit m e nt c a n l e a d t o c hr o ni c 

i nfl a m m at or y iss u es s u c h as i m p air e d w o u n d h e ali n g ( Mill er et al., 2 0 0 6; M ori et al., 

2 0 0 4) , w hil e e x c essi v e l e u k o c yt e i nfiltr ati o n oft e n l e a ds t o c hr o ni c w o u n d r e c urr e n c e 

( Pi er c e, 2 0 0 1). D e v el o pi n g eff e cti v e m o d els t h at tr a c k t h e d y n a mi c s hift i n i nfl a m m at or y 

e n vir o n m e nts  r es ulti n g fr o m l e u k o c yt e a v ail a bilit y a n d r e cr uit m e nt fr o m t h e 

h e m at o p oi eti c tiss u e t o t h e i nf e cti o n sit e ar e i m p ort a nt i n i d e ntif yi n g t h e m o bili z ati o n a n d 

f u n cti o n of p h a g o c yt es d uri n g i nf e cti o n. 
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T h e r ol e of n e utr o p hils d uri n g t h e i nfl a m m at or y r es p o ns e a g ai nst A er o m o n as  is 

n ot w ell u n d erst o o d, as m a n y st u di es h a v e f o c us e d o n t h e i nt er a cti o n of t his b a ct eri u m 

wit h m a cr o p h a g es. It h as b e e n s h o w n t h at m a n y vir ul e nt str ai ns ar e a bl e t o i nf e ct a n d 

r esist i ntr a c ell ul ar killi n g m e c h a nis ms of m a cr o p h a g es ( Kr z y miń s k a et al., 2 0 0 9; L o wr y 

et al., 2 0 1 4; R os e n z w ei g a n d C h o pr a, 2 0 1 3; S h ar p a n d S e c o m b es, 1 9 9 3 a) . M a cr o p h a g es 

ar e c a p a bl e of r e m o vi n g s m all n u m b ers of p at h o g e ni c A er o m o n as ; h o w e v er, b a ct eri al 

c yt ot o xi cit y b e gi ns t o d e v el o p w h e n A er o m o n as  o ut n u m b ers m a cr o p h a g es, i n d u ci n g 

a p o pt osis ( Kr z y miń s k a et al., 2 0 0 9; S h ar p a n d S e c o m b es, 1 9 9 3 b)  or p yr o pt osis ( M c C o y 

et al., 2 0 1 0 ; S a h o o et al., 2 0 1 1). I n a d diti o n, i nf e cti o n l e a ds t o t h e o v er-pr o d u cti o n of 

R O S a n d N O S b y t h e h ost, r es ulti n g i n b a ct eri al -i n d u c e d a p o pt osis of e pit h eli al c ells 

fr o m mit o c h o n dri al d e p ol ari z ati o n d u e t o o xi d ati v e str ess ( Kr z y miń s k a et al., 2 0 1 1) .  

I h a v e pr e vi o usl y e x a mi n e d t h e r ol e of n e utr o p hils d uri n g t h e i n d u cti o n a n d 

r es ol uti o n of i nfl a m m ati o n usi n g a n i ntr a p erit o n e al z y m os a n c h all e n g e m o d el ( H a vi x b e c k 

et al., 2 0 1 5) . I nt er esti n gl y, I f o u n d t h at t el e ost n e utr o p hils p oss ess t h e c a p a cit y t o m e di at e 

di v er g e nt pr o - a n d a nti -i nfl a m m at or y r es p o ns es, d e p e n di n g o n t h e e n vir o n m e nt al 

i nfl a m m at or y mili e u fr o m w hi c h t h e y w er e is ol at e d ( H a vi x b e c k et al., 2 0 1 5). I n a d diti o n, 

n e utr o p hils r el e as e d c o pi o us a m o u nts of li p o xi n A 4 ( L X A4 ), w hi c h w as f o u n d t o b e a 

si g nifi c a nt c o ntri b ut or t o t h e u pt a k e of  a p o pt oti c c ells b y t el e ost m a cr o p h a g es 

( H a vi x b e c k et al., 2 0 1 5), si mil ar t o r es ults pr e vi o usl y o bs er v e d i n m a m m ali a n st u di es 

( L e v y et al., 2 0 0 1; S er h a n, 2 0 1 4; S er h a n et al., 2 0 0 8). 

I n li g ht of t h e eff e cts of A er o m o n as  o n m a cr o p h a g es a n d e pit h eli al c ells at t h e sit e 

of i nf e cti o n a n d t h e n e wl y dis c o v er e d r ol es of fis h n e utr o p h ils i n t he r es ol uti o n of 

i nfl a m m ati o n, I h y p ot h esi z e d n e utr o p hils w o ul d pl a y a pr e d o mi n a nt r ol e i n t h e cl e ar a n c e 
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of t his p at h o g e n, as w ell as t h e r e g ul ati o n of i nfl a m m ati o n ass o c i at e d wit h i nf e cti o n. 

H er ei n, I  is ol at e d a wil d str ai n of A er o m o n as v er o nii  a n d d e v el o p e d a n i nf e cti o n m o d el t o 

e x a mi n e i nfl a m m at or y e v e nts, wit h a f o c us o n n e utr o p hil mi gr ati o n, i nfiltr ati o n, a n d 

f u n cti o n at t h e i nf e cti o n sit e. F oll o wi n g i nf e cti o ns, n e utr o p hils e xit t h e h e m at o p oi eti c 

ki d n e y a n d e nt er i nt o cir c ul ati o n m ar ki n g a p eri o d of n e utr o p hili a 1 -2 d a ys p ost i nf e cti o n 

( d pi). S h ortl y t h er e aft er ( 2 -4 d pi), I  o bs er v e d a t hi c k e ni n g of l e u k o c yt es at t h e s urf a c e of 

t h e f ur u n cl e, f oll o w e d b y a n i n cr e as e i n l e u k o c yt e n u cl e ar d e nsit y wit hi n t h e tiss u e ( 7-1 0 

d pi). N e utr o p hils w er e c a p a bl e of mi gr ati n g t o w ar d, i nt er n ali zi n g, a n d killi n g A. v er o nii. 

I nt er esti n gl y, t el e ost n e utr o p hils w er e c a p a bl e of i nt er n ali zi n g d yi n g m a cr o p h a g es at hi g h 

l e v els. F urt h er, o n c e i nt er n ali z e d n e utr o p hils b e c a m e a cti v at e d a n d i n cr e as e d t h e o v er all 

pr o d u cti o n of  r e a cti v e o x y g e n s p e ci es wit hi n t h e p o p ul ati o n. T a k e n t o g et h er, m y r es ults 

s u g g est t h at: 1 ) n e utr o p hils ar e c a p a bl e of d et e cti n g s p e cifi c c ell ul ar diff er e n c es b et w e e n 

v ari o us t y p es of d yi n g c ells, l e a di n g t o di v ers e d o w nstr e a m eff e cts f oll o wi n g i nt er a cti o n  

a n d/ or u pt a k e; a n d 2 ) n ot all m e c h a nis ms of a p o pt osis a n d p yr o pt osis ar e i d e nti c al i n t h eir 

e n d r es ult - b ot h t h e m et h o d a n d r o ut e of i n d u cti o n ar e i m p ort a nt.  

 

5. 2  R e s ult s  

5. 2. 1  B a ct e ri a  is ol at e d f r o m n at u r all y i nf e ct e d fis h w e r e is ol at e d a n d s u bs e q u e ntl y 

us e d t o d e v el o p a n i nf e cti o n m o d el  

G ol dfis h n at ur all y i nf e ct e d wit h A er o m o n as  ar e c o m m o nl y f o u n d wit hi n a q u ati c 

f a ciliti es, wit h t h e pr e v al e n c e i n cr e asi n g d uri n g t h e s pri n g m o nt hs (s p a w ni n g s e as o n) or 

d uri n g p eri o ds of str ess (s hi p pi n g, t a n k tr a nsf er, et c.). I nf e cti o n g e n er all y pr es e nts as 

s or es o n t h e b o d y, m o ut h a n d or al c a vit y, or o n fi ns/t ail. S or es w er e cl assifi e d b as e d o n 



	 1 8 5 	

t h e l e v el of pr o gr ess- e arl y st a g e of i nf e cti o n h a d a r ais e d, r e d ar e a; mi d st a g e of i nf e cti o n 

h a d a r e d s or e wi t h a w hit e c e nt er t h at h a d n ot er u pt e d; l at e st a g e of i nf e cti o n h a d l ar g er 

s or es t h at h a d  er u pt e d i n t h e c e nt er ( Fi g ur e 5. 1 A). W h e n g ol dfis h w er e s w a b b e d, b a ct eri a 

w er e o nl y d et e ct e d fr o m t h e f ur u n cl es, b ut n ot fr o m ar e as wit h o ut s or es ( o n i nf e ct e d or 

c o nt r ol fis h) ( Fi g ur e 5. 1 B).  

B a ct eri al cl o n es w er e is ol at e d fr o m 6 f ur u n cl es ( 2 b o d y, 1 m o ut h/ or al c a vit y, 1 

e y e a n d 2 fi n/t ail) a n d e x pr essi o n of 1 6s r R N A a n d g yr B  w er e a n al y z e d b y P C R ( Fi g ur e 

5. 1 C). P C R pr o d u cts w er e p urifi e d a n d s e q u e n c e d. S e q u e n c e ali g n m e n ts i d e ntifi e d t h e 

is ol at e d b a ct eri a as A er o m o n as v er o nii  b v s o bri a . 

W hil e i ntr a p erit o n e al i nj e cti o n is a g o o d m et h o d t o e x a mi n e t h e i nfl a m m at or y 

r es p o ns e i n a c o ntr oll e d e n vir o n m e nt, it d o es n ot r e c a pit ul at e t h e tr u e n at ur e of a n 

A er o m o n as  i nf e cti o n ( e. g. m e c h a nis m of e x p os ur e, r o ut e of e ntr y of t h e b a ct eri u m i nt o 

fis h). B y d e v el o pi n g t h e f ur u n cl e i nf e cti o n m o d el I a m b ett er a bl e t o mi mi c a fis h r u b bi n g 

u p a g ai nst a n ot h er fis h wit h a s or e. B a ct eri a fr o m t h e s w a b b e d ar e a w o ul d als o b e 

i ntr o d u c e d i nt o t h e w ater, t h us c o mi n g i nt o c o nt a ct wit h all t h e fis h i n t h e t a n k. Fis h w er e 

t h e n h ar v est e d at t h e i n di c at e d ti m e p oi nts a n d r e pr es e nt ati v e fis h ar e s h o w n i n Fi g ur e 

5. 2.  

 

5. 2. 2  G ol dfis h wit h n at u r al o r i n d u c e d A. v er o nii  i nf e cti o n h a v e a si g nifi c a nt 

r e d u cti o n  i n p r olife r ati o n wit hi n t h e h e m at o p oi eti c tiss u e  

Pr olif er ati o n is cr u ci al t o t h e m ai nt e n a n c e of m at ur e l e u k o c yt es i n t h e 

h e m at o p oi eti c c o m p art m e nt. As a first st e p i n e x a mi ni n g t h e i nfl a m m at or y r es p o ns e 

a g ai nst A. v er o nii , I i n v esti g at e d t h e eff e cts of i nf e cti o n o n t h e pr olif er ati v e c a p a cit y of 
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g ol dfis h wit hi n t h e h e m at o p oi eti c ki d n e y.  I nt er esti n gl y, g ol dfis h t h at w er e i nf e ct e d wit h 

A. v er o nii , eit h er n at ur all y ( mi d t o l at e st a g e of i nf e cti o n; Fi g ur e 5. 3 A) or t hr o u g h a n 

i n d u c e d i nf e cti o n ( Fi g ur e 5. 3 B), s h o w e d si g nif i c a nt d e cr e as es i n ki d n e y c ell pr olif er ati o n.  

 

5. 2. 3  R a pi d m o bili z ati o n of n e ut r o p hils f r o m t h e h e m at o p oi eti c c o m p a rt m e nt i nt o 

ci r c ul ati o n r es ults i n a p e ri o d of n e ut r o p hili a f oll o wi n g i nf e cti o n wit h A. 

v er o nii  

  T h e m o bili z ati o n of n e utr o p hils fr o m b o n e m arr o w t o t h e i nfl a m m at or y sit e h as 

b e e n st u di e d e xt e nsi v el y i n m a m m als i n b ot h i nf e cti o n a n d n o n -i nf e cti o n m o d els ( 3 2– 3 5) . 

S e v er al si mil ar st u di es h a v e als o e x a mi n e d t h e mi gr ati o n of n e utr o p hils i n t el e ost fis h ( d e 

Oli v eir a et al., 2 0 1 3; D e n g et al., 2 0 1 3; v a n d er A a et al., 2 0 1 0) ; littl e w or k, h o w e v er,  h as 

b e e n d o n e t o diss e ct t h e r ol es of t el e ost n e utr o p hils i n r es p o ns e t o a li v e A. v er o nii  

i nf e cti o n. F oll o wi n g i nf e cti o n wit h A. v er o n ii, I f o u n d t h at t h e n u m b er of cir c ul ati n g 

n e utr o p hils i n c r e as e d n e arl y 1 0-f ol d o v er u ni nf e ct e d l e v els f oll o wi n g i nf e cti o n, r es ulti n g 

i n s hift of bl o o d n e utr o p hils fr o m ~ 6 % t o n e arl y 5 0 % of cir c ul ati n g l e u k o c yt es b et w e e n 

1 -2 d a ys p ost i nf e cti o n ( d pi; Fi g ur e 5. 4 B). D uri n g t h e s a m e ti m e p eri o d I als o o bs er v e d a 

si g nifi c a nt d e cr e as e ( 5. 7 -f ol d) i n n e utr o p hils wit hi n t h e h e m at o p oi eti c c o m p art m e nt 

( Fi g ur e 5. 3 C). I nt er esti n gl y, t ot al bl o o d l e u k o c yt e c o u nts r e m ai n e d r el ati v el y c o nst a nt 

t hr o u g h o ut t h e 1 4 d a y i nf e ctio n ( Fi g ur e 5. 4 A), si mil ar t o w h at I  pr e vi o usl y o bs er v e d 

usi n g a z y m os a n -i n d u c e d p erit o nitis m o d el ( H a vi x b e c k et al., 2 0 1 5). T h us, t h e i n cr e as e i n 

cir c ul ati n g n e utr o p hils c a m e l ar g el y at t h e e x p e ns e of l y m p h o c yt es, as p eri p h er al bl o o d 

l y m p h o c yt es d e cr e as e d b y o v er 5 0 % at 1-2 d pi i n or d er t o a c c o m m o d at e t h e i nfiltr ati o n 

of n e utr o p hils ( Fi g ur e 5. 4 B). Of n ot e, m o n o c yt es di d n ot a p p e ar t o e xit t h e h e m at o p oi eti c 
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sit e ( Fi g ur e 5. 3 C) a n d bl o o d c o u nts r e m ai n e d c o nsist e nt t hr o u g h all i nf e cti o n ti m e p oi nts 

( Fi g ur e 5. 4 B).  

A er o m o n as  i nf e cti o ns h a v e pr e vi o usl y b e e n c h ar a ct eri z e d b y a c ut e s e pti c e mi a 

wit h a c c o m p a n yi n g f ur u n cl es/ t ail or fi n r ot, a n d c a n est a blis h a c hr o ni c i nf e cti o n wit hi n 

m us cl es a n d or g a ns, es p e ci all y t h e ki d n e y (J a n d a a n d A b b ott, 2 0 1 0). I n li g ht of t his I 

e x a mi n e d t h e f ur u n cl e, bl o o d, a n d ki d n e y ( h e m at o p oi eti c tiss u e) of i nf e ct e d fis h f or t h e 

pr es e n c e of A. v er o nii . I nt er esti n gl y, t h e i m m u n e r es p o ns e t a k es o v er a w e e k t o cl e ar 

A er o m o n as at t h e sit e of i nf e cti o n, as t h e b a ct eri a c o ul d still b e d et e ct e d 1 0 d pi ( T a bl e 

5. 1 ). Ho w e v er, wit h m y d et e cti o n m et h o d, I w as o nl y a bl e t o d et e ct b a ct eri a i n t h e bl o o d 

1 d pi, a n d u ntil 2 d pi i n t h e ki d n e y.  

 

5. 2. 4  L e u k o c yt es a r ri v e  at t h e f u r u n cl e s u rf a c e, f oll o w e d b y a n i n c r e as e i n 

l e u k o c yt e d e nsit y wit hi n t h e d a m a g e d m us cl e tiss u e  

I n m a m m als, s ki n w o u n di n g tri g g ers a n i nfl a m m at or y c as c a d e r es ulti n g i n t h e 

r a pi d r e cr uit m e nt of p h a g o c yt es fr o m t h e cir c ul ati o n t o t h e sit e of i nf e cti o n ( Li et al., 

2 0 0 5; Si n g er a n d Cl ar k, 1 9 9 9) . F urt h er, t h e i nfiltr ati o n of l e u k o c yt es is k e y t o t h e 

eli mi n ati o n a n d r es ol uti o n of i nf e cti o n i n b ot h m a m m als a n d t el e ost fis h ( D e n g a n d 

H utt e nl o c h er, 2 0 1 2; Ki m et al., 2 0 0 8; N g u y e n -C hi et al., 2 0 1 4; O z er et al., 2 0 1 5; Ri e g er 

a n d B arr e d a, 2 0 1 1; W ell et al., 2 0 0 7) . F ur u n cl e tiss u e s e cti o ns w er e st ai n e d wit h 

H e m at o x yli n & E osi n a n d t h e l e u k o c yt e mi gr ati o n a n d r e cr uit m e nt, wit h a f o c us o n 

n e utr o p hils, w as e x a mi n e d. Fi g ur e 5 . 5A s h o ws r e pr es e nt ati v e i m a g es fr o m e a c h of ti m e 

p oi nt d uri n g i nf e cti o n. I f o u n d t h at t ot al l e u k o c yt e i nfiltr ati o n i nt o t h e i nf e cti o n sit e 

dis pl a y e d t w o pr o mi n e nt p e a ks wit h disti n ct l o c ati o ns wit hi n t h e tiss u e. T h e first p e a k 
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w as f o u n d at 2 -4 d pi, wit h a l e u k o c yt e l a y er (s oli d bl a c k arr o ws) f or mi n g o utsi d e of t h e 

d er mis o n t h e s urf a c e of t h e f ur u n cl e, i n cr e asi n g a p pr o xi m at e 4 -f ol d i n t hi c k n ess o v er 

b as al l e v els ( Fi g ur e 5 . 5B). T h e s e c o n d p e a k w as o bs er v e d at 1 0 d pi wit hi n t h e m us cl e 

tiss u e. I f o u n d a si g nifi c a nt i n cr e as e ( 6-f ol d) i n t h e d e nsit y of l e u k o c yt es (s oli d w hit e 

arr o w) wit hi n t h e m us cl e tiss u e c o m p ar e d wit h b as al l e v els ( Fi g ur e 5 . 5C).  

T o f urt h er diss e ct t h e i nfl a m m at or y e n v ir o n m e nt wit hi n t h e f ur u n cl e, I als o 

e x a mi n e d a p a n el of c h e m o ki n es ( C X C L -8 a n d C C L -1), pr o - (T N F -α 2 a n d I L -1 β 1) a n d 

a nti - (I L-1 0 a n d T G F -β ) i nfl a m m at or y c yt o ki n es. T h e e x pr essi o n of C X C L -8, a n 

i m p ort a nt n e utr o p hil c h e m o ki n e, p e a k e d e arl y o n at 1-2 d pi ( Fi g ur e 5 . 5D), c orr el ati n g 

w ell wi t h t h e m o bili z ati o n of n e utr o p hils fr o m t h e h e m at o p oi eti c ki d n e y i nt o cir c ul ati o n 

( mi d dl e p a n el Fi g ur e 5. 3 C a n d Fi g ur e 5. 4 B). Usi n g q u a ntit ati v e P C R, I w as a bl e t o d et e ct 

n e utr o p hils wit hi n t h e f ur u n cl e t h o u g h G -C S F r e c e pt or e x pr essi o n at all ti m e p oi nts 

d uri n g i nf e cti o n ( d at a n ot s h o w n). H o w e v er, f urt h er a n al ysis is n e e d e d t o d et er mi n e t h e 

e x a ct m o v e m e nt of n e utr o p hils t hr o u g h o ut t h e i nf e ct e d tiss u e. I nt er esti n gl y, I o bs er v e d 

n o c h a n g e i n C C L -1 e x pr essi o n ( Fi g ur e 5 . 5D), o n e of t h e c h e m o ki n es i n v ol v e d i n 

r ecr uiti n g m o n o c yt es. T his d at a w as c o nsist e nt wit h t h e l a c k of m o n o c yt e m o v e m e nt 

t hr o u g h o ut t h e i nf e cti o n m o d el ( mi d dl e p a n el Fi g ur e 5. 3 C a n d Fi g ur e 5. 4 B). T h e 

e x pr essi o n of t w o pr o -i nfl a m m at or y c yt o ki n es, T N F-α 2 a n d I L -1 β 1, u n d er w e nt m o d est 

i n cr e as es ( 8-f ol d, a n d 3-f ol d, r es p e cti v el y ( Fi g ur e 5. 5D). I n c o ntr ast, n eit h er of t h e a nti -

i nfl a m m at or y c yt o ki n es, I L-1 0 a n d T G F -β , i n cr e as e d si g nifi c a ntl y d uri n g t h e ti m e p oi nts 

I e x a mi n e d ( Fi g ur e 5. 5 D).  
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5. 2. 5  N e ut r o p hils mi g r at e t o w a r d a n d r a pi dl y kill A er o m o n as v er o nii  

I n or d er t o e x a mi n e t h e c h e m ot a cti c a n d pr o-i nfl a m m at or y c a p a cit y of n e utr o p hils 

t o w ar d A. v er o nii , I t o o k a d v a nt a g e of v ari o us st at es of n e utr o p hil a cti v ati o n fr o m s e v er al 

diff er e nt tiss u e l o c ati o ns. I  f o u n d t h at n aï v e n e utr o p hils is ol at e d fr o m t h e ki d n e y of 

g ol dfis h w er e hi g hl y c h e m ot a cti c t o w ar d A. v er o nii . E v e n at a 1: 1 r ati o of A er o m o n as , a 

t w o-f ol d gr e at er n u m b er of n e utr o p hils cr oss e d t h e c h e m ot a cti c b arri er t o t h e w ell 

c o nt ai ni n g b a ct eri a ( Fi g ur e 5. 6 A). I n a d diti o n, t h e n u m b er of n e utr o p hils mi gr ati n g a cr oss 

t h e m e m br a n e i n cr e as e d i n a c o n c e ntr ati o n d e p e n d e nt m a n n er, p e a ki n g at a p pr o xi m at el y 

2 0 0 c ells p er fi el d of vi e w i n t h e r ati os I e x a mi n e d ( Fi g ur e 5. 6 A). F oll o wi n g c h e m ot a xis, 

n e utr o p hils i d e all y e n g ulf t h e b a ct eri a a n d eli mi n at e t h e p at h o g e n. I n li g ht of t his, I 

is ol at e d p erit o n e al n e utr o p hils 1 8 h o urs p ost A. v er o nii  i nj e cti o n. T his ti m e p oi nt 

r e pr es e nts t h e p e a k i nfiltr ati o n p oi nt of n e utr o p hils f oll o wi n g t h e i nj e cti o n of h e at-kill e d 

A. v er o nii  i nt o t h e p erit o n e al c a vit y ( u n p u blis h e d d at a), pr o vi di n g m e wit h i n vi v o 

a cti v at e d n e utr o p hils. As e x p e ct e d, a p pr o xi m at el y 6 6 % of n e utr o p hils h a d i nt er n ali z e d A. 

v er o nii , w hil e r o u g hl y 1 1. 4 % h a d b o u n d t h e p at h o g e n, i n di c ati n g t h at 3 o ut of 4 

n e utr o p hils w er e i nt er a cti n g wit h t h e b a ct eri a i n s o m e m a n n er ( Fi g ur e 5. 6 B). I n a d diti o n, 

r o u g hl y 7 5 % of t h es e s a m e n e utr o p hils is ol at e d fr o m t h e p erit o n e al c a vit y w er e p ositi v e 

f or i ntr a c ell ul ar R O S pr o d u cti o n ( Fi g ur e 5. 6 C), a c o m m o n m e c h a nis m b y w hi c h 

n e utr o p hils d estr o y i nt er n ali z e d p at h o g e ns. Fi n all y , I e x a mi n e d t h e  a bilit y of n e utr o p hils 

t o kill i nt er n ali z e d A er o m o n as . I n li n e wit h m y pr e vi o us fi n di n gs, n e utr o p hils w er e a bl e 

t o eli mi n at e o v er h alf of t h e b a ct eri a wit hi n t w o h o urs ( Fi g ur e 5. 6 D). I n c o m bi n ati o n, 

t h es e r es ults p oi nt t o n e utr o p hils as i m p ort a nt c ells i n t h e d ef e ns e a g ai nst A er o m o n as . 
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5. 2. 6  T el e ost n e ut r o p hils i nt e r n ali z e A er o m o n as v er o nii  i n d u c e d a p o pt oti c 

m a c r o p h a g es  

R esi d e nt tiss u e m a cr o p h a g es ar e o n e of t h e pri m ar y c ells r es p o nsi bl e f or e arl y 

e n g a g e m e nt of p at h o g e ni c p arti cl es a n d t h e r el e as e of n e c ess ar y si g n als ( pr o -

i nfl a m m at or y c yt o ki n es, c h e m o ki n es, et c.) t h at i niti at e a n i nfl a m m at or y c as c a d e a n d 

r e cr uit n e utr o p hils ( D a vi es et al., 2 0 1 3; D a vi es a n d T a yl or, 2 0 1 5; M c C art h y, 2 0 1 5; 

M e d z h it o v, 2 0 0 7; M o g e ns e n, 2 0 0 9; T a k e u c hi a n d A kir a, 2 0 1 0). H o w e v er, it h as b e e n 

pr e vi o usl y n ot e d t h at A er o m o n as  i n d u c es hi g h l e v els of c ell d e at h wit hi n m a cr o p h a g e 

p o p ul ati o ns ( Kr z y miń s k a et al., 2 0 0 9; R os e n z w ei g a n d C h o pr a, 2 0 1 3) . T o t his e n d, I  

e x a mi n e d t h e a bilit y of A. v er o ni i t o i n d u c e c ell d e at h at var yi n g b a ct eri a t o c ell r ati os. I 

o bs er v e d si g nifi c a nt m a cr o p h a g e c ell d e at h at r ati os as l o w as 1: 1 ( b a ct eri a: c ell) ( Fi g ur e 

5. 7 A). I nt er esti n gl y, at a 3: 1 r ati o, n e arl y all m a cr o p h a g es h a d b e e n eli mi n at e d, c o nsist e nt 

wit h a hi g h l e v el of vir ul e n c e f or  t his or g a nis m. H o w e v er, w h e n I e x a mi n e d t h e eff e ct o n 

n e utr o p hils, a r ati o of 3: 1 i n d u c e d c ell d e at h i n r o u g hl y 5 0 % of c ells, w hil e it t o o k a r ati o 

of 1 0: 1 t o eli mi n at e n e utr o p hils e ntir el y ( Fi g ur e 5. 7 A).  

Pr e vi o us st u di es fr o m o ur l a b i n di c at e d t h at t el e ost n e utr o p hils w er e i n c a p a bl e of 

i nt er n ali zi n g c y cl o h e xi mi d e-i n d u c e d a p o pt oti c c ells ( H a vi x b e c k et al., 2 0 1 5; Ri e g er et al., 

2 0 1 2) . I nt er esti n gl y, a n ot h er st u d y f o u n d t h at n e utr o p hils w er e c a p a bl e of i nt er n ali zi n g 

d yi n g m a cr o p h a g es t h at w er e i nf e ct e d wit h M y c o b a ct eri u m m ari n u m  ( Y a n g et al., 2 0 1 2) . 

T h er ef or e, I  ass ess e d t h e a bilit y of g ol dfis h n e utr o p hils t o i nt er n ali z e d yi n g c ells i n d u c e d 

t hr o u g h a m or e n at ur al m e c h a nis m- i nf e cti o n wit h A. v er o nii . I f o u n d t h at, si mil ar t o t h e 

M y c o b a ct eri u m m ari n u m  i nf e ct e d m a cr o p h a g es, g ol dfis h n e utr o p hils w er e c a p a bl e of 

i nt er n ali zi n g d yi n g m a cr o p h a g es t h at h a d b e e n i n c u b at e d wit h A. v er o nii  ( Fi g ur e 5. 7 B). 



	 1 9 1 	

I n or d er t o e ns ur e t h at n e utr o p hils w er e i n f a ct r e c o gni zi n g t h e d yi n g m a cr o p h a g es, I  

i n c u b at e d m a cr o p h a g es re n d er e d a p o pt oti c vi a c y cl o h e xi mi d e wit h li v e, h e at -kill e d, or 

s o ni c at e d A. v er o nii a n d e x a mi n e d p h a g o c yt osis. I nt er esti n gl y, t h er e w as o nl y mi n or 

s urf a c e bi n di n g of t h es e a p o pt oti c m a cr o p h a g es ( Fi g ur e 5. 8 ). T his r es ult p oi nts t o t h e 

c o m pl e xit y of c ell d e a t h m e c h a nis ms, l e a di n g us t o s us p e ct e a c h s p e cifi c m e c h a nis m b y 

w hi c h a c ell di es is i m p ort a nt. Fr o m h er e, I  f o c us e d m y  e x a mi n ati o n o n t h e r es ulti n g 

eff e ct o n n e utr o p hils f oll o wi n g t h e  u pt a k e of d yi n g m a cr o p h a g es. I  o bs er v e d n o c h a n g es 

i n n e utr o p hil vi a bilit y as m e as ur e d vi a A n n e xi n V/ PI st ai ni n g ( Fi g ur e 5. 7 C), or 

mit o c h o n dri al m e m br a n e p ot e nti al ( Fi g ur e 5. 7 D). H o w e v er, I  di d fi n d t h at f oll o wi n g t h e 

i nt er a cti o n ( bi n di n g a n d/ or u pt a k e) wit h d yi n g m a cr o p h a g es, n e utr o p hils b e g a n pr o d u ci n g 

r o b ust l e v els of r e a cti v e o x y g e n s p e ci es ( Fi g ur e 5. 7 E). T his s u g g ests t h at alt h o u g h 

n e utr o p hils ar e i nt er n ali zi n g d yi n g c ells, t h e y m ai nt ai n t h e c a p a cit y pr o m ot e pr o -

i nfl a m m at or y f u n cti o ns a g ai nst A. v er o nii . 

 

5. 3  Dis c u s si o n  

A er o m o n as v er o nii  is a u bi q uit o us fr es h w at er p at h o g e n t h at h as b e e n is ol at e d 

fr o m a v ari et y of h osts, i n cl u di n g v ert e br at es a n d i n v ert e br at es ( A usti n a n d A usti n, 2 0 0 7; 

D e o d h ar et al., 1 9 9 1; Gr af, 2 0 1 5, 1 9 9 9; H or n e, 1 9 2 8; Kr z y mi ń s k a et al., 2 0 0 9) . W hil e 

t his b a ct eri a m a y h a v e b e nefi ci al s y m bi oti c r el ati o ns hi ps wit h h osts s u c h as t h e m e di ci n al 

l e e c h, Hir u d u m e di ci n alis , A er o m o n as  is a hi g hl y vir ul e nt b a ct eri al p at h o g e n li n k e d t o 

dis e as es i n a n u m b er of a ni m al s p e ci es, i n cl u di n g h u m a ns (J a n d a a n d D uff e y, 1 9 8 8; 

Kr z y mi ń s k a et al., 2 0 1 1; M c C o y et al., 2 0 1 0; T o m as et al., 2 0 1 2) . F or fis h, o n e of t h e 

m ost c o m m o n  a c ut e s y m pt o ms d uri n g A er o m o n as i nf e cti o ns is t h e d e v el o p m e nt of s e v er e 
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tiss u e d a m a g e, k n o w n as f ur u n c ul osis. I o bs er v e d n at ur all y i nf e ct e d fis h o v er t h e c o urs e 

of i nf e cti o n, w hi c h all o w e d us t o d efi n e 3 m ai n st a g es of a c ut e f ur u n c ul osis; 1) e arl y 

st a g e o f i nf e cti o n wit h t h e d e v el o p m e nt of a s m all r e d s or e, 2) mi d st a g e of i nf e cti o n wit h 

t h e er u pti o n of w hit e n e cr oti c or a p o pt oti c tiss u e e x p osi n g t h e m us c ul at ur e, a n d 3) l at e 

st a g e of i nf e cti o n wit h t ot al s or e er u pti o n t h at oft e n r es ults i n c o m pl et e tiss u e l oss at t h e 

c e nt er of t h e f ur u n cl e. M y  d es cri pti o ns w er e si mil ar t o t h os e pr e vi o usl y r e p ort e d i n 

Atl a nti c s al m o n, w h er e t h e y d efi n e d a p er a c ut e st a g e wit h a f e w visi bl e e xt er n al s or es, a n 

a c ut e st a g e w h er e f ur u n cl es m a y ul c er at e r el e asi n g a r e d br o w n fl ui d  a n d e x p osi n g d e e p 

c a viti es wit hi n t h e m us c ul at ur e, a n d fi n all y a c hr o ni c st a g e wit h e n or m o us c a viti es 

d e v el o pi n g wit hi n t h e f ur u n cl e a n d d a m a g e e xt e n di n g b e y o n d t h e i niti al p oi nt of tiss u e 

d a m a g e ( M u nr o, 1 9 8 8).  

T h e pr o gr essi o n of i nf e cti o n I o bs er v e d i n t h e n at ur all y i nf e ct e d fis h l e d us t o 

d e v el o p a n i n d u c e d i nf e cti o n t o st u d y t h e i m m u n ol o gi c al r es p o ns es t o A. v er o nii  i n a 

c o ntr oll e d e n vir o n m e nt. T his all o w e d us t o c o ntr ol t h e r o ut e of i nf e cti o n a n d m o nit or it’s 

c o urs e m or e cl os el y. A p at c h of s c al es w as r e m o v e d a n d t h e u n d erl yi n g tiss u e w as 

sli g htl y l a c er at e d, a n d i nf e ct e d wit h a s w a b of A . v er o nii. T his cr e at e d a pr e di ct a bl e 

c o urs e of i nf e cti o n, all o wi n g us t o e x a mi n e t h e m e c h a nis ms of i m m u n e d ef e ns e i n 

g ol dfis h.  

I n b ot h m a m m als a n d t el e ost fis h, s ki n w o u n di n g tri g g ers a n i nfl a m m at or y/ 

i m m u n e c as c a d e r es ulti n g i n t h e r a pi d r e cr uit m e nt of p h a g o c yt es t o t h e sit e of i nf e cti o n 

( Li et al., 2 0 0 5; Si n g er a n d Cl ar k, 1 9 9 9). I n a d diti o n, t h e i nfiltr ati o n of l e u k o c yt es is k e y 

t o t h e eli mi n ati o n a n d r es ol uti o n of i nf e cti o ns ( D e n g a n d H utt e nl o c h er, 2 0 1 2; Ki m et al., 

2 0 0 8; N g u y e n -C hi et al., 2 0 1 4; O z er et al., 2 0 1 5; Ri e g er a n d B arr e d a, 2 0 1 1; W ell et al., 
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2 0 0 7) . D uri n g i nf e cti o ns, n e utr o p hils oft e n r e pr es e nt t h e first li n e of eff e ct or c ells d uri n g 

a c ut e i nfl a m m ati o n, w h er e t h eir r e cr uit m e nt i nt o p eri p h er al t iss u es is c e ntr al t o t h e 

i m m u n e r es p o ns e a n d d ef e ns e a g ai nst i n v a di n g p at h o g e ns. I n b ot h m a m m als a n d t el e ost 

fis h, a l ar g e st or a g e p o ol of n e utr o p hils e xists wit hi n t h e h e m at o p oi eti c tiss u e ( B o xi o et 

al., 2 0 0 4; F ur z e a n d R a n ki n, 2 0 0 8; H a vi x b e c k et al., 2 0 1 5; R a n ki n, 2 0 1 0) . U p o n 

r e c ei vi n g t h e n e c ess ar y si g n als, t his p o ol is r a pi dl y m o bili z e d t o a n i nf e cti o n or 

i nfl a m m at or y sit e, r es ulti n g i n a dr a m ati c i n cr e as e i n t h e n u m b er of cir c ul ati n g 

n e utr o p hils. C o nsist e nt wit h m y  pr e vi o us r es ults f oll o wi n g a p erit o n e al c h all e n g e wit h 

z y m os a n ( H a vi x b e c k et al., 2 0 1 5), I o bs er v e d a r a pi d effl u x of n e utr o p hils, w h er e 

a p pr o xi m at el y 8 0 % of n e utr o p hils l e a v e t h e h e m at o p oi eti c tiss u e f oll o wi n g i nf e cti o n wit h 

A er o m o n as v er o nii . T h e r a pi d e x o d us of n e utr o p hils fr o m t h e h e m at op oi eti c 

c o m p art m e nt l e a d t o a p eri o d of s e v er e n e utr o p hili a i n t h e first 4 8 h o urs of i nf e cti o n, 

w h er e I f o u n d m or e t h a n 2. 5 x 1 07  n e utr o p hils/ m L of bl o o d. I nt er esti n gl y, I o bs er v e d  littl e 

t o n o m o v e m e nt of m o n o c yt es o ut of t h e h e m at o p oi eti c tiss u e, i n st ar k c o ntr ast t o ot h er 

i nfl a m m at or y m o d els w h er e m o n o c yt e e gr ess w as o bs er v e d t hr o u g h o ut t h e c h all e n g e 

p eri o d. T h e l a c k of m o n o c yt e e gr essi o n f oll o wi n g i nf e cti o n wit h A. v er o nii c o ul d b e d u e 

t o: 1) t h e s el e cti v e r e cr uit m e nt of n e utr o p hils d uri n g i nf e cti o n wit h t his b a ct eri u m; or 2) 

a d v ers e eff e cts of A. v er o nii  o n t h e m o n o c yt e/ m a cr o p h a g e p o p ul ati o n i n t h e ki d n e y. As I 

h a v e s h o w n h er e, A. v er o nii  i n d u c es a hi g h l e v el of c ell d e at h i n ki d n e y m o n o c yt e/ 

m a cr o p h a g e p o p ul ati o ns, w hi c h m a y l e a d t o t h e u n a v ail a bilit y of vi a bl e m o n o c yt es t o 

tr affi c fro m t h e ki d n e y. I nt er esti n gl y, I  h a v e als o o bs er v e d l ar g e i n cr e as es i n a n e g ati v e 

r e g ul at or of m o n o p oi esis, t h e s ol u bl e C S F-1 R at t h e sit e of i nf e cti o n ( u n p u blis h e d 

o bs er v ati o ns). T his s ol u bl e r e c e pt or m a y b e i n hi biti n g C S F -1 R si g n ali n g i n r esi d e nt 
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tiss u e m a cr o p h a g es, a n d t h us l e a d t o a d e cr e as e d dri v e f or m o n o c yt e mi gr ati o n. Fi n all y, 

r e c e nt e vi d e n c e h as s h o w n t h at m at ur e p erit o n e al m a cr o p h a g es c a n r a pi dl y mi gr at e vi a a 

n o n -v as c ul ar r o ut e i nt o vis c er al or g a ns t o ai d i n tiss u e r e p air ( W a n g a n d K u b es, 2 0 1 6) , 

pr o vi di n g y et a n ot h er e x pl a n ati o n f or t h e l a c k of m o n o c yt e mi gr ati o n. T o g et h er, t his 

o p e ns t h e d o or f or a n i n d e pt h e x a mi n ati o n of alt er n ati v e m a cr o p h a g e pr olif er ati o n a n d 

mi gr ati o n fr o m tiss u es ot h er t h a n t h e h e m at o p oi eti c sit e d uri n g i nf e cti o n fr o m A. v er o nii.  

F oll o wi n g a n e gr ess of l e u k o c yt es fr o m t h e ki d n e y, I o bs er v e d i n cr e as es i n 

l e u k o c yt e n u m b ers wit hi n t h e sit e of i nf e cti o n. B as e d o n c ell ul ar m or p h ol o g y a n d w e a k 

S u d a n Bl a c k st ai ni n g, t h e v ast m aj orit y of l e u k o c yt es r e cr uit e d t o t h e sit e a p p e ar t o b e 

n e utr o p hils, t h o u g h t his c a n n ot b e f ull y d et er mi n e d d u e t o a l a c k of i m m u n e c ell t y p e 

s p e cifi c m ar k ers. M y  e x a mi n ati o n of t w o c e ntr al c h e m o ki n es r es p o nsi bl e f or t h e 

mi gr ati o n of n e utr o p hils a n d m o n o c yt es, C X C L 8 a n d C C L 1 r es p e cti v el y , pr o vi d e d 

f urt h er e vi d e n c e t o s u p p ort m y  h y p ot h esis t h at t h e n e utr o p hils ar e d o mi n a nt c ell t y p e 

r e cr uit e d t o t h e f ur u n cl e. C X C L 8 e x pr essi o n wit hi n t h e f ur u n cl e s h o w e d a r o b ust i n cr e as e 

d uri n g t h e e arl y st a g es of i nf e cti o n. T h e i n cr e as e i n C X C L 8 e x pr essi o n  c orr es p o n d e d 

wit h t h e mi gr ati o n of n e utr o p hils fr o m t h e h e m at o p oi eti c c o m p art m e nt, i nt o cir c ul ati o n, 

a n d i nt o t h e sit e of i nf e cti o n . It s h o ul d b e n ot e d t h at C X C L 8 m a y o nl y pl a y a  p arti al r ol e 

i n n e utr o p hil  r e cr uit m e nt, a n d ot h er c h e m ot a cti c m e di at ors s u c h as L T B 4 , C 3 a, C 5 a, a n d 

F M L P  m a y als o b e i n v ol v e d . I o bs er v e d n o i n cr e as e i n C C L 1 e x pr essi o n, w hi c h p ar all els 

wit h t h e l a c k of o bs er v e d m o n o c yt e m o v e m e nt. M y  d at a s u g g ests t h at t h e c ells first 

mi gr at e t o t h e s urf a c e of t h e w o u n d,  e xt eri or t o t h e d er mis (st r at u m c o m p a ct u m). I 

s p e c ul at e t h at t h e i n cr e as e of l e u k o c yt es at t h e w o u n d s urf a c e d uri n g t h e e arl y st a g es of 

i nf e cti o n is t o kill a n d eli mi n at e t h e i n v a di n g A. v er o nii  wit hi n t h e f ur u n cl e. T his l a y er of 
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l e u k o c yt es b e gi ns t o d e cr e as e ar o u n d 7 d pi, t h e s a m e ti m e p oi nt w h e n f e w b a ct eri a 

r e m ai n at t h e i nf e cti o n sit e. Fr o m h er e, m a n y of t h e l e u k o c yt es a p p e ar t o mi gr at e i nt o t h e 

m us c ul at ur e. T h es e c ells m a y b e pl a yi n g a cr u ci al r ol e i n t h e r et ur n t o h o m e ost asis a n d 

tiss u e r e g e n er ati o n; h o w e v er, f urt h er w or k is ne e d e d t o v erif y t his h y p ot h esis.  

T h e b al a n c e b et w e e n p at h o g e ni c a n d h o m e ost ati c si g n als is cr u ci al f or eff e cti v e 

p at h o g e n cl e ar a n c e wit h mi ni m al d a m a g e t o s urr o u n di n g h ost tiss u es ( M e d z hit o v, 2 0 0 7). 

N e utr o p hils ar e cl assi c all y k n o w n f or t h eir p ot e nt pr o -i nfl a m m at or y r es p o ns es. As s h o w n 

h er e, n e utr o p hils w er e c h e m ot a cti c t o w ar d A. v er o nii , i nt er n ali z e d t h e b a ct eri a, pr o d u c e d 

r o b ust l e v els of R O S, a n d kill e d t h e b a ct eri u m. H o w e v e r, it s h o ul d b e n ot e d t h at R O S is 

us e d as a m ar k er of a pr o -i nfl a m m at or y killi n g r es p o ns e, a n d d o es n ot c o n cl usi v el y 

s u g g est t h at R O S is or is n ot t h e pri m ar y m et h o d b y w hi c h t h es e b a ct eri a ar e kill e d. 

F urt h er a n al ysis s h o ul d t a k e a d v a nt a g e of c o m m er ci al a nti -o xi d a nts t o bl o c k r e a cti v e 

o x y g e n s p e ci es; f oll o w e d b y a n a n al ysis of n e utr o p hili c killi n g r es p o ns es t o w ar d A. 

v er o nii  t o d et er mi n e t h e r ol e of R O S i n killi n g. B uil di n g u p o n t his b y e x a mi ni n g ot h er 

pr o -i nfl a m m at or y a nti mi cr o bi al killi n g m e c h a nis ms, s u ch as d e gr a n ul ati o n or N E T 

pr o d u cti o n, w o ul d als o ai d i n p ai nti n g a l ar g er pi ct ur e of killi n g r es p o ns es t h at m a y b e 

i n v ol v e d.  

I w as als o i nt er est e d i n e x a mi ni n g w h at pr o -r es ol vi n g r ol es, if a n y, w er e dis pl a y e d 

b y n e utr o p hils. I w a nt e d t o e x a mi n e t h e i m p a ct  of A. v er o nii  o n t h e vi a bilit y  of 

m o n o c yt es a n d n e utr o p hils. I  f o u n d t h at A er o m o n as  h a d a pr of o u n d eff e ct o n l e u k o c yt e 

vi a bilit y, es p e ci all y wit hi n t h e m a cr o p h a g e li n e a g e. I nt er esti n gl y, pr e vi o us st u di es f o u n d 

t h at A er o m o n as s p p. w er e c a p a bl e of i n d u ci n g b ot h a p o pt osis ( Kr z y miń s k a et al., 2 0 0 9)  

a n d p yr o pt osis ( M c C o y et al., 2 0 1 0; R os e n z w ei g a n d C h o pr a, 2 0 1 3) i n m a cr o p h a g es. T h e 
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m e c h a nis m of c ell d e at h is i m p ort a nt t o t h e o v er all o ut c o m e of t h e i m m u n e r es p o ns e. 

R e n d eri n g c ells a p o pt oti c c a n ulti m at el y s e n d t h e h ost i nt o e arl y r es ol uti o n, all o wi n g t h e 

p at h o g e n t o r e pli c at e, diss e mi n at e, a n d c a us e f urt h er dis e as e ( Er wi g a n d H e ns o n, 2 0 0 7). 

Alt er n ati v el y , t h e i n d u cti o n of p yr o pt osis is a pr o-i nfl a m m at or y e v e nt, w hi c h s h o ul d 

all o w t h e h ost t o m ai nt ai n its pr o -i nfl a m m at or y mi cr o e n vir o n m e nt a n d eli mi n at e t h e 

p at h o g e ni c t hr e at ( B er gs b a k e n et al., 2 0 0 9), b ut c a n i n d u c e mor e d a m a g e t o s urr o u n di n g 

c ells. T his pl a c es t h e h ost a n d A er o m o n as  at a n e v ol uti o n ar y ar ms r a c e, w h er e i t is li k el y 

t h at g ol dfis h m a cr o p h a g es w o ul d pr ef er t o eli cit a c o ntr oll e d n e cr oti c c ell d e at h 

( p yr o pt osis) d uri n g t h e e arl y st a g es of i nf e cti o n, eff e cti v el y all o wi n g t h e h ost t o m ai nt ai n 

its i nfl a m m at or y r es p o ns e a n d cl e ar t h e i nf e cti o n. H o w e v er, A. v er o nii  w o ul d li k el y 

pr ef er t o i n d u c e a c o ntr oll e d a p o pt oti c c as c a d e, t h us l e a di n g t o d e cr e as e d pr o -

i nfl a m m at or y r es p o ns es, all o wi n g t h e b a ct eri u m t o f urt h er i nfiltr at e a n d diss e mi n at e 

wit hi n t h e h ost.  

R e c e nt e vi d e n c e h as r e p ort e d t h at t el e ost n e utr o p hils w er e c a p a bl e of i nt er n ali zi n g 

d yi n g m a cr o p h a g es i nf e ct e d wit h M y c o b a ct eri u m m ari n u m ( Y a n g et al., 2 0 1 2). As s u c h, I 

d e ci d e d t o i n v esti g at e t h e c a p a cit y of n e utr o p hils t o i nt er n ali z e m a cr o p h a g es t h at h a d 

b e e n kill e d b y A er o m o n as . M u c h t o m y s ur pris e, I f o u n d t h at n e utr o p hils w er e i n f a ct 

c a p a bl e of i nt er n ali zi n g t h es e d yi n g m a cr o p h a g es. It s h o ul d b e n ot e d t h at n e utr o p hils 

w er e still u n a bl e t o i nt er n ali z e a n y ot h er f or m of i n d u c e d d yi n g c ell, t h us s u g g esti n g t h at 

e a c h s p e cifi c m e c h a nis m b y w hi c h a c ell di es is  i m p ort a nt, p ot e nti all y i n d u ci n g u ni q u e 

c ell ul ar f e at ur es s u c h v ar yi n g r e c e pt ors o n t h e c ell s urf a c e.  A n ot h er p ot e nti al e x pl a n ati o n 

is t h e st at e of t h e n e utr o p hil its elf. N e utr o p hils will r e c ei v e s p e cifi c e xtr a c ell ul ar c u es 

fr o m t h e e n vir o n m e nt as w ell as t h e i nfl a m m at or y mili e u. T his m a y l e a d t o a s p e cifi c s et 
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of a cti v ati o n st e ps, w hi c h t h e n all o w n e utr o p hils t o t a k e u p a p o pt oti c c ells. T his 

r e pr es e nts a u ni q u e p at h w a y of f urt h er e x a mi n ati o n, usi n g n e utr o p hils a cti v at e d u n d er 

v ar yi n g c o n diti o ns b ot h i n vi v o a n d i n vitr o. 

L astl y, I w as i nt er est e d  if t h e i nt er n ali z ati o n of t h es e d yi n g m a cr o p h a g es h a d a n y 

eff e cts o n n e utr o p hil vi a bilit y or d o w nstr e a m r es p o ns es. I ntri g ui n gl y, t h er e w as n o eff e ct 

o n c ell ul ar vi a bilit y, t h o u g h t h e n e utr o p hils e x hi bit e d h e alt h y R O S r es p o ns es f oll o wi n g 

i nt er n ali z ati o n. T h es e fi n di n gs ar e si mil ar t o t h at of Y a n g a n d c oll e a g u es w h o obs er v e d 

t h e o xi d ati v e killi n g of t h e M y c o b a ct eri u m i nf e ct e d m a cr o p h a g es. ( Y a n g et al., 2 0 1 2) 

T a k e n t o g et h er, t h es e r es ults s u g g est t h at n e utr o p hils ar e e x hi biti n g pr o -r es ol vi n g 

r es p o ns es b y i nt er n ali zi n g d yi n g c ells, w hil e dis c er ni n g t h e e x a ct n at ur e of t h e d yi n g c ell 

a n d si m ult a n e o usl y r es p o n di n g i n a pr o -i nfl a m m at or y m a n n er. T his st u d y pr o vi d es 

a d diti o n al i nsi g ht i nt o t h e c o m pli c at e d m e c h a nis ms b y w hi c h n e utr o p hils c o ntri b ut e t o 

t h e i n d u cti o n a n d r e g ul ati o n of a c ut e i nfl a m m at or y r es p o ns es. 
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T a bl e 5. 1. M e a n c ol o n y f o r mi n g u nits ( C F U) of A. v er o nii  f r o m t h e i n di c ate d tiss u es 

t h r o u g h o ut i nf e cti o n 

d pi  1  2  4  7  1 0  1 4  
C F U/f ur u n cl e  T N T C  T N T C  T N T C  7 2. 0 ± 9. 0  2 1. 3 ± 4. 8  T F T C  
C F U/ bl o o d  1. 1 ± 0. 6  T F T C  T F T C  T F T C  T F T C  T F T C  
C F U/ m g ki d n e y  8 1 ± 9  1 2 6 ± 1 3  T F T C  T F T C  T F T C  T F T C  
T N T C - t o o n u m er o us t o c o u nt; T F T C- t o o f e w t o o c o u nt; d pi- d a ys p ost i nf e cti o n  
C o u nts r e pr es e nt M e a n +  S E M; n = 6 o v er a mi ni m u m of 2 i n d e p e n d e nt e x p eri m e nts.  
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Fi g u r e 5. 1. P r es e nt ati o n a n d is ol ati o n of a n at u r all y o c c u r ri n g A er o m o n as i nf e cti o n.  
 
( A) R e pr es e nt ati v e i m a g es of g ol dfis h pr es e nti n g wit h b o d y s or es at v ari o us st a g es of 
i nf e cti o n. ( B) R e pr es e nt ati v e i m a g es of pl at es str e a k e d fr o m s w a bs of g ol dfis h s c al es. ( C) 
G ol dfis h pr es e nti n g wit h a n A er o m o n as  i nf e cti o n w er e s w a b b e d a n d is ol at e d. B a ct eri al 
cl o n es w er e a n al y z e d f or e x pr essi o n of 1 6 S r R N A a n d g yr B. S e q u e n c e a n al ysis i d e ntifi e d 
t h e b a ct eri a t o b e A er o m o n as v er o nii  bi o v ar s o bri a .  
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Fi g u r e 5. 2. R e p r es e nt ati v e m o d el i m a g es of g ol dfis h wit h i n d u c e d A er o m o n as v er o nii  
i nf e cti o n.  
 
G ol dfis h w er e i nf e ct e d wit h A er o m o n as v er o nii  b y r u b bi n g a n e x p os e d ar e a wit h a s w a b 
s o a k e d i n a cl o n al c ult ur e. Fis h w er e h ar v est e d at t h e ti m e p oi nts i n di c at e d. 
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F i g u r e 5. 3. N e ut r o p hils r a pi dl y e xit t h e h e m at o p oi eti c sit e f oll o wi n g i nf e cti o n.   
 
At e a c h of t h e i n di c at e d ti m e p oi nts, f ur u n cl e tiss u e w as h ar v est e d fr o m A er o m o n as 
v er o nii . ( A) Pri or t o ki d n e y h ar v esti n g, g ol dfis h w er e i nj e ct e d i. p. wit h Br d U a n d 
i n c u b at e d f or 1 h o ur. Ki d n e ys w er e t h e n h ar v est ed fr o m ( A ) n at ur all y -i nf e ct e d g ol dfis h 
or ( B) g ol dfis h wit h a n i n d u c e d i nf e cti o n a n d pr olif er ati o n w as m e as ur e d b as e d o n Br d U 
i n c or p or ati o n. F or n at ur all y i nf e ct e d fis h ( n = 8); f or i n d u c e d i nf e cti o n ( n = 4); * p < 0. 0 5 
c o m p ar e d t o c o ntr ol ( St u d e nt’s t-t est f or A; T w o-w a y A N O V A f or B) ; err or b ars i n di c at e 
S E M. ( C) T h e n u m b er of l e u k o c yt es ( x 1 0 5 ) p er m g of tiss u e. S oli d li n es r e pr es e nt 
i nf e ct e d fis h. ( n = 4) D as h e d li n es r e pr es e nt u ni nf e ct e d c o ntr ols. St atisti cs w er e p erf or m e d 
usi n g a t w o -w a y A N O V A wit h a  c o m p aris o n t o u ni nf e ct e d c o ntr ols a n d t h e e q ui v al e nt 
ti m e p oi nt.  
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F i g u r e 5. 4. A p e ri o d of n e ut r o p hili a o c c u rs i m m e di at el y f oll o wi n g i nf e cti o n.  
 
G ol dfis h w er e i nf e ct e d wit h A er o m o n as v er o nii  a n d bl e d at t h e i n di c at e d ti m e p oi nts. ( A) 
T ot al n u m b er of p eri p h er al bl o o d l e u k o c yt es ( P B L) p er m L of bl o o d ( n = 4). ( B) 
Br e a k d o w n of i n di vi d u al l e u k o c yt e s u bs ets a n d t h eir r es p e cti v e n u m b ers d uri n g i nf e cti o n. 
S oli d li n es r e pr es e nt i nf e ct e d fis h. D as h e d li n es r e pr es e nt u ni nf e ct e d c o ntr ols ( n = 4). All 
st atisti cs c orr es p o n d t o a si g nifi c a n c e of  p < 0. 0 5  usi n g a t w o -w a y A N O V A wit h a 
c o m p aris o n t o u ni nf e ct e d c o ntr ols at t h e e q ui v al e nt ti m e p oi nt . 
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F i g u r e 5. 5. A er o m o n as  v er o nii  i n d u c es a r o b ust i nfilt r ati o n of l e u k o c yt es i nt o t h e 
f u r u n cl e.  
 
G ol dfis h w er e i nf e ct e d wit h A er o m o n as v er o nii  a n d t h eir f ur u n cl es w er e is ol at e d at t h e 
i n di c at e d ti m e p oi nts. F ur u n cl es w er e i m m e di at el y fi x e d, s e cti o n e d, a n d i m a g e d. ( A) 
R e pr es e nt ati v e i m a g es of A. v er o nii  f ur u n cl e i nf e cti o n ( n = 4). ( B) Usi n g FIJI, t h e 
t hi c k n ess of t h e l e u k o c yt e l a y er o utsi d e of t h e d er mis a n d m us cl e tiss u e w as d et er mi n e d 
(s oli d bl a c k arr o ws). T e n m e as ur e m e nts a cr oss t h e e ntir e f ur u n cl e w er e t a k e n t o pr o vi d e 
a n a v er a g e t hi c k n ess f or e a c h fis h . I m a g es ar e cr o p p e d i n or d er t o cl e arl y d e pi ct 
l e u k o c yt e l a y er i n q u esti o n. A. u. - ar bitr ar y u nits; t his r ef ers t o t h e n u m eri c al pi x el d at a 
r etri e v e d w h e n m e as ur e m e nts w er e t a k e n i n FIJI ( n = 4). ( C) L e u k o c yt e d e nsit y (s oli d 
w hit e arr o ws) w as als o d et er mi n e d usi n g FIJI s oft w ar e. L e u k o c yt e d e nsit y w as 
d et er mi n e d b y c ol or d e c o u pli n g e a c h l a y er a n d a n al y zi n g o nl y t h e H e m at o x yli n Gill III 
st ai n. T h e s a m e ar e a  si z e w as m e as ur e d  at 1 0 l o c ati o ns  o n e a c h tiss u e s e cti o n, a n d 
l e u k o c yt e d e nsit y w as d et er mi n e d ( n = 4). ( D) At e a c h of t h e i n di c at e d ti m e p oi nts, 
f ur u n cl e tiss u e w as h ar v est e d fr o m A er o m o n as v er o nii  a n d  R N A w as is ol at e d. Usi n g t h e 
c D N A, q P C R w as us e d t o ass ess t h e e x pr essi o n of c h e m o ki n es ( C X C L 8 a n d C X C L 1) 
a n d pr o -i nfl a m m at or y ( T N F-α 2 a n d I L -1 β 1) a n d a nti -i nfl a m m at or y (I L-1 0 a n d T G F -β ) 
c yt o ki n es ( n = 4). All st atisti cs c orr es p o n d t o a si g nifi c a n c e of  p < 0. 0 5  usi n g a o n e -w a y 
A N O V A wit h a c o m p aris o n t o 0 h pi.  
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Fi g u r e 5. 6. N e ut r o p hils e x hi bit r o b ust i nfl a m m at o r y r es p o ns es t o w a r d A. v er o nii.  
 
( A) N aï v e n e utr o p hils w er e is ol at e d fr o m g ol dfis h h e m at o p oi eti c ki d n e y a n d s e e d e d i nt o 
c h e m ot a xis c h a m b ers wit h i n cr e asi n g a m o u nts of A. v er o nii , b e gi n ni n g wit h a r ati o n of 
1: 1 ( A. v er o nii: n e utr o p hil) a n d i n cr e asi n g t o a r ati o of 5: 1. C h k r e pr es e nts a 
c h e m o ki n esis c o ntr ol. St atisti cs w er e p erf or m e d usi n g o n e -w a y A N O V A a n d c o m p ar e d 
t o P B S c o ntr ol ( n = 4). ( B) G ol dfis h w er e i nj e ct e d wit h h e at-kill e d A. v er o nii , a n d 
n e utr o p hils w er e is ol at e d 1 8 h o urs p ost i nj e cti o n, pr o vi di n g i n vi v o a cti v at e d n e utr o p hils. 
( B) P h a g o c yti c c a p a cit y of a cti v at e d n e utr o p hils usi n g v ari o us t ar g ets as a c o ntr ol. Bl a c k 
b ars r e pr es e nt % i nt er n ali z e d, h at c h e d b ars r e pr es e nt % s urf a c e b o u n d. ( n = 4) ( C) I n 
a d diti o n t o is ol at e d n e utr o p hils at 1 8 h o urs p ost i nj e cti o n, n e utr o p hils w er e als o is ol at e d 
at 4 8 h o urs p ost i nj e cti o n (r es ol uti o n p h as e). R es pir at or y b urst c a p a cit y i n is ol at e d c ells at 
t h es e ti m e p oi nts w as d et er mi n e d vi a D H R st ai ni n g.  St atisti cs w er e p erf or m e d usi n g o n e -
w a y A N O V A a n d c o m p ar e d t o 0 h c o ntr ol ( n = 4) ( D) A cti v at e d n e utr o p hi ls w er e ass ess e d 
f or t h eir a bilit y t o kill A. v er o nii  e x vi v o. E a c h bl a c k li n e r e pr es e nts a si n gl e r e pli c at e. 
H at c h e d li n e r e pr es e nts b a ct eri al o nl y c o ntr ol ( n = 4) St atisti cs w er e p erf or m e d usi n g o n e -
w a y A N O V A a n d c o m p ar e d t o 0 mi n.  
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Fi g u r e 5. 7. N e ut r o p hils i nt e r n ali z e d yi n g m a c r o p h a g es a n d r el e as e p ot e nt r e a cti v e 
o x y g e n s p e ci es.  
 
( A) Pri m ar y ki d n e y m a cr o p h a g es a n d n e utr o p hils w er e i n c u b at e d wit h v ar yi n g r ati os of 
A. v er o nii : c ells a n d t h e vi a bilit y of t h e l e u k o c yt es w er e s u bs e q u e ntl y ass ess e d. Gr e y 
h at c h e d b ar is us e d t o hi g hli g ht t h e r ati o at w hi c h n e utr o p hils b e c o m e aff e ct e d b y A. 
v er o nii. St atisti cs w er e p erf or m e d usi n g o n e -w a y A N O V A a n d c o m p ar e d t o t h eir 
r es p e cti v e c ell o nl y c o ntr ols ( n = 4). ( B) V ari o us st at es of n e utr o p hils ( n aï v e a n d 
i nfl a m m at or y) w er e e x a mi n e d f or t h eir a bilit y t o i nt er n ali z e d yi n g c ells. C ells w er e kill e d 
wit h eit h er c y cl o h e x a mi d e or vi a A. v er o nii. O nl y o n e c o m bi n ati o n r es ult e d i n t h e u pt a k e 
of d yi n g c ells (i nfl a m m at or y n e utr o p hils t o o k u p pri m ar y ki d n e y m a cr o p h a g es d yi n g vi a 
A. v er o nii i nf e cti o n) ( n = 6). F oll o wi n g t h e u pt a k e of d yi n g c ells, t h e vi a bilit y of 
n e utr o p hils w as e x a mi n e d vi a A n n e xi n V/ PI + ( n = 4; C) a n d mit o c h o n dri al m e m br a n e 
p ot e nti al ( n = 4; D)  st ai ni n g. ( E) F oll o wi n g t h e u pt a k e of d yi n g c ells, t h e a bilit y of 
n e utr o p hils t o pr o d u c e R O S w as ass ess e d. Bl a c k b ars r e pr es e nt P M N o nl y ( n o a d diti o n of 
d yi n g c ells). Gr e y b ars r e pr es e nt t ot al P M N R O S pr o d u cti o n ( p h a g o c yti c a n d n o n -
p h a g o c yti c c ells). H at c h e d b ars r e pr es e nt o nl y p h a g o c yti c P M N ( n = 4). St atisti cs w er e 
p erf or m e d usi n g t w o -w a y A N O V A wit hi n e a c h ti m e p oi nt; * is i n c o m p aris o n t o P M N 
o nl y, + is i n c o m p aris o n t o t ot al P M N.  
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Fi g u r e 5. 8. A er o m o n as  p a rti cl es c a n n ot r es c u e t h e l a c k of u pt a k e of d yi n g P K Ms b y 
n e ut r o p hils.  
 
Pri m ar y ki d n e y m a cr o p h a g es w er e i n d u c e d t o di e vi a c y cl o h e x a mi d e. F oll o wi n g 
i n c u b ati o n, li v e, h e at- kill e d, or s o ni c at e d A. v er o nii  w as a d d e d t o t h e d e a d a n d d yi n g 
m a cr o p h a g es. I n all c as es, o nl y mi n or s urf a c e bi n di n g w as o bs er v e d ( n = 4). 
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4 3 5 9. d oi: 1 0. 4 0 4 9/ji m m u n ol. 1 2 0 3 2 6 6  
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C h a pt e r 6 .  T el e ost n e ut r o p hil d ef e n s e d u ri n g 

i nf e cti o n wit h M y c o b a ct eri u m f ort uit u m  

 

6. 1  I nt r o d u cti o n  

 T h e r ol e of n e utr o p hils d uri n g m y c o b a ct eri a  i nf e cti o ns r e m ai ns hi g hl y 

c o ntr o v ersi al. S e v er al r e p orts i n di c at e  n e utr o p hils  ar e t h e pr e d o mi n a nt c ell t y p e i nf e ct e d 

d uri n g a cti v e t u b er c ul osis ( E u m et al., 2 0 1 0; Fr a n cis et al., 2 0 1 4), a l a c k of n e utr o p hil 

killi n g r es p o ns e ( C orl eis et al., 2 0 1 2; R e y es-R u v al c a b a et al., 2 0 0 8) , a n d a w ors e ni n g of 

t h e i nf e cti on p at h ol o g y ( B err y et al., 2 0 1 0; D es vi g n es a n d Er nst, 2 0 0 9; Er usl a n o v et al., 

2 0 0 5; N a n di a n d B e h ar, 2 0 1 1) . C o n v ers el y, ot h er st u di es s u g g est n e utr o p hils dis pl a y a 

pr o mi n e nt killi n g r es p o ns e d uri n g t h e a c ut e p h as e of i nf e cti o n ( Al e m á n et al., 2 0 0 4; 

Br o w n et al., 1 9 8 7; J o n es et al ., 1 9 9 0; Kisi c h et al., 2 0 0 2; S u g a w ar a et al., 2 0 0 4). 

I nt er esti n gl y, t h es e c o ntr asti n g r es ults w er e all o bs er v e d d uri n g i nf e cti o n wit h M. 

t u b er c ul osis. M or e o v er, t el e ost n e utr o p hils h a v e b e e n d es cri b e d as pr ot e cti v e, w h er e t h e y 

i nt er n ali z e i nf e ct e d a n d d yi n g m a cr o p h a g es at t h e sit e of gr a n ul o m as ( Y a n g et al., 2 0 1 2). 

U nf ort u n at el y, t h e v ast m aj orit y of t h es e e x p eri m e nts ar e c arri e d o ut  e x vi v o , e x a mi ni n g 

m a m m ali a n n e utr o p hils a n d M. t u b er c ul osis. P er h a ps t h es e c o nfli cti n g r e p orts ar e d u e t o 

t h e i n h er e nt v ari a bilit y of m a m m ali a n  n e utr o p hils is ol at e d fr o m v ari o us s o ur c es i n cl u di n g 

l u n gs a n d bl o o d, diff eri n g s el e cti v e m ar k ers, a n d/ or t h at t h e y ar e t er mi n all y diff er e nti at e d 

a n d  s h ort -li v e d i n c ult ur e. I n li g ht of t his, I f o c us e d m y i n v esti g ati o n o n t el e ost 

n e utr o p hils , w hi c h all o w f or e xt e n d e d c ult ur e e x vi v o , a n d t h e ir i nt er a cti o n wit h t h e fis h 

p at h o g e n M y c o b a ct eri u m f ort uit u m.  
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M y c o b a ct eri u m f ort uit u m  is a n o n -t u b er c ul o us m y c o b a ct eri u m ( N T M), a gr o u pi n g 

t h at e n c o m p ass es all m y c o b a ct eri u m e xt er n al t o t h e M y c o b a ct eri u m t u b er c ul osis 

c o m pl e x ( H o et al., 2 0 1 2). I n c o m p aris o n t o ot h er m y c o b a ct eri al s p e ci es w hi c h m a y t a k e 

w e e ks t o gr o w u n d er l a b or at or y c o n diti o ns, M. f ort uit u m  is f ast-gr o wi n g, wit h c ol o ni es 

a p p e ari n g o n a g ar pl at es wit hi n  3 t o 4 d a ys. It  is c a p a bl e of i nf e cti n g a wi d e r a n g e of 

s p e ci es, i n cl u di n g fis h a n d h u m a ns. Fis h t y pi c all y pr es e nt wit h l et h ar g y, s c al e l oss, 

a b d o mi n al dist e nsi o n, a n d s ki n ul c ers, t h o u g h s o m e fis h r e m ai n as y m pt o m ati c, pr es e nti n g 

as l o n g -t er m c arri ers of t h e p at h o g e n. M. f ort uit u m is als o k n o w n t o b e z o o n oti c, l e a di n g 

t o s ki n dis e as e, ost e o m y elitis, a n d j oi nt i nf e cti o ns i n h u m a ns. I n li g ht of t his, it h as 

b e c o m e a n i m p ort a nt p at h o g e n f or b ot h h e alt h a n d e c o n o mi c p ur p os es ( S err a et al., 2 0 0 7; 

S et hi et al., 2 0 1 4; T al a at et al., 1 9 9 9) .  

 T h e us e of fis h h osts t o st u d y m y c o b a ct eri al i nf e cti o ns  h as b e e n us e d f or n e arl y a 

c e nt ur y si n c e Dr. Ar o ns o n first d es cri b e d t h e is ol ati o n a n d p at h o g e n esis of M. m ari n u m  

i n fis h i n 1 9 2 6 ( Ar o ns o n, 1 9 2 6). Si n c e t h e n, m a n y m or e h osts h a v e b e e n us e d t o st u d y 

M y c o b a ct eri u m i n cl u di n g z e br afis h, g ol dfis h, a n d m e d a k a ( Br o uss ar d a n d E n nis, 2 0 0 7; 

H o d g ki ns o n et al., 2 0 1 2; S w ai m et al., 2 0 0 6; T al a at et al., 1 9 9 9, 1 9 9 8; Y a n g et al., 2 0 1 2) . 

F or e x a m pl e, Y a n g a n d c oll e a g u es us e d t h e g e n eti c all y tr a ct a bl e a n d tr a ns p ar e nt 

z e br afis h l ar v a e t o el u ci d at e t h e r ol e of n e utr o p hils at a n d d uri n g gr a n ul o m a d e v el o p m e nt 

( Y a n g et al., 2 0 1 2). F urt h er, s e v er al ot h er st u di es us e d t his s a m e m o d el t o i d e ntif y 

gr a n ul o m as as str u ct ur es t h at ai d i n p at h o g e n s ur vi v al ( D a vis a n d R a m a kris h n a n, 2 0 0 9; 

R a m a kris h n a n, 2 0 1 3) . Alt h o u g h t h es e fi n di n gs h a v e y et t o b e c orr o b or at e d i n m a m m ali a n 

m o d els, t h e y si g nif y t h e i m p ort a n c e of usi n g alt er n ati v e m o d el s yst e ms i n or d er t o f urt h er 

el u ci d at e t h e m e c h a nis ms of i nf e cti o n a n d t h e s u bs e q u e nt h ost r es p o ns e.  
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 H er ei n, I  f o c us e d o n t h e e arl y st a g es of i nf e cti o n wit h M. f ort uit u m , d uri n g t h e 

a c ut e i nfl a m m at or y r es p o ns e. Usi n g a n i n vi v o p erit o nitis m o d el, I e x a mi n e d t h e 

m o v e m e nt a n d f u n cti o n of l e u k o c yt es d uri n g t his p eri o d. O n e -d a y p ost i nf e cti o n ( d pi)  I 

o bs er v e d i n cr e as e d e x pr essi o n l e v els of C X C L 8 a n d C C L 1  i n t h e p erit o n e al c a vit y. 

C o nsist e nt wit h m y  pr e vi o us st u di es i n ot h er p at h o g e ns, i nf e cti o n wit h M. f ort uit u m l e d 

t o t h e mi gr ati o n of l e u k o c yt es fr o m t h e h e m at o p oi eti c ki d n e y t o t h e p erit o n e al c a vit y, 

wit h n e utr o p hils as t h e pr e d o mi n a t e i nfiltr ati n g s u bs et of c ells i nt o t h e  i niti al sit e of 

i nf e cti o n. S h ortl y aft er t h e i niti al r el e as e of l e u k o c yt es fr o m t h e h e m a t o p oi eti c ki d n e y, I 

o bs er v e d m ar k e d  i n cr e as es i n t h e pr olif er ati v e c a p a cit y of ki d n e y l e u k o c yt es. T his w as 

li k el y r es p o nsi bl e f or t h e i n cr e as e i n ki d n e y n e utr o p hils a n d m o n o c yt es/ m a cr o p h a g es I 

o bs er v e d fr o m d a y 2 t o 7 p ost i nf e cti o n. N ot a bl y, n e utr o p hils w er e c a p a bl e of mi gr ati n g 

t o w ar d a n d pr o d u ci n g c o pi o us a m o u nts of r e a cti v e o x y g e n s p e ci es ( R O S) w h e n 

sti m ul at e d wit h M. f ort uit u m. H o w e v er, d es pit e t his, w h e n is ol at e d t h e y r e m ai n e d p o orl y 

a d e pt i n killi n g M. f ort uit u m. M ost i nt er esti n gl y, I  f o u n d t h at t h e t ot al l e u k o c yt e 

p o p ul ati o n is ol at e d d uri n g p e a k i nfl a m m at or y p eri o ds i n t h e ki d n e y c o ul d r a pi dl y 

eli mi n at e  M. f ort uit u m . W hil e all t o o oft e n w e f o c us i n o n t h e r es p o ns es  of si n gl e  c ell 

s u bs ets , m y r es ults hi g hli g ht t h e i m p ort a n c e of c ell ul ar cr osst al k d uri n g t h e a c ut e 

i nfl a m m at or y pr o c ess.  
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6. 2  R e s ult s  

6. 2. 1  G ol dfis h r a pi dl y eli mi n at e M. f ort uit u m  f r o m t h e p e rit o n e u m b ut n ot t h e 

ki d n e y  

O n e of t h e si m pl est m ar k ers of i nf e cti o n is t h e pr es e n c e of li vi n g p at h o g e ns. T o 

t his e n d, I b e g a n m y st u d y b y e x a mi ni n g t h e n u m b er of C F U at t h e i niti al i nf e cti o n sit e, 

t h e p erit o n e u m, as w ell as t h e ki d n e y, a dist al l o c ati o n k n o w n t o b e c o m e i nf e ct e d i n th e 

l at er p h as es of m y c o b a ct eri al  i nf e cti o ns. I f o u n d t h at g ol dfis h b e g a n r a pi dl y cl e ari n g M. 

f ort uit u m fr o m t h e i niti al i nf e cti o n sit e i m m e di at el y aft er i nj e cti o n (Fi g ur e  6 . 1). B y t h e 

first d a y p ost i nf e cti o n, n e arl y 5 0 % of b a ct eri a h a d b e e n eli mi n at e d fr o m t h e p erit o n e u m. 

T his i n cr e as es t o o v er 9 9 % b y 4 d pi, a n d c o m pl et e r e m o v al b y 7 d pi. Alt er n ati v el y, i n t h e 

ki d n e y, t h e C F U r os e st e a dil y t o o v er 9. 0 x 1 0 3  C F U/ m g at 1 4 d pi ( Fi g ur e 1 B), aft er w hi c h 

it d e cli n e d b a c k t o ~ 1. 0 x 1 03  C F U/ m g b y 2 8 d pi. T h us, fis h a p p e ar t o eli mi n at e t h e 

b a ct eri a r a pi dl y d uri n g t h e a c ut e p h as e, or t h e b a ct eri a q ui c kl y diss e mi n at e  fr o m t h e 

i niti al p oi nt of i nf e cti o n thr o u g h o ut t h e h ost.  

 

6. 2. 2  A n al ysis of i nfl a m m at o r y g e n e e x p r essi o n c h a n g es i n p ri m a r y p e rit o n e al 

l e u k o c yt es  

T h e pr o d u cti o n of s ol u bl e i nfl a m m at or y m e di at ors is vit al t o t h e i niti ati o n of t h e 

a c ut e i nfl a m m at or y r es p o ns e, w h er e l e u k o c yt es us e c h e m o ki n es a n d c yt o ki n es t o 

c o m m u ni c at e eff e cti v el y a n d m o u nt a n a p pr o pri at e d ef e ns e a g ai nst i n v a di n g p at h o g e ns. 

I n or d er t o e x a mi n e t h e r es p o ns e of g ol dfis h f oll o wi n g e x p os ur e t o M. f ort uit u m , I 

m e as ur e d t h e c h a n g es i n g e n e e x pr essi o n i n t ot al l e u k o c yt es fr o m t h e p erit o n e al c a vit y. I  

f o c us e d o n t h e c h e m o ki n es C X C L 8 a n d C C L 1, t h e pr o-i nfl a m m at or y c yt o ki n es T N F- α 2 



	 2 2 0 	

a n d I L -1 β 1, a n d t h e pr o -r es ol vi n g c yt o ki n es I L-1 0 a n d T G F -β , d u e t o t h eir pr e vi o usl y 

r e p ort e d i m p ort a n c e i n m y c o b a ct eri al i nf e cti o ns ( B err y et al., 2 0 1 0; B o hs ali et al., 2 0 1 0; 

H o d g ki ns o n et al., 2 0 1 2; K e a n e et al., 2 0 0 2; N a n di a n d B e h ar, 2 0 1 1; P e dr os a e t al., 2 0 0 0; 

Z h a n g et al., 1 9 9 5) . I o bs er v e d a 6 -f ol d i n cr e as e i n C X C L 8 e x pr essi o n at 1 d pi wit hi n t h e 

p erit o n e al c a vit y ( Fi g ur e 6. 1, t o p l eft).  C C L 1 als o e x hi bit e d a p pr o xi m at el y a 5 -f ol d 

i n cr e as e i n e x pr essi o n at 1 d pi ( Fi g ur e 6. 2, b ott o m l eft). I nt er esti n gl y, I o bs er v e d m ar k e d 

i n cr e as es i n t h e pr o-i nfl a m m at or y c yt o ki n e T N F- α 2  (p -v al u e 0. 0 6 4 1; 3. 5 -f ol d), b ut n ot 

I L-1 β 1 ( Fi g ur e 6. 1, mi d dl e), s u g g esti n g  T N F -α 2 m a y pl a y a l ar g er r ol e d uri n g i nf e cti o n 

wit h M. f ort uit u m . L astl y, w e d et e ct e d p e a k e x pr essi o n of I L -1 0 a n d T G F -β  at 7 d pi 

( Fi g ur e 6. 2, ri g ht), w h er e I o bs er v e d a 5 -f ol d i n cr e as e i n I L-1 0 e x pr essi o n ( Fi g ur e 6. 2 , 

t o p ri g ht), a n d a p pr o xi m at el y a 2. 5-f ol d i n cr e as e i n T G F-β  e x pr essi o n ( Fi g ur e 6. 2, b ott o m 

ri g ht). 

 

6. 2. 3  Ki n eti c a n al ysis of l e u k o c yt e mi g r ati o n t h r o u g h o ut t h e c o u rs e of i nf e cti o n 

I pr e vi o usl y s et o ut t o d efi n e t h e a c ut e  i nfl a m m at or y r es p o ns e usi n g a s elf-

r es olvi n g z y m os a n p erit o nitis m o d el t o b ett er u n d erst a n d t h e e v ol uti o n ar y ori gi ns of 

p h a g o c yt e -dri v e n m e c h a nis ms of i m m u nit y  ( H a vi x b e c k et al., 2 0 1 5). Fr o m t h er e, I 

e x a mi n e d t h e mi gr ati o n a n d f u n cti o n of n e utr o p hils d uri n g i nf e cti o n wit h A. v er o nii . 

H er ei n, I  b e g a n b y e x a mi ni n g t h e r e cr uit m e nt, mi gr ati o n, a n d i nfiltr ati o n of l e u k o c yt es 

f oll o wi n g i nj e cti o n wit h t h e fis h p at h o g e n, M. f ort uit u m. U nli k e i n m y  pr e vi o us m o d els, I  

f o u n d t h at f e w er l e u k o c yt es e xit e d t h e h e m at o p oi eti c tiss u e f oll o wi n g i nf e cti o n ( Fig ur e 

6. 3 A ), wit h o nl y 2 0 % f e w er c ells i n t h e ki d n e y b y 2 d pi. F urt h er, t h e n u m b er of  pri m ar y 

ki d n e y l e u k o c yt es ( P K L ) a ct u all y i n cr e as e d 1. 6 -f ol d b e y o n d u ni nf e ct e d  le v els at 1 4 d pi 
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( Fi g ur e 6. 3A ). F oll o wi n g t his i n cr e as e, t h e n u m b er of P K Ls r et ur n e d t o n e ar u ni nf e ct e d  

l e v els b y d a y 2 8 of i nf e cti o n. A n al y zi n g  t his d at a f urt her, I e x a mi n e d i n di vi d u al c ell 

t y p es, w h er e  I o bs er v e d o nl y n e utr o p hils e xiti n g t h e h e m at o p oi eti c tiss u e wit h i n t h e first 

2 d pi ( Fi g ur e 6. 3 A ), wit h j ust u n d er 4 0 % of c ells l e a vi n g t h e ki d n e y. I nt er esti n gl y, all 3 

c ell t y p es e x a mi n e d - n e utr o p hils, m o n o c yt es/ m a cr o p h a g es, a n d l y m p h o c y t es, di d 

u n d er g o m ar k e d i n cr e as es i n c ell n u m b ers b et w e e n 2 a n d 1 4 d pi  wit hi n t h e  ki d n e y . T h e 

dis c er ni bl e i n cr e as e i n c ell n u m b ers w as es p e ci all y e vi d e nt i n n e utr o p hil s, w hi c h 

i n cr e as e d o v er 2 -f ol d ( Fi g ur e 6. 3 A ) a n d m o n o c yt e/ m a cr o p h a g es, w hi c h i n cr e as e d b y 

n e arl y 2 -f ol d ( Fi g ur e 6. 3 A)  d uri n g t h at ti m e.  

C o nti n ui n g d o w n t h e i nfl a m m at or y c as c a d e, I ass ess e d t h e n u m b er of p eri p h er al 

bl o o d l e u k o c yt es ( P B L) t hr o u g h o ut i nf e cti o n. As e x p e ct e d wit h f e w e xiti n g l e u k o c yt es 

fr o m t h e h e m at o p oi eti c ki d n e y, I f o u n d n o c h a n g e i n t h e t ot al n u m b er of cir c ul ati n g c ells  

( Fi g ur e 6. 2 B ). H o w e v er, m u c h li k e ot h er i nf e cti o n m o d els i n g ol dfis h, t h e n u m b er of 

cir c ul ati n g n e utr o p hils di d i n cr e as e si g ni fi c a ntl y ( ~ 1 0-f ol d) a b o v e u ni nf e ct e d  c o ntr ols  

( Fi g ur e 6. 2 B ). T h e n u m b er of cir c ul ati n g m o n o c yt es als o i n cr e as e d n e arl y 9-f ol d b et w e e n 

0 a n d 1 d pi, fr o m 2. 7 5 x 1 0 6  t o 1 7. 5 x 1 06  c ells/ m L ( Fi g ur e 6. 3 B ). B ot h i n cr e as es a p p e ar t o 

h a v e c o m e at t h e c ost of cir c ul ati n g l y m p h o c yt es, w hi c h si g nifi c a ntl y dr o p p e d b y o v er 

5 0 % at 1 d pi ( Fi g ur e 6. 3 B ). 

T h e fi n al  st e p i n e x a mi ni n g ki n eti c mi gr ati o n of l e u k o c yt es w as t o ass ess t h e 

n u m b er of c ells t h at i nfiltr at e d t h e  p erit o n e al c a vit y, t h e i niti al sit e of i nf e cti o n.  Si mil ar t o 

ot h er m o d els of i nf e cti o n, I  f o u n d a n i n cr e as e i n l e u k o c yt es wit h i n t h e i nfl a m m at or y sit e, 

wit h ~ 5 -f ol d s pi k e  i n t ot al p erit o n e al l e u k o c yt es ( Fi g ur e 6. 3 C ) at 1 d pi . T h e s pi k e i n 

p erit o n e al l e u k o c yt es w as s h ort li v e d, as t h e n u m b er of c ells r et ur n e d t o n e ar b as al l e v els 
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b y  4 d pi ( Fi g ur e 6. 3 C ). I nt er esti n gl y, t his p ar all els t h e r e m o v al of M. f ort uit u m  fr o m t h e 

sit e. A p pr o xi m at el y 5 0 % of i nfiltr ati n g c ells c o nsist e d of n e utr o p hils ( Fi g ur e 6. 3 C ), 

w hi c h c orr es p o n d e d  t o t h e p eri o d of pe a k C X C L 8 e x pr essi o n ( Fi g ur e 6. 2 ). H o w e v er , I 

als o o bs er v e d i n cr e as es i n b ot h m o n o c yt es/ m a cr o p h a g es a n d l y m p h o c yt es 1 d pi ( Fi g ur e 

6. 3 C ). I ntri g ui n gl y, t h e t ot al n u m b er of m o n o c yt es/ m a cr o p h a g es wit hi n t h e p erit o n e al 

c a vi t y f ell dr asti c all y  b el o w t h at of u n i nf e ct e d c o ntr ol l e v els at 7 d pi, d o w n t o a n a v er a g e 

of 1. 7 1 x 1 0 5  fr o m 6. 0 x 1 05  c ells/l a v a g e ( Fi g ur e 6. 3 C ). M or e o v er, p erit o n e al l y m p h o c yt es 

w er e t h e o nl y c ell t y p e i n i nf e ct e d fis h t o e x hi bit a pr ol o n g e d i n cr e as e i n n u m b ers ( n e arl y 

1 4 d a ys) w h e n c o m p ar e d t o t h e u ni nf e ct e d c o ntr ol ( Fi g ur e 6. 3 C ). 

 

6. 2. 4  A n al ysis of i nfl a m m at o r y g e n e e x p r essi o n c h a n g es i n p ri m a r y ki d n e y  

l e u k o c yt es  

As pr e vi o usl y m e nti o n e d, c h e m o ki n es a n d c yt o ki n es f or m t h e b a c k b o n e o f 

s ol u bl e i nfl a m m at or y m e di at ors  r el e as e d uri n g t h e i n d u cti o n a n d r e g ul ati o n of 

i nfl a m m ati o n. As i nf e cti o n wit h M. f ort uit u m pr o gr ess es it b e c o m es s yst e mi c, mi gr ati n g 

t o ot h e r p arts of t h e fis h, i n cl u di n g t h e ki d n e y. I n or d er t o e x a mi n e t h e r es p o ns e of 

g ol dfis h f oll o wi n g t h e s yst e mi c s pr e a d of M. f ort uit u m , I als o m e as ur e d t h e c h a n g es i n 

g e n e e x pr essi o n i n is ol at e d l e u k o c yt es fr o m  t h e h e m at o p oi eti c ki d n e y tiss u e. I n t h e 

ki d n e y  I o bs er v e d n o c h a n g e  i n C X C L 8 e x pr essi o n t hr o u g h o ut t h e e ntir e ti m e c o urs e, 

i n di c ati n g s o m et hi n g els e is r es p o nsi bl e f or t h e i n cr e as e i n n e utr o p hils wit hi n t h e 

h e m at o p oi eti c sit e fr o m 2 t o 7 d pi ( Fi g ur e 6. 3 ). H o w e v er, I  di d o bs er v e a m ar k e d  i n cr e as e 

( ~ 6-fo l d) i n C C L 1 at 4 d pi ( Fi g ur e 6. 4, b ott o m l eft). E x pr essi o n t h e n q ui c kl y r et ur n e d t o 

b as al l e v els b y 7 d pi. As i n t h e p erit o n e al c a vit y, T N F -α 2 als o u n d er w e nt a n  i n cr e as e i n 
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e x pr essi o n  ( p-v al u e of 0. 0 6 5 1) , p e a ki n g at 7 d pi wit h a n a p pr o xi m at el y 5 -f ol d c h a n g e 

( Fi g ur e 6. 3, t op mi d dl e), f urt h er c e m e nti n g it s r ol e as a n i m p ort a nt m e di at or d uri n g 

i nf e cti o n wit h M. f ort uit u m. L astl y, I L -1 0 e x pr essi o n p e a k e d ( ~ 1 3 -f ol d) b et w e e n 7 a n d 1 4 

d pi ( Fi g ur e 6. 4 , t o p ri g ht). Int er esti n gl y, t h e i n cr e as e i n I L -1 0 e x pr essi o n i n  t h e ki d n e y 

w as m u c h hi g h er a n d m or e pr ol o n g e d t h a n t h at i n t h e p erit o n e al c a vit y. It s h o ul d b e 

n ot e d, t h at n eit h er I L -1 β 1 n or T G F -β  dis pl a y e d si g nifi c a nt c h a n g es i n g e n e e x pr essi o n i n 

t h e ki d n e y t hr o u g h o ut i nf e cti o n ( Fi g ur e 6. 4). 

 

6. 2. 5  T h e p r olif e r ati v e c a p a ci t y of g ol dfis h l e u k o c yt es i n c r e as e d f oll o wi n g 

p e rit o n e al c h all e n g e wit h M. f ort uit u m  

I n m a m m als, b a ct eri al i nf e cti o n oft e n i n d u c es t h e pr o d u cti o n of v ari o us c yt o ki n es 

a n d c h e m o ki n es t h at c a n h a v e si g nifi c a nt eff e cts  o n  h e m at o p oi eti c pr e c urs or c ells i n t h e 

b o n e m arr o w ( C h e n et al., 2 0 0 2; C h oi et al., 20 1 1; S c u m pi a et al., 2 0 1 0; Y á ñ e z et al., 

2 0 0 9) . It is o nl y r e c e ntl y t h at w e ar e b e gi n ni n g t o gr as p w h at o c c urs t o h e m at o p oi eti c 

pr e c urs or c ells, i n cl u di n g h e m at o p oi eti c st e m c ells a n d t h eir pr o g e nit ors, d uri n g 

m y c o b a ct eri al i nf e cti o n. F or e x a m pl e, i n a c hr o ni c m uri n e t u b er c ul osis m o d el, i nf e cti o n 

r es ults i n t h e e x p a nsi o n of gr a n ul o c yt e-m o n o c yt e pr o g e nit or c ells ( C h oi et al., 2 0 1 1). M y  

a n al ysis of l e u k o c yt e ki n eti cs d et er mi n e d t h at I  h a d a n i n cr e asi n g n u m b er of l e u k o c yt es 

wit hi n t h e h e m at o p oi eti c ki d n e y tiss u e ( Fi g ur e 6. 3). I nt er esti n gl y, I f o u n d a m ar k e d 

i n cr e as e i n t h e pr olif er ati v e c a p a cit y of l e u k o c yt es o n d a y 7 a n d  1 4  ( p-v al u es of 0. 0 5 8 5 

a n d 0. 0 6 4 9 r es p e cti v el y)  of i nf e cti o n ( Fi g ur e 6. 5 ). Aft er 1 4 d pi pr olif er ati o n r et ur n e d t o 

b as al l e v els. T h e i n cr e as e i n pr olif er ati o n  m a y i n di c at e o n e of t h e m et h o ds b y w hi c h I  

o bs er v e d s wift i n cr e as es i n t h e n u m b er of n e utr o p hils wit hi n t h e ki d n e y  f oll o wi n g t h eir 
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i niti al e x o d us. 

 

6. 2. 6  M y c o b a ct eri u m f ort uit u m  e x hi bits a b a ct e ri al l o a d d e p e n d e nt eff e ct of 

m a c r o p h a g e a n d n e ut r o p hil vi a bilit y  

It is w ell k n o w n t h at m o n o c yt es a n d m a cr o p h a g es pl a y a n i m p ort a nt r ol e d uri n g 

i nf e cti o n wit h m y c o b a ct eri a ( B e h ar et al., 2 0 1 1; H o d g ki ns o n et al., 2 0 1 2; I y o d a et al., 

2 0 1 4; S c hl u g er a n d R o m, 1 9 9 8; W eiss a n d S c h ai bl e, 2 0 1 5) . I n a d diti o n, a gr o wi n g  b o d y 

of e vi d e n c e p oi nts t o w ar d t h e i m p ort a n c e of e arl y n e utr o p hil r es p o ns es i n c o ntr olli n g 

m y c o b a ct eri al i nf e cti o n ( A n d erss o n et al., 2 0 1 4; H o d g ki ns o n et al., 2 0 1 5; S eil er et al., 

2 0 0 0) . H o w e v er, pri or t o e x a mi ni n g t h e r ol e of l e u k o c yt es d uri n g h ost d ef e ns e, w e w er e 

i nt er est e d i n d et er mi ni n g w h et h er M. f ort uit u m w as c a p a bl e of i m p a cti n g t h e vi a bilit y of 

t h os e l e u k o c yt es t y pi c all y r es p o nsi bl e f or e arl y c o ntr ol d uri n g i nf e cti o n. As I i n cr e as e d 

t h e r ati o of M. f ort uit u m t o m a cr o p h a g es, I f o u n d f e w er a n d f e w er c ells r e m ai n e d vi a bl e 

aft er 2 4 h o urs ( Fi g ur e 6. 6 A , bl a c k b ars ), hitti n g a l o w of a p pr o xi m at el y 3 8 % vi a bilit y at a 

r atio of 1 0: 1 ( b a ct eri a: m a cr o p h a g e ). I nt er esti n gl y, t h e m aj orit y of c ells di e d vi a 

a p o pt osis, wit h si g nifi c a nt n u m b ers of a p o pt oti c c ells o bs er v e d at e v er y r ati o e x a mi n e d 

( Fi g ur e 6. 6 B, bl a c k b ars). Th e e ff e ct of M. f ort uit u m  w as m u c h l ess pr o n o u n c e d w h e n 

i n c ub at e d wit h n aï v e n e utr o p hils. I  o nl y o bs er v e d a si g nifi c a nt l oss of n e utr o p hil vi a bilit y 

at a r ati o of 1 0 b a ct eri a p er n e utr o p hil, w hi c h l eft ~ 5 0 % of n e ut r o p hils still vi a bl e ( Fi g ur e 

6. 6 A , h at c h e d b ar s). I n all ot h er r ati os e x a mi n e d, n e utr o p hils r e m ai n e d as vi a b l e as 

c o ntr ol c ells  ( ~ 8 5 %, Fi g ur e 6. 6A ). I n a d diti o n, n o si g nifi c a nt c h a n g es w er e o bs er v e d i n 

t h e n u m b er of a p o pt oti c c ells ( Fi g ur e 6. 6 B).  
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6. 2. 7  N e ut r o p hils r a pi dl y mi g r at e i n t h e di r e cti o n of M y c o b a ct eri u m f ort uit u m  

Aft er d et er mi ni n g t h at n e utr o p hils r e m ai n e d vi a bl e at l o w m y c o b a ct eri al l e v els, I 

w as  i nt er est e d i n e x a mi ni n g t h eir mi gr at or y c a p a cit y w h e n sti m ul at e d b y M. f ort uit u m. 

Usi n g bli n d w ell l e u cit e c h e m ot a xis c h a m b er s, I f o u n d t h at n e utr o p hils r es p o n d e d i n a 

b a ct eri al l o a d d e p e n d e nt m a n n er.  N e utr o p hils b e g a n mi gr ati n g at t h e l o w est b a ct eri al l o a d 

e x a mi n e d  ( 1: 1; b a ct eri a: n e utr o p hil; Fi g ur e 6. 7 ). T h e n u m b er of mi gr ati n g n e utr o p hils 

i n cr e as e d si g nifi c a ntl y  ( c o m p ar e d t o c o ntr ols) as b a ct e ri al l o a d i n cr e as e d, p e a ki n g at t h e 

hi g h est e x a mi n e d r ati o of 1 0: 1 ( b a ct eri a: n e utr o p hil; Fi g ur e 6. 7 ). I w as als o c uri o us if t h e 

a d diti o n of m a cr o p h a g es t o t h e m y c o b a ct eri a l c h a m b er w o ul d i m p a ct t h e mi gr ati o n of 

n e utr o p hils. I nt er esti n gl y, w h e n m a cr o p h a g es (s a m e n u m b er as n e utr o p hils) w er e 

i n c u b at e d wit h M. f ort uit u m i n a 3: 1 r ati o t o n e utr o p hils, I f o u n d si g nifi c a ntl y  m or e 

n e utr o p hils mi gr ati n g c o m p ar e d t o a 3: 1 r ati o of M. f ort uit u m t o n e utr o p hils al o n e ( Fi g ur e 

6. 7 , h at c h e d b ar). T his l e a d m e  t o b eli e v e t h at t h e i nt er a cti o n of m a cr o p h a g es a n d 

m y c o b a ct eri a pl a y a n i m p ort a nt r ol e i n dri vi n g t h e i m m u n e r es p o ns e f or w ar d.  

 

6. 2. 8  P e rit o n e al n e ut r o p hils dis pl a y r o b ust R O S r es p o ns es b ut p o o r killi n g effi c a c y  

As pr e vi o usl y m e nti o n e d, n e utr o p hils , m o n o c yt es, a n d m a cr o p h a g es  ar e i m p ort a nt 

m e di at ors i n t h e d ef e ns e a g ai nst m y c o b a ct eri al i nf e cti o n ( A n d erss o n et al., 2 0 1 4; B e h ar et 

al., 2 0 1 1; H o d g ki ns o n et al., 2 0 1 5, 2 0 1 2; I y o d a et al., 2 0 1 4; S c hl u g er a n d R o m, 1 9 9 8;  

S eil er et al., 2 0 0 0; W eiss a n d S c h ai bl e, 2 0 1 5) . Wit h t his i n mi n d, I b e g a n b y e x a mi ni n g 

t h e pr o d u cti o n of r e a cti v e o x y g e n s p e ci es i n p erit o n e al l e u k o c ytes, a n i m p ort a nt i m m u n e 

m e c h a nis m d uri n g  m y c o b a c t eri al i nf e cti o n ( Y a n g et al., 2 0 0 7, 2 0 1 2). F oll o wi n g i nf e cti o n 

wit h M. f ort uit u m , I o bs er v e d a n i m m e di at e i n cr e as e  i n th e R O S pr o d u cti o n of t ot al 
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p erit o n e al  l e u k o c yt es wit hi n t h e first 2 d a ys of i nf e cti o n ( Fi g ur e 6. 8A, t o p p a n el). I  t h e n 

w e nt o n t o e x a mi n e a n is ol at e d p o p ul ati o n of n e utr o p hils fr o m t h e p erit o n e al c a vit y, 

w hi c h als o pr o v e d t o pr o d u c e r o b ust R O S r es p o ns es d uri n g t h e first  2 d a ys o n i nf e cti o n 

( Fi g ur e 6. 8A, mi d dl e p a n el). M or e i m p ort a ntl y, I w as  i nt er est e d i n d et er mi ni n g if 

p erit o n e al l e u k o c yt e s w er e c a p a bl e of c o ntr olli n g a n d eli mi n ati n g M. f ort uit u m  at t h e 

i niti al p oi nt of i nf e cti on. I n or d er t o d et er mi n e t his, I  e x a mi n e d t h e c a p a cit y f or t ot al 

p erit o n e al l e u k o c yt es, or is ol at e d p erit o n e al n e utr o p hils is ol at e d at 1 d pi t o kill M. 

f ort uit u m e x vi v o . I nt er esti n gl y, w h e n I e x a mi n e d a n is ol at e d p o p ul ati o n of n e utr o p hils, I  

f o u n d t h e m t o b e i n effi ci e nt at r e m o vi ng t h e p at h o g e ni c t hr e at wit hi n 2 h o urs ( Fi g ur e 

6. 8 A, b ott o m p a n el). H o w e v er, I f o u n d t h e t ot al p erit o n e al l e u k o c yt e p o p ul ati o n t o b e 

si g nifi c a ntl y m or e c a p a bl e of  kill i n g M. f ort uit u m  ( Fi g ur e 6. 8A, b ott o m p a n el). 

S p e cifi c all y, n e utr o p hils kill e d ~ 2 0 % of m y c o b a ct eri a aft er 2 h o urs, w h er e as, t h e t ot al 

p erit o n e al l e u k o c yt e p o p ul ati o n r e m o v e d ~ 5 0 % d ur i n g t h at s a m e p eri o d ( Fi g ur e 6. 8A, 

b ott o m p a n el ).  

 

6. 2. 9  Ki d n e y l e u k o c yt es h a v e  a g r e at e r p r ofi ci e n c y at killi n g M. f ort uit u m  

It is w ell k n o w n t h at m y c o b a ct eri al i nf e cti o ns i n g ol dfis h oft e n b e c o m e s yst e mi c, 

i nf e cti n g r e gi o ns wit hi n t h e h ost dist al t o t h e i niti al p oi nt of i nf e cti o n ( G a ut hi er a n d 

R h o d es, 2 0 0 9; H o d g ki ns o n et al., 2 0 1 5, 2 0 1 2, T al a at et al., 1 9 9 9, 1 9 9 8) . O n e of t h e m ost 

c o m m o n pl a c es of  s e c o n d ar y i nf e cti o n is wit hi n t h e ki d n e y, w h er e m y c o b a ct eri a 

a c c u m ul at es, oft e n f or mi n g disti n ct gr a n ul es ( H o d g ki ns o n et al., 2 0 1 2; T al a at et al., 

1 9 9 9) . I n li g ht of t his, I als o s et o ut t o e x a mi n e t h e i nfl a m m at or y r es p o ns es of l e u k o c yt es 

wit hi n t h is tiss u e . Si mil ar t o m y  e x a mi n ati o n of t h e p erit o n e al c a vit y, I b e g a n b y 
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e x a mi ni n g t h e pr o d u cti o n of R O S b y t h e t ot al l e u k o c yt e p o p ul ati o n a n d a n is ol at e d 

p o p ul ati o n of n e utr o p hils. I f o u n d t h at b ot h p o p ul ati o ns e x hi bit e d p e a k R O S pr o d u cti o n 

at 1 4 d pi ( Fi g ur e 6. 8B). N ot a bl y , it a p p e ars as t h o u g h n e utr o p hils dis pl a y a m or e 

pr ol o n g e d i n cr e as e i n R O S pr o d u cti o n, wit h ~ 5 0 % of c ells pr o d u ci n g R O S fr o m d a ys 7 

t hr o u g h 1 4 p ost i nf e ctio n ( Fi g ur e 6. 8 B, mi d dl e p a n el).  Si mil ar t o t h e p erit o n e al c a vit y , I 

is ol at e d tot al ki d n e y l e u k o c yt es d uri n g p e a k R O S pr o d u cti o n at 1 4 d pi  a n d ass ess e d t h eir 

a bilit y t o kill M. f ort uit u m . Des pit e t h e pr ol o n g e d i n cr e as e i n  R O S pr o d u cti o n , is ol at e d 

ki d n e y n e utr o p hils dis pl a y e d a m e di o cr e c a p a cit y t o kill M. f ort uit u m  ( ~ 5 0 % r e m o v al; 

Fi g ur e 6. 8 B, b ott o m p a n el). H o w e v er, w h e n I e x a mi n e d  t h e t ot al l e u k o cyt e p o p ul ati o n, I 

f o u n d a r e d u cti o n of ~ 8 0 % of m y c o b a ct eri a wit hi n  2 h o urs ( Fi g ur e 6. 8 B, b ott o m  p a n el). 

T h us, m y  r es ults a p p e ar t o s u g g est t h at i n or d er t o e x hi bit t h e m ost effi ci e nt r es p o nses, all 

l e u k o c yt e s u bs ets m ust c o m m u ni c at e a n d r es p o n d i n u nis o n.  

 

 

6. 3  Dis c u s si o n  

A k e y f u n cti o n of t h e i n n at e i m m u n e s yst e m is t h e d et e cti o n a n d d estr u cti o n of 

for ei g n p at h o g e ns. Si mil ar t o m y  pr e vi o us st u di es t h at h a v e e x a mi n e d t h e i n d u cti o n a n d 

r e g ul ati o n of t h e a c ut e i nfl a m m ati o n i n r es p o ns e t o z y m os a n ( H a vi x b e c k et al., 2 0 1 5) a n d 

t he fis h p at h o g e n, A. v er o nii ( H a vi x b e c k et al., 2 0 1 7.), I s et o ut t o f urt h er u n d erst a n d t h e 

i nt er a cti o ns b et w e e n t h e a c ut e i nfl a m m at or y r es p o ns e of g ol dfis h a n d t h e r a pi dl y gr o wi n g 

fis h p at h o g e n, M y c o b a ct eri u m f ort uit u m . I nf e cti o n wit h M. f ort uit u m c h ar a ct eristi c all y  

c a us es l et h ar g y, s c al e l oss, a b d o mi n al diste nsi o n, a n d s ki n ul c ers i n fis h.  I m p ort a ntl y, I 

als o o bs er v e d a n i n cr e as e i n l et h ar g y a n d a b d o mi n al dist e nsi o n d uri n g t h e first 4 d a ys of 
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i nf e cti o n. It s h o ul d als o b e n ot e d t h at  fis h c a n r e m ai n as y m pt o m ati c, b e c o mi n g l o n g-t er m 

c arri ers of t h e p at h o g e n.  

N e utr o p hils  ar e ess e nti al eff e ct or c ells of i n n at e i m m u n e r es p o ns e, oft e n 

c o nsi d er e d t h e first li n e of d ef e ns e w h er e  t h eir r e cr uit m e nt i nt o p eri p h er al tiss u es is 

c e ntr al t o h ost d ef e ns e a g ai nst i n v a di n g p at h o g e ns.  I h a v e pr e vi o usl y d et er mi n e d t h at 

f ull y m at ur e b ut f u n cti o n all y n aï v e t el e ost n e utr o p hils e xist i n a h e m at o p oi eti c st or a g e 

p o ol ( H a vi x b e c k et al., 2 0 1 5) a w aiti n g d e pl o y m e nt u p o n r e c ei vi n g t h e a p pr o pri at e 

si g n als. T h is w as f urt h er c o nfir m e d w h e n I e x a mi n e d t h e mi gr ati o n of n e utr o p hils 

f oll o wi n g i nf e cti o n wit h A. v er o nii  ( H a vi x b e c k et al., 2 0 1 7 ). I n t his st u d y, I f o u n d a 

si mil ar r es ult, w h er e n e utr o p hils r a pi dl y e xit e d t h e h e m at o p oi eti c ki d n e y wit hi n t h e first 2 

d a ys of i nf e cti o n. Fr o m t h er e, t h e c el ls e nt er e d i nt o cir c ul ati o n, a n d t h e n s u bs e q u e ntl y 

i nfiltr at e d t h e p erit o n e al c a vit y, t h e i niti al p oi nt of m y c o b a ct eri a i nf e cti o n. I nt er esti n gl y, 

t h e m a xi m al n u m b er of i nfiltr ati n g n e utr o p hils w as ~ 2. 5 f ol d l ess w h e n c o m p ar e d t o t h e 

n u m b er of n e utr o p hils r e cr uit e d f oll o wi n g a d mi nistr ati o n of z y m os a n, alt h o u g h si mil ar 

n u m b ers w er e o bs er v e d w h e n c o m p ar e d 2 4 h o urs p ost i nj e cti o n. I n b ot h c as es, t his  

c orr el at e d wit h a n i n cr e as e i n C X C L 8 e x pr essi o n  wit hi n p erit o n e al l e u k o c yt es , a 

c h e m o attr a ct a nt r es p o nsi bl e f or r e cr uiti n g n e utr o p hils t o t h e sit e of i nfl a m m ati o n. 

In cr e as es i n C X C L 8 e x pr essi o n h as  als o  b e e n  o bs er v e d i n i nj ur e d t ail tiss u e of z e br afis h 

wit hi n  h o urs f oll o wi n g w o u n di n g  ( d e Oli v eir a et al., 2 0 1 3). F urt h er, C X C L 8 is 

u pr e g ul at e d i n r es p o ns e t o f or ei g n i nfl a m m at or y sti m uli,  w hi c h l e d t o a n i n cr e as e i n 

n e utr o p hil i nfiltr ati o n, hi g hli g hti n g its i m p ort a n c e  f or n or m al n e utr o p hil r e cr uit m e nt i nt o 

w o u n d e d or i nf e ct e d tiss u es  ( d e Oli v eir a et al., 2 0 1 3). N ot a bl y, I  als o o bs er v e d a n 

i n cr e as e i n e x pr essi o n of  C C L 1  wit hi n p erit o n e al l e u k o c yt es , a c h e m o ki n e criti c al f or t h e 



	 2 2 9 	

r e cr uit m e nt of m o n o c yt es d uri n g i nf e cti o n. T his i n cr e as e 1 d pi pr o vi d es a p ossi bl e  

e x pl a n ati o n f or t h e i n cr e as e i n p eri p h er al bl o o d m o n o c yt es  a n d s u bs e q u e nt p erit o n e al 

i nfiltr ati o n. I nt er esti n gl y, u nli k e d uri n g i nf e cti o n wit h A. v er o nii , I s e e a si g nifi c a nt 

mi gr ati o n of m o n o c yt es, as w ell as i n cr e as e d e x pr essi o n of C C L 1 t hr o u g h o ut i nf e cti o n . 

H o w e v er, i n b ot h i nf e cti o ns ( A. v er o nii  a n d M. f ort uit u m) I o bs er v e d t h e cl e ar a n c e of 

p at h o g e ns fr o m t h e i niti al sit e of i nf e cti o n, w h er e  it w as c o m pl et e d wit hi n 1 0 d a ys a n d 4 

d a ys , r es p e cti v el y. Fi n all y, I  als o f o u n d a pr ol o n g e d i n cr e as e i n t h e n u m b er of 

l y m p h o c ytes wit hi n t h e p erit o n e al c a vit y. T y pi c all y, l y m p h o c yt es h a v e b e e n e x a mi n e d 

n e ar gr a n ul o m as w h er e t h e y ar e k n o w n t o b e i n v ol v e d i n l o n g -t er m d ef e ns e, h o w e v er, 

t h eir pr es e n c e d uri n g t h e e arl y st a g e of i nf e cti o n i n di c at e t h es e c ells pl a y l ar g er r ol e t h a n 

pr e vi o usl y t h o u g ht. C oll e cti v el y , w h e n  I c o nsi d er all sti m ul a nts a n d i nf e cti o ns  I 

e x a mi n e d, m y  fi n di n gs s u g g est t h at t el e ost fis h h a v e d e v el o p e d a l e v el of s p e ci ali z ati o n 

wit h n u m er o us  m et h o ds  t o r es p o n d t o t h e di v ers e arr a y of p at h o g e ns  t h e y m a y e n c o u nt er. 

T his pr o vi d es y et a n ot h er i n di c ati o n of t h e tr u e c o m pl e xit y of t h e i n n at e i m m u n e 

r es p o ns e. 

I n fis h, m y c o b a ct eri al i nf e cti o ns ar e k n o w n t o b e c o m e s yst e mi c, e v e nt u all y 

i nf e cti n g dist al or g a ns wit hi n t h e h ost, i n cl u di n g t h e ki d n e y, s pl e e n, a n d li v er 

(H o d g ki ns o n et al., 2 0 1 2; T al a at et al., 1 9 9 9, 1 9 9 8) . H er ei n, I f o c us e d o n t h e pr o gr essi o n 

of i nf e cti o n a n d t h e a c ut e i nfl a m m at or y r es p o ns e i n t h e ki d n e y. I nt er esti n gl y, I f o u n d n o 

i n cr e as e i n C X C L 8 e x pr essi o n wit hi n t h e tiss u e, as w ell as n o s e c o n d ar y i n cr e as e i n 

cir c ul ati n g n e utr o p hils. H o w e v er, t h e n u m b er of ki d n e y n e utr o p hils c o nt i n u e d t o i n cr e as e 

fr o m d a ys 2 t o 7 -p ost i nf e cti o n. T his w as li k el y c a us e d b y t h e i n cr e as e i n pr olif er ati o n 

o bs er v e d 2 t o 1 4 d pi . Alt h o u g h, I a m  u n a bl e t o d efi niti v el y  i d e ntif y t his i n cr e as e i n 
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pr olif er ati o n as t h e s o ur c e of t h e i n cr e as e i n ki d n e y n e utr o p hils, it c o ul d b e a p ot e nti all y 

c o ntri b ut or . F urt h er, it is li k el y t h e i n cr e as e i n  pr olif er ati o n als o ai d e d i n i n cr e asi n g t h e 

n u m b er of ki d n e y m o n o c yt es/ m a cr o p h a g es.  A lt h o u g h I di d o bs er v e a n i n cr e as e i n C C L 1 

e x pr essi o n wit hi n t h e ki d n e y tiss u e, t his di d n ot c orr el at e t o a n i n cr e as e i n cir c ul ati n g 

m o n o c yt es  at t h at ti m e, s u g g esti n g t h e cir c ul ati n g m o n o c yt es w er e n ot t h e s o ur c e , or I 

m a y n e e d t o f o c us o n ot h er ti m e p oi nts  p ost i nf e cti o n .  Of n ot e, d uri n g t his s a m e p eri o d 

( 2-1 4 d pi), t h e b a ct eri al l o a d is c o nti n ui n g t o i n cr e as e i n t h e ki d n e y. A li k el y h ost 

r es p o ns e t o c o nti n u e d b a ct eri al r e pli c ati o n is t hr o u g h a n i n cr e as e i n pr olif er ati o n as a 

m e c h a nis m t o e x p a n d t h e n u m b er  of l e u k o c yt es wit hi n t h e ki d n e y. T h es e l e u k o c yt es ar e 

t h e n pr o n e t o e n c o u nt er M. f ort uit u m  t h e ms el v es, or i nt er a ct wit h a n alr e a d y a cti v at e d 

l e u k o c yt e f urt h er i n d u ci n g t h e i nfl a m m at or y c as c a d e . I nt er esti n gl y, f oll o wi n g c h all e n g es 

wit h z y m os a n ( H a vi x b e c k et al., 2 0 1 5), or A. v er o nii ( H a vi x b e c k et al., 2 0 1 7), I n e v er 

o bs er v e d a n i n cr e as e i n pr olif er ati o n. H o w e v er, i n n eit h er c as e w as t h er e a pr ol o n g e d 

b a ct eri al i nf e cti o n wit hi n t h e ki d n e y or a n y ot h er r e gi o n wit h i n t h e h ost. Y et, f oll o wi n g 

i nf e cti o n wit h M. f ort uit u m , I o bs er v e d  a pr ol o n g e d b a ct eri al l o a d, a n d a n i n cr e as e i n 

pr olif er ati o n t hr o u g h o ut i nf e cti o n. T his m a y i n di c at e t h at li k e m a m m als, t el e ost fis h 

e x hi bit ‘ e m er g e n c y’ h e m at o p oi esis, or a d e m a n d -dri v e n n e e d f or m or e l e u k o c yt es d uri n g 

i nf e cti o n ( P a n o p o ul os a n d W at o wi c h, 2 0 0 8).  

It is w ell u n d erst o o d t h at M. t u b er c ul osis  h as a r e m ar k a bl e c a p a cit y t o s ur vi v e 

wit hi n t h e h ostil e e n vir o n m e nt of t h e m a cr o p h a g e ( H o u b e n et al., 2 0 0 6; M c D o n o u g h et 

al., 1 9 9 3; M c Ki n n e y et al., 2 0 0 0; M e e n a a n d R aj ni, 2 0 1 0; Pi et ers, 2 0 0 8; P o di n o vs k ai a et 

al., 2 0 1 3; S c h err et al., 2 0 0 9) . I n a d diti o n, t his e xt e n ds t o ot h er m y c o b a ct eri al s p e ci es 

i n cl u di n g M. m ari n u m , M. c h el o n a e, a n d M. f ort uit u m ( C os m a et al., 2 0 0 6; H o d g ki ns o n 
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et al., 2 0 1 2; St a m m et al., 2 0 0 3; T al a at et al., 1 9 9 9, 1 9 9 8; T o bi n a n d R a m a kris h n a n, 

2 0 0 8) . H o w e v er, w e r ar el y t hi n k a b o ut t h e alt er n ati v e p oi nt of vi e w. Wh at is th e 

m a cr o p h a g e tr yi n g t o  d o i n or d er t o  pr e v e nt p at h o g e n s ur vi v al  a n d r e pli c ati o n ?  S e v er al 

i n di c ati o ns p oi nt t o w ar d t h e i n d u cti o n of a p o pt osis i n m a cr o p h a g es as a n i n n at e d ef e ns e 

m e c h a nis m a g ai nst m y c o b a ct eri a ( B e h ar et al., 2 0 1 1; I y o d a et al., 2 0 1 4). T h e  i n d u cti o n of 

t h e a p o pt oti c c as c a d e ulti m at el y r es ults i n t h e dir e ct killi n g of i ntr a c ell ul ar m y c o b a ct eri a 

( K e a n e et al., 2 0 0 2; M oll o y et al., 1 9 9 4). I o bs er v e d a b a ct eri al l o a d d e p e n d e nt eff e ct o n 

m a cr o p h a g e vi a bilit y, wit h i n cr e asi n g d e at h  of m a cr o p h a g es at e v er y r ati o e x a mi n e d . 

I nt er esti n gl y, t h e m aj orit y of c ell d eat h c o nsist e d of c ells e nt eri n g a p o pt osis. T his 

c oi n ci d es wit h t h e r es ults of B o hs ali et al., w h er e n o n -t u b er c ul osis f or mi n g m y c o b a ct eri a 

(M. f ort uit u m a n d M. s m e g m atis ) i n d u c e d gr e at er l e v els of a p o pt osis i n B A L B/ c b o n e 

m arr o w d eri v e d m a cr o p h a g es a n d t h e h u m a n m o n o c yt e c ell li n e, T H P -1 ( B o hs ali et al., 

2 0 1 0) . M y  o bs er v ati o ns l e n d f urt h er s u p p ort t o t h e h y p ot h esis t h at t h e str o n g i n d u cti o n of 

a p o pt osis b y h ost m a cr o p h a g es is a m aj or r e as o n f or t h e l a c k of c hr o ni c p at h o g e ni cit y i n 

r a pi d-gr o wi n g m y c o b a ct eri a. Of n ot e, w h e n I e x a mi n e d t h e vi a bilit y of n e utr o p hils 

f oll o wi n g i nf e cti o n wit h M. f ort uit u m , I di d n't  fi n d a n i n cr e as e i n n e utr o p hil d e at h u ntil 

t h e hi g h est r ati o. T his l e d us t o d e v el o p t w o p ot e nti al h y p ot h es es , n eit h er of w hi c h m ust 

b e c o nsi d er e d m ut u all y e x cl usi v e. First, n e utr o p hils m a y pl a y a l ar g er r ol e i n c o m b ati n g 

m y c o b a ct eri al i nf e cti o n t h a n pr e vi o usl y t h o u g ht. T h er e is a n i n cr e asi n g a m o u n t of 

r es e ar c h p oi nti n g t o w ar d t h e i m p ort a n c e of n e utr o p hils i n c o m b atin g m y c o b a ct eri al 

i nf e cti o ns, as T a n a n d c oll e a g u es r e v e al e d h o w m a cr o p h a g es a c q uir e n e utr o p hil gr a n ul es 

f or t h e a nti mi cr o bi al d ef e ns e a g ai nst i ntr a c ell ul ar m y c o b a ct eri a ( T a n et al., 2 0 0 6). A 

s e c o n d p ot e nti al e x pl a n ati o n i s t h at M. f ort uit u m  m a y b e pr ef er e nti all y m ai nt ai n i n g 



	 2 3 2 	

n e utr o p hil vi a bilit y . T his h y p ot h esis g ar n ers pl e nt y of s u p p ort as w ell , w h er e s e v er al 

r es e ar c h ers b eli e v e t h at n e utr o p hils ar e si m pl y c o ntri b uti n g t o d e v el o p m e nt of p at h ol o g y, 

r at h er t h a n pr ot e cti n g t h e h ost ( Er usl a n o v et al., 2 0 0 5; L o w e et al., 2 0 1 2). 

T h e i n d u cti o n of a nti mi cr o bi al d ef e ns e m e c h a nis ms  of l e u k o c yt es i n r es p o ns e t o 

m y c o b a ct eri a is sl o wl y b ei n g  el u ci d at e d ( B o hs ali et al., 2 0 1 0; H el g u er a-R e p ett o et al., 

2 0 1 4; H o d g ki ns o n et al., 2 0 1 5; Sil v a et al., 2 0 1 0; T a n et al., 2 0 0 6) . A s m e nti o n e d a b o v e, 

it is o nl y r e c e ntl y t h at a l ar g er f o c us h as b e e n pl a c e d o n t h e f u n cti o n al r ol es of 

n e utr o p hils ( Br ai a n et al., 2 0 1 3; Er usl a n o v et al., 2 0 0 5; H o d g ki ns o n et al., 2 0 1 5; 

M arti n e a u et al., 2 0 0 7; P e d r os a et al., 2 0 0 0; Y a n g et al., 2 0 1 2). T o b e gi n m y  e x a mi n ati o n, 

I ass ess e d t h e a bilit y of n e utr o p hils t o mi gr at e t o w ar d M. f ort uit u m , w h er e  n e utr o p hils 

mi gr at e d i n si g nifi c a nt n u m b ers at all r ati os e x a mi n e d. I n a d diti o n, Y a n g a n d c oll e a g u es  

f o u n d t h at ne utr o p hils w er e c a p a bl e of i nt er n ali zi n g m a cr o p h a g es i nf e ct e d wit h M. 

m ari n u m  ( Y a n g et al., 2 0 1 2), t h us s u g g esti n g m a cr o p h a g es m a y pr o d u c e c h e m ot a cti c 

f a ct ors u p o n i nf e cti o n. I nt er esti n gl y, I o bs er v e d  a si g nifi c a nt  i n cr e as e i n n e utr o p hil  

mi gr ati o n i n t h e pr e s e n c e of m a cr o p h a g es c o m p ar e d  wit h m y c o b a ct eri a  al o n e ( 3: 1 r ati o 

of M. f ort uit u m : n e utr o p hils). This s u g g ests t o us t h at w h e n m a cr o p h a g es ar e u n d er g oi n g 

a p o pt osis i n or d er t o pr e v e nt f urt h er diss e mi n ati o n of M. f ort uit u m , t h e y ar e als o 

r el e asi n g a d diti o nal  c h e m ot a cti c si g n als r e cr uiti n g n e utr o p hils t o t h e sit e.  H o w e v er, I w as  

ulti m at el y i nt er est e d i n w h et h er or n ot n e utr o p hils w er e c a p a bl e of killi n g M. f ort uit u m . 

T his l e d  t o s o m e u ni q u e r es ults. W h e n I is ol at e d n e utr o p hils fr o m t h e i niti al sit e of 

inf e cti o n ( p erit o n e al c a vit y), I  f o u n d t h e m t o pr o d u c e r o b ust l e v els of R O S. H ow e v er, 

t his tr a nsl at e d i nt o a p o or c a p a cit y t o kill M. f ort uit u m . I nt er esti n gl y, w h e n I e x a mi n e d 

n e utr o p hils fr o m t h e s e c o n d ar y sit e of i nf e cti o n ( ki d n e y), I  f o u n d si mil ar d at a. T h us f ar, 
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m y  r es ults p oi nt t o w ar d t h e s e c o n d h y p ot h esis fr o m a b o v e, w h er e n e ut r o p hils si m pl y 

c o ntri b ut e t o t h e i nf e cti o us p at h ol o g y, wit h o ut a ct u all y pr ot e cti n g  t h e h ost. I n li g ht of 

t his, I alt er e d m y p oi nt of vi e w a n d d e ci d e d t o f o c us l ess o n a s p e cifi c c ell t y p e a n d m or e 

o n t h e c oll e cti v e h ost r es p o ns e. T h e t ot al l e u k o c yt e p o p ul a ti o n dis pl a y e d  a n  i n cr e as e d 

eff e ct i v e n ess i n killi n g M. f ort uit u m, wit h t h e gr e at est effi c a c y o bs er v e d i n t h e ki d n e y. 

T h er e f or e, it is a ct u all y m ost  li k el y t h at b ot h h y p ot h es es d es er v e at l e ast s o m e m erit. 

First, n e utr o p hils ar e still ai di n g i n t h e cl e ar a n c e of t h e p at h o g e n, b ut m ust d o s o wit h t h e 

ai d of ot h er c ell ul ar s u bs ets,  a n d s e c o n d, wit h o ut c o ntr ol  si g nifi c a nt  n u m b ers of  

n e utr o p hils  m a y als o l e a d t o a n i n cr e ase i n p at h ol o g y d uri n g i nf e cti o n.  T h r o u g h t h e 

d e v el o p m e nt a n d us e  o f s p e cifi c c ell ul ar m ar k ers f or fis h l e u k o c yt es, f ut ur e st u di es c o ul d 

f o c us o n s p e cifi c c ell ul ar s u bs ets wit hi n t h e l ar g er gr o u p. T his w o ul d all o w f or t h e 

a n al ysis of u ni q u e  l e u k o c yt e f u n ctio ns w hil e m ai nt ai ni n g t h e n e c ess ar y c ell ul ar cr oss t al k, 

a n ess e nti al r e q uir e m e nt d uri n g t h e i nfl a m m at or y r es p o ns e.  
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Fi g u r e 6. 1. C ol o n y f o r mi n g u nits ( C F U) of M y c o b a ct eri u m f ort uit u m  i n t h e 
p e rit o n e al c a vit y a n d t h e ki d n e y t h r o u g h o ut i nf e cti o n.  
 
G ol dfis h w er e i nj e ct e d i ntr a p erit o n e all y wit h 1 0 x 1 0 6  M. f ort uit u m . At d a y 0, 1, 2, 4, 7, 
1 4, a n d 2 8 , fis h w er e t er mi n at e d a n d t h e n u m b er of C F Us of M. f ort uit u m w as d et er mi n e d 
b y s pr e a d pl ati n g eit h er p erit o n e al l a v a g es or m a c er at e d ki d n e ys o n Mi d dl e br o o k 7 H 1 0 
a g ar pl at es ( n = 4). All st atisti cs c orr es p o n d t o a si g nifi c a n c e of p < 0. 0 5 usi n g a o n e-w a y -
A N O V A; * si g nifi c a ntl y diff er e nt fr o m D a y 0 C F U i n p erit o n e al c a vit y ( P er C), + 
si g nifi c a ntl y diff er e nt fr o m D a y 0 C F U/ m g ki d n e y . 
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Fi g u r e 6. 2. G e n e e x p r essi o n  c h a n g es of c h e m o ki n es a n d c yt o ki n es  i n l e u k o c yt es 
is ol at e d f r o m t h e p e rit o n e al c a vit y t h r o u g h o ut i nf e cti o n. 
 
G ol dfis h w er e i nj e ct e d i ntr a p erit o n e all y wit h 1 0 x 1 0 6  M. f ort uit u m . At d a y 0, 1, 2, 4, 7, 
1 4, a n d 2 8 , p erit o n e al c ells w er e h ar v est e d b y l a v a g e. C yt o ki n e a n d c h e m o ki n e l e v els 
w er e m e as ur e d b y Q -P C R  ( n = 4). All st atisti cs c orr es p o n d t o a si g nifi c a n c e of p < 0. 0 5 
usi n g a o n e -w a y -A N O V A; * si g nifi c a ntl y diff er e nt fr o m D a y 0.  
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Fi g u r e 6. 3. I nf e cti o n wit h M. f ort uit u m i n d u c es t h e mi g r ati o n of n e ut r o p hils f r o m 
t h e h e m at o p oi eti c ki d n e y tiss u e t o t h e p e rit o n e al c a vit y.  
 
G ol dfis h w er e i nj e ct e d i ntr a p erit o n e all y wit h 1 0 x 1 0 6  M. f ort uit u m . At d a y 0, 1, 2, 4, 7, 
1 4, a n d 2 8 , g ol dfis h w er e bl e d vi a t h e c a u d al v ei n, p erit o n e al c ells w er e h ar v est e d b y 
l a v a g e, a n d ki d n e ys w er e r e m o v e d. ( A) Pri or t o h ar v esti n g c ells, ki d n e ys w er e w ei g h e d. 
T ot al ki d n e y l e u k o c yt es at e a c h ti m e p oi nt w er e c o u nt e d usi n g a h a e m o c yt o m et er. T o 
a c c o u nt f or v ar yi n g si z es or fis h, c o u nts w er e di vi d e d b y ki d n e y w ei g ht (i n m g) t o 
d et er mi n e l e u k o c yt es / m g tiss u e. T h e t ot al n u m b er of l e u k o c yt es p er milli gr a m of ki d n e y 
tiss u e at e a c h d esi g n at e d ti m e p oi nt (t o p p a n el). T h e b ott o m 3 p a n els r e pr es e nt t h e t ot al 
n u m b er of i n di vi d u al l e u k o c yt e s u bs ets  p er m g of ki d n e y tiss u e  ( n = 4). ( B) Fis h w er e 
s a crifi c e d, bl e d at t h e i n di c at e d ti m e p oi nts a n d p eri p h er al bl o o d s m e ars w er e st ai n e d 
wit h S u d a n Bl a c k. N e utr o p hils w er e i d e ntifi e d as S u d a n Bl a c k p ositi v e, w hil e m o n o c yt es 
a n d l y m p h o c yt es, b ot h st ai n e d n e g ati v e. T h e t ot al n u m b er of l e u k o c yt es p er m L of bl o o d 
at e a c h d esi g n at e d ti m e p oi nt (t o p p a n el). T h e b ott o m 3 p a n els r e pr es e nt t h e t ot al n u m b er 
of i n di vi d u al l e u k o c yt e s u bs ets p er m L of bl o o d ( n = 4). ( C) Ki n eti cs of l e u k o c yt e 
i nfiltr ati o n i nt o t h e p erit o n e al c a vit y. C yt os pi ns w er e p e rf or m e d, st ai n e d wit h S u d a n 
Bl a c k, a n d c o u nt e d o n  a h a e m o c yt o m et er . T h e t ot al n u m b er of l e u k o c yt es p er l a v a g e at 
e a c h d esi g n at e d ti m e p oi nt (t o p p a n el). T h e b ott o m 3 p a n els r e pr es e nt t h e t ot al n u m b er of 
i n di vi d u al l e u k o c yt e s u bs ets p er l a v a g e ( n= 4). All st atisti cs c orr es p o n d t o a si g nifi c a n c e 
of p < 0. 0 5 usi n g a t w o -w a y -A N O V A; * si g nifi c a ntl y diff er e nt fr o m u ni nf e ct e d c o ntr ols 
o n t h e s a m e d a y of i nf e cti o n . S oli d li n e r e pr es e nts i nf e ct e d fis h. D as h e d li n e r e pr es e nts 
P B S i nj e ct e d c o ntr ols.  
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Fi g u r e 6. 4. G e n e e x p r essi o n  c h a n g es of c h e m o ki n es a n d c yt o ki n es i n l e u k o c yt es 
is ol at e d f r o m t h e ki d n e y t h r o u g h o ut i nf e cti o n. 
 
G ol dfis h w er e i nj e ct e d i ntr a p erit o n e all y wit h 1 0 x 1 0 6  M. f ort uit u m . At d a y 0, 1, 2, 4, 7, 
1 4, a n d 2 8, ki d n e ys w er e r e m o v e d a n d fl as h fr o z e n. C yt o ki n e a n d c h e m o ki n e l e v els w er e 
m e as ur e d b y Q -P C R ( n = 4). All st atisti cs c orr es p o n d t o a si g nifi c a n c e of p < 0. 0 5 usi n g a 
o n e -w a y -A N O V A; * si g nifi c a ntl y diff er e nt fr o m D a y 0.  
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Fi g u r e 6. 5. I nt r a p e rit o n e al i nj e cti o n of M. f ort uit u m  l e a ds t o i n c r e as e d 
h e m at o p oi eti c p r olif e r ati o n.  
 
G ol dfis h w er e i nj e ct e d i ntr a p erit o n e all y wit h 1 0 x 1 0 6  M. f ort uit u m . At o n e h o ur pri or t o 
d a y 0, 1, 2, 4, 7, 1 4, a n d 2 8 , fis h w er e i nj e ct e d i ntr a p erit o n e all y wit h Br d U a n d i n c u b at e d 
f or 1 h, t o all o w i n c or p or ati o n of Br d U i nt o tiss u es. Ki d n e ys w er e is ol at e d, a n d t ot al 
l e u k o c yt es w er e h ar v est e d. C ells w er e fi x e d f or a mi ni m u m of 2 4 h i n 1 % f or m al d e h y d e, 
a n d t h e n st ai n e d wit h a nti -Br d U FI T C ( n = 4). S oli d li n e r e pr es e nts i nf e ct e d fis h. D as h e d 
li n e r e pr es e nts P B S i nj e ct e d c o ntr ols. 
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Fi g u r e 6. 6. Eff e ct of M. f ort uit u m i n c u b ati o n o n t h e vi a bilit y of p ri m a r y ki d n e y 
m a c r o p h a g es a n d n aï v e n e ut r o p hils i n vitr o. 
 
Pri m ar y ki d n e y m a cr o p h a g es ( P K M) a n d n aï v e n e utr o p hils (is ol at e d fr o m g ol dfis h 
ki d n e y) w er e i n c u b at e d wit h v ar yi n g r ati os of M. f ort uit u m : c ells a n d t h e vi a bilit y of t h e 
l e u k o c yt es w er e s u bs e q u e ntl y ass ess e d usi n g A n n e xi n V/ PI st ai ni n g. S oli d bl a c k b ars 
r e pr es e nt pri m ar y ki d n e y m a cr o p h a g es, w hil e h at c h e d b ars r e pr es e nt n aï v e n e utr o p hils 
( n = 4).  ( A) P er c e nt vi a bl e c ells r e m ai ni n g p ost i n c u b ati o n. ( B) P er c e nt of a p o pt oti c c ells 
w hi c h st ai n p ositi v e wit h A n n e xi n V. All st atisti cs c orr es p o n d t o a si g nifi c a n c e of p < 0. 0 5 
usi n g a o n e- w a y- A N O V A; * si g nifi c a ntl y diff er e nt fr o m P K Ms o nl y, + si g nifi c a ntl y 
diff er e nt fr o m n e utr o p hils o nl y. 
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Fi g u r e 6. 7 . N e ut r o p hils r a pi dl y mi g r at e t o w a r d M. f ort uit u m  i n vitr o. 
 
N aï v e n e utr o p hils w er e is ol at e d fr o m g ol dfis h h e m at o p oi eti c ki d n e y a n d s e e d e d i nt o 
c h e m ot a xis c h a m b ers wit h i n cr e asi n g a m o u nts of M. f ort uit u m , b e gi n ni n g wit h a r ati o of 
1: 1 ( M. f ort uit u m : n e utr o p hil) a n d i n cr e asi n g t o a r ati o of 1 0: 1 ( bl a c k b ars). C h k 
r e pr es e nts a c h e m o ki n esis c o ntr ol. W hit e b ars r e pr es e nt p ositi v e ( z y m os a n- Z y m) a n d 
n e g ati v e c o ntr ols. T h e h at c h e d b ar r e pr es e nts t h e a d diti o n of P K Ms wit h M. f ort uit u m  at a 
r ati o of 3: 1 ( m y c ob a ct eri a: m a cr o p h a g e) . M. f ort uit u m  is als o at a r ati o of 3: 1 t o 
n e utr o p hils ( n = 4). All st atisti cs c orr es p o n d t o a si g nifi c a n c e of p < 0. 0 5 usi n g a o n e -w a y -
A N O V A; * si g nifi c a ntl y diff er e nt fr o m P B S c o ntr ol, + si g nifi c a ntl y diff er e nt fr o m 3: 1 
(M. f ort uit u m : ne utr o p hils)  al o n e, + + si g nifi c a ntl y diff er e nt fr o m 3: 1 ( M. f ort uit u m 
al o n e).  
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Fi g u r e 6. 8 . T el e ost l e u k o c yt es m o u nt r o b ust R O S r es p o ns es a n d eff e cti v e killi n g 
r es p o ns es a g ai nst M. f ort uit u m . 
 
G ol dfis h w er e i nj e ct e d i ntr a p erit o n e all y wit h 1 0 x 1 0 6  M. f ort uit u m . At d a y 0, 1, 2, 4, 7, 
1 4, a n d 2 8, p erit o n e al l e u k o c yt es w er e r e m o v e d b y l a v a g e a n d ki d n e ys diss e ct e d. ( A) 
R es pir at or y b urst r es p o ns es of t ot al p erit o n e al l e u k o c yt es (t o p p a n el) a n d is ol at e d 
p erit o n e al n e utr o p hils ( mi d dl e p a n el). T h e b o tt o m p a n el e x a mi n es t h e c a p a cit y of t ot al 
p erit o n e al l e u k o c yt es ( o p e n cir cl es) a n d p erit o n e al n e utr o p hils (s oli d cir cl es) is ol at e d 1 
d pi t o kill M. f ort uit u m ( n = 4). ( B) R es pir at or y b urst r es p o ns es of t ot al ki d n e y l e u k o c yt es 
(t o p p a n el) a n d is ol at e d ki d n e y n e utr o p hils ( mi d dl e p a n el). T h e b ott o m p a n el e x a mi n es 
t h e c a p a cit y of t ot al ki d n e y l e u k o c yt es ( o p e n cir cl es) a n d ki d n e y n e utr o p hils (s oli d 
cir cl es) is ol at e d 1 4 d pi t o kill M. f ort uit u m ( n = 4). All st atisti cs c orr es p o n d t o a 
sig nifi c a n c e of p < 0. 0 5 usi n g a t w o -w a y -A N O V A; * s i g nifi c a ntl y diff er e nt fr o m is ol at e d 
n e utr o p hils at 0 mi n ut es , + si g nifi c a ntl y diff er e nt fr o m t ot al l e u k o c yt es at 0 mi n ut es, ‡ 
si g nifi c a ntl y diff er e nt fr o m is ol at e d n e utr o p hils at 1 2 0 mi n ut es.  
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A b b at e, E., S asi ai n, M. C., 2 0 0 4. M y c o b a ct eri u m t u b er c ul osis Tri g g ers A p o pt osis 
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Er usl a n o v, E. B., L y a d o v a, I. V., K o n dr ati e v a, T. K., M aj or o v, K. B., S c h e gl o v, I. V ., 
Orl o v a, M. O., A pt, A. S., 2 0 0 5. N e utr o p hil R es p o ns es t o M y c o b a ct eri u m 
t u b er c ul osis I nf e cti o n i n G e n eti c all y S us c e pti bl e a n d R esist a nt Mi c e. I nf e ct. 
I m m u n. 7 3, 1 7 4 4– 1 7 5 3. d oi: 1 0. 1 1 2 8/I AI. 7 3. 3. 1 7 4 4 -1 7 5 3. 2 0 0 5  

E u m, S. -Y., K o n g, J. -H., H o n g, M. -S., L e e, Y. -J., Ki m, J.-H., H w a n g, S. -H., C h o, S. -N., 
Vi a, L. E., B arr y III, C. E., 2 0 1 0. N e utr o p hils Ar e t h e Pr e d o mi n a nt I nf e ct e d 
P h a g o c yti c C ells i n t h e Air w a ys of P ati e nts Wit h A cti v e P ul m o n ar y T B. C h est 
1 3 7, 1 2 2 – 1 2 8. d oi: 1 0. 1 3 7 8/ c h est. 0 9 -0 9 0 3  

Fr a n cis, R.J., B utl er, R. E., St e w art, G. R., 2 0 1 4. M y c o b a ct eri u m t u b er c ul osis E S A T -6 is a 
l e u k o ci di n c a usi n g C a 2 + i nfl u x, n e cr osis a n d n e utr o p hil e xtr a c ell ul ar tr a p 
f or m ati o n. C ell D e at h Dis. 5, e 1 4 7 4. d oi: 1 0. 1 0 3 8/ c d dis. 2 0 1 4. 3 9 4 

G a ut hi er, D. T., R h o d es, M. W., 2 0 0 9. M y c o b a ct eri osis i n fis h es: A r e vi e w. V et. J. 1 8 0, 
3 3 – 4 7. d oi: 1 0. 1 0 1 6/j.t vjl. 2 0 0 8. 0 5. 0 1 2  

H a vi x b e c k, J.J., Ri e g er, A. M., C h ur c hill, L., B arr e d a, D., 2 0 1 7  N e utr o p hils e x ert 
pr ot e cti o n i n e arl y A er o m o n as v er o nii i nf e cti o ns t hr o u g h t h e cl e ar a n c e of b ot h 
b a ct eri a a n d d yi n g m a cr o p h a g es. Fis h & S h ellfis h I m m u n ol o g y.  

H a vi x b e c k, J.J., Ri e g er, A. M., W o n g, M. E., H o d g ki ns o n, J. W., B arr e d a, D. R., 2 0 1 5. 
N e utr o p hil c o ntri b uti o ns t o t h e i n d u cti o n a n d r e g ul ati o n of t h e a c ut e i nfl a m m at or y 
r es p o ns e i n t el e ost fis h. J. L e u k o c. Bi ol. jl b. 3 HI 0 2 1 5-0 6 4 R. 
d oi: 1 0. 1 1 8 9/jl b. 3 HI 0 2 1 5 -0 6 4 R  

H el g u er a -R e p ett o, A. C., C h a c o n -S ali n as, R., C er n a -C ort es, J. F., Ri v er a -G uti err e z, S., 
Orti z -N a v arr et e, V., Estr a d a -G ar ci a, I., G o n z al e z -y -M er c h a n d, J. A., 2 0 1 4. 
Diff er e nti al M a cr o p h a g e R es p o ns e t o Sl o w - a n d F ast -Gr o wi n g P at h o g e ni c 
M y c o b a ct eri a. Bi o M e d R es. I nt. 2 0 1 4, e 9 1 6 5 2 1. d oi: 1 0. 1 1 5 5/ 2 0 1 4/ 9 1 6 5 2 1  

H o, Y. S., A dr o u b, S. A., Al eis a, F., M a h m o o d, H., Ot h o u m, G., R as hi d, F., Z a h er, M., 
Ali, S., Bitt er, W., P ai n, A., A b d all a h, A. M., 2 0 1 2. C o m pl et e G e n o m e S e q u e n c e 
of M y c o b a ct eri u m f ort uit u m s u bs p. f ort uit u m T y p e Str ai n D S M 4 6 6 2 1. J. 
B a ct eri ol. 1 9 4, 6 3 3 7. d oi: 1 0. 1 1 2 8/J B. 0 1 4 6 1 -1 2  

H o d g ki ns o n, J. W., G e, J. -Q., Gr a yf er, L., St aff or d, J., B el os e vi c, M., 2 0 1 2. A n al ysis of 
t h e i m m u n e r es p o ns e i n i nf e cti o ns of t h e g ol dfis h ( C ar assi us a ur atus L.) wit h 
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M y c o b a ct eri u m m ari n u m. D e v. C o m p. I m m u n ol. 3 8, 4 5 6 – 4 6 5. 
d oi: 1 0. 1 0 1 6/j. d ci. 2 0 1 2. 0 7. 0 0 6  

H o d g ki ns o n, J. W., G e, J. -Q., K at z e n b a c k, B. A., H a vi x b e c k, J.J., B arr e d a, D. R., St aff or d, 
J. L., B el os e vi c, M., 2 0 1 5. D e v el o p m e nt of a n i n  vitr o m o d el s yst e m t o  st u d y t h e 
i nt er a cti o ns b et w e e n M y c o b a ct eri u m m ari n u m a n d t el e ost n e utr o p hils. D e v. 
C o m p. I m m u n ol. 5 3, 3 4 9 – 3 5 7. d oi: 1 0. 1 0 1 6/j. d ci. 2 0 1 5. 0 7. 0 1 6  

H o u b e n, E. N., N g u y e n, L., Pi et ers, J., 2 0 0 6. I nt er a cti o n of p at h o g e ni c m y c o b a ct eri a wit h 
t h e h ost i m m u n e s yst e m. Curr. O pi n. Mi cr o bi ol., H ost --mi cr o b e i nt er a cti o ns: 
b a ct eri a / e dit e d b y C hi hir o S as a k a w a a n d J ör g H a c k er 9, 7 6 – 8 5. 
d oi: 1 0. 1 0 1 6/j. mi b. 2 0 0 5. 1 2. 0 1 4  

I y o d a, T., T a k a d a, M., F u k ats u, Y., K u m o k os hi, S., F ujis a w a, T., S hi m a d a, T., 
S hi m o k a w a, N., M ats u n a g a, T., M a k i n o, K., D oi, N., T er a d a, H., F u k ai, F., 2 0 1 4. 
A N o v el M e c h a nis m U n d erl yi n g t h e B asi c D ef e nsi v e R es p o ns e of M a cr o p h a g es 
a g ai nst M y c o b a ct eri u m I nf e cti o n. J. I m m u n ol. 1 9 2, 4 2 5 4 – 4 2 6 2. 
d oi: 1 0. 4 0 4 9/ji m m u n ol. 1 3 0 1 5 2 6  

J o n es, G. S., A mir a ult, H.J., A n d ers e n, B. R., 1 9 9 0. Killi n g of M y c o b a ct eri u m t u b er c ul osis 
b y N e utr o p hils: A N o n o xi d ati v e Pr o c ess. J. I nf e ct. Dis. 1 6 2, 7 0 0 – 7 0 4. 
d oi: 1 0. 1 0 9 3/i nf dis/ 1 6 2. 3. 7 0 0  

K e a n e, J., S h urtl eff, B., K or nf el d, H., 2 0 0 2. T N F -d e p e n d e nt B A L B/ c m uri n e m a cr o p h a g e 
a p o pt osis f oll o wi n g M y c o b a ct e ri u m t u b er c ul osis i nf e cti o n i n hi bits b a cill ar y 
gr o wt h i n a n I F N -γ  i n d e p e n d e nt m a n n er. T u b er c ul osis 8 2, 5 5– 6 1. 
d oi: 1 0. 1 0 5 4/t u b e. 2 0 0 2. 0 3 2 2  

Kisi c h, K. O., Hi g gi ns, M., Di a m o n d, G., H eif ets, L., 2 0 0 2. T u m or N e cr osis F a ct or Al p h a 
Sti m ul at es Killi n g of M y c o b a ct er i u m t u b er c ul osis b y H u m a n N e utr o p hils. I nf e ct. 
I m m u n. 7 0, 4 5 9 1– 4 5 9 9. d oi: 1 0. 1 1 2 8/I AI. 7 0. 8. 4 5 9 1 -4 5 9 9. 2 0 0 2  

L o w e, D. M., R e df or d, P. S., Wil ki ns o n, R.J., O’ G arr a, A., M arti n e a u, A. R., 2 0 1 2. 
N e utr o p hils i n t u b er c ul osis: fri e n d or f o e ? Tr e n ds I m m u n ol. 3 3, 1 4 – 2 5. 
d oi: 1 0. 1 0 1 6/j.it. 2 0 1 1. 1 0. 0 0 3  

M arti n e a u, A. R., N e wt o n, S. M., Wil ki ns o n, K. A., K a m p m a n n, B., H all, B. M., N a wr ol y, 
N., P a c k e, G. E., D a vi ds o n, R. N., Griffit hs, C.J., Wil ki ns o n, R.J., 2 0 0 7. 
N e utr o p hil -m e di at e d i n n at e i m m u n e r esist a n c e t o m y c o b a ct eri a. J. Cli n. I n v est. 
1 1 7, 1 9 8 8 – 1 9 9 4. d oi: 1 0. 1 1 7 2/J CI 3 1 0 9 7  

M c D o n o u g h, K. A., Kr ess, Y., Bl o o m, B. R., 1 9 9 3. P at h o g e n esis of t u b er c ul osis: 
i nt er a cti o n of M y c o b a ct eri u m t u b er c ul osis wit h m a cr o p h a g es. I nf e ct. I m m u n. 6 1, 
2 7 6 3 – 2 7 7 3.  

M c Ki n n e y, J. D., z u B e ntr u p, K. H., M u ñ o z -Elí a s, E.J., Mi c z a k, A., C h e n, B., C h a n, W. -
T., S w e ns o n, D., S a c c h etti ni, J. C., J a c o bs, W. R., R uss ell, D. G., 2 0 0 0. P ersist e n c e 
of M y c o b a ct eri u m t u b er c ul osis i n m a cr o p h a g es a n d mi c e r e q uir es t h e gl y o x yl at e 
s h u nt e n z y m e is o citr at e l y as e. N at ur e 4 0 6, 7 3 5 – 7 3 8. d oi : 1 0. 1 0 3 8/ 3 5 0 2 1 0 7 4 

M e e n a, L. S., R aj ni, 2 0 1 0. S ur vi v al m e c h a nis ms of p at h o g e ni c M y c o b a ct eri u m 
t u b er c ul osis H 3 7 R v. F E B S J. 2 7 7, 2 4 1 6– 2 4 2 7. d oi: 1 0. 1 1 1 1/j. 1 7 4 2 -
4 6 5 8. 2 0 1 0. 0 7 6 6 6. x  

M oll o y, A., L a o c h u mr o o n v or a p o n g, P., K a pl a n, G., 1 9 9 4. A p o pt osis, b ut n ot n e cr osis,  of 
i nf e ct e d m o n o c yt es is c o u pl e d wit h killi n g of i ntr a c ell ul ar b a cill us C al m ett e-
G u eri n. J. E x p. M e d. 1 8 0, 1 4 9 9 – 1 5 0 9.  
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N a n di, B., B e h ar, S. M., 2 0 1 1. R e g ul ati o n of n e utr o p hils b y i nt erf er o n -γ  li mits l u n g 
i nfl a m m ati o n d uri n g t u b er c ul osis i nf e cti o n. J. E x p. Me d. 2 0 8, 2 2 5 1 – 2 2 6 2. 
d oi: 1 0. 1 0 8 4/j e m. 2 0 1 1 0 9 1 9  

P a n o p o ul os, A. D., W at o wi c h, S. S., 2 0 0 8. G R A N U L O C Y T E C O L O N Y -S TI M U L A TI N G 
F A C T O R: M O L E C U L A R M E C H A NI S M S O F A C TI O N D U RI N G S T E A D Y 
S T A T E A N D “ E M E R G E N C Y ” H E M A T O P OI E SI S. C yt o ki n e 4 2, 2 7 7 – 2 8 8. 
d oi: 1 0. 1 0 1 6/j. c yt o. 2 0 0 8. 0 3. 0 0 2  

P e dr os a, J., S a u n d ers, B. M., A p p el b er g, R., Or m e, I. M., Sil v a, M. T., C o o p er, A. M., 
2 0 0 0. N e utr o p hils Pl a y a Pr ot e cti v e N o n p h a g o c yti c R ol e i n S yst e mi c 
M y c o b a ct eri u m t u b er c ul osis I nf e cti o n of Mi c e. I nf e ct. I m m u n. 6 8, 5 7 7 – 5 8 3.  

Pi et ers, J., 2 0 0 8. M y c o b a ct er i u m t u b er c ul osis a n d t h e M a cr o p h a g e: M ai nt ai ni n g a 
B al a n c e. C ell H ost Mi cr o b e 3, 3 9 9 – 4 0 7. d oi: 1 0. 1 0 1 6/j. c h o m. 2 0 0 8. 0 5. 0 0 6  

P o di n o vs k ai a, M., L e e, W., C al d w ell, S., R uss ell, D. G., 2 0 1 3. I nf e cti o n of m a cr o p h a g es 
wit h M y c o b a ct eri u m t u b er c ul osis i n d u c es gl o b al m o difi c ati o ns t o p h a g os o m al 
f u n cti o n. C ell. Mi cr o bi ol. 1 5, 8 4 3– 8 5 9. d oi: 1 0. 1 1 1 1/ c mi. 1 2 0 9 2  

R a m a kris h n a n, L., 2 0 1 3. L o o ki n g Wit hi n t h e Z e br afis h t o U n d erst a n d t h e T u b er c ul o us 
Gr a n ul o m a, i n: Di v a n g a hi, M. ( E d.), T h e N e w P ar a di g m of I m m u nit y t o 
T u b er c ul osis, A d v a n c es i n E x p eri m e nt al M e di ci n e a n d Bi ol o g y. S pri n g er N e w 
Y or k, p p. 2 5 1 – 2 6 6. d oi: 1 0. 1 0 0 7/ 9 7 8 -1 -4 6 1 4 -6 1 1 1 -1 _ 1 3  

R e y es -R u v al c a b a, D., G o n z ál e z -C ort és, C., Ri v er o -L e z c a n o, O. M., 2 0 0 8. H u m a n 
p h a g o c yt es l a c k t h e a bilit y t o kill M y c o b a ct eri u m g or d o n a e, a n o n -p a t h o g e ni c 
m y c o b a ct eri a. I m m u n ol. L ett. 1 1 6, 7 2 – 7 8. d oi: 1 0. 1 0 1 6/j.i ml et. 2 0 0 7. 1 1. 0 1 0  

S c h err, N., M üll er, P., P eris a, D., C o m b al u zi er, B., J e n ö, P., Pi et ers, J., 2 0 0 9. S ur vi v al of 
P at h o g e ni c M y c o b a ct eri a i n M a cr o p h a g es Is M e di at e d t hr o u g h 
A ut o p h os p h or yl ati o n o f Pr ot ei n Ki n as e G. J. B a ct eri ol. 1 9 1, 4 5 4 6– 4 5 5 4. 
d oi: 1 0. 1 1 2 8/J B. 0 0 2 4 5 -0 9  

S c hl u g er, N. W., R o m, W. N., 1 9 9 8. T h e H ost I m m u n e R es p o ns e t o T u b er c ul osis. A m. J. 
R es pir. Crit. C ar e M e d. 1 5 7, 6 7 9 – 6 9 1. d oi: 1 0. 1 1 6 4/ ajr c c m. 1 5 7. 3. 9 7 0 8 0 0 2  

S c u m pi a, P. O., K ell y -S c u m pi a,  K. M., D el a n o, M.J., W ei nst ei n, J. S., C u e n c a, A. G., Al -
Q ur a n, S., B o vi o, I., A kir a, S., K u m a g ai, Y., M ol d a w er, L. L., 2 0 1 0. C utti n g E d g e: 
B a ct eri al I nf e cti o n I n d u c es H e m at o p oi eti c St e m a n d Pr o g e nit or C ell E x p a nsi o n i n 
t h e A bs e n c e of T L R Si g n ali n g. J. I m m u n ol. B alti m. M d 1 9 5 0 1 8 4. 
d oi: 1 0. 4 0 4 9/ji m m u n ol. 0 9 0 3 6 5 2  

S eil er, P., Ai c h el e, P., R a u p a c h, B., O d er m att, B., St ei n h off, U., K a uf m a n n, S. H. E., 2 0 0 0. 
R a pi d N e utr o p hil R es p o ns e C o ntr ols F ast -R e pli c ati n g I ntr a c ell ul ar B a ct eri a b ut 
N ot Sl o w -R e pli c ati n g M y c o b a ct eri u m t u b er c ul osis. J. I nf e ct. Dis. 1 8 1, 6 7 1 – 6 8 0. 
d oi: 1 0. 1 0 8 6/ 3 1 5 2 7 8  

S err a, C., L oi, G., S a d di, B., P a ut ass o, M., M a n zi n, A., 2 0 0 7. U n us u al Cli ni c al 
Pr es e nt ati o n of M y c o b a ct eri u m f ort uit u m I nf e cti o n i n a n I m m u n o c o m p et e nt 
W o m a n. J. Cli n. Mi cr o bi ol. 4 5, 1 6 6 3 – 1 6 6 5. d oi: 1 0. 1 1 2 8/J C M. 0 0 1 1 9 -0 7  

S et hi, S., Ar or a, S., G u pt a, V., K u m ar, S., 2 0 1 4. C ut a n e o us M y c o b a ct eri u m f ort uit u m 
I nf e cti o n: S u c c essf ull y Tr e at e d wit h A mi k a ci n a n d Ofl o x a ci n C o m bi n ati o n. 
I n di a n J. D er m at ol. 5 9, 3 8 3– 3 8 4. d oi: 1 0. 4 1 0 3/ 0 0 1 9 -5 1 5 4. 1 3 5 4 9 1  

Sil v a, T. R. M. d a, P et ers e n, A. L. d e O. A., S a nt os, T. d e A., Al m ei d a, T. F. d e, Fr eit as, 
L. A. R. d e, V er as, P. S. T., 2 0 1 0. C o ntr ol of M y c o b a ct eri u m f ort uit u m a n d 
M y c o b a ct eri u m i ntr a c ell ul ar e i nf e cti o ns wit h r es p e ct t o disti n ct gr a n ul o m a 
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f or m ati o ns i n li v ers of B A L B/ c mi c e. M e m. I nst. Os w al d o Cr u z 1 0 5, 6 4 2– 6 4 8. 
d oi: 1 0. 1 5 9 0/ S 0 0 7 4 -0 2 7 6 2 0 1 0 0 0 0 5 0 0 0 0 7  

St a m m, L. M., M oris a ki, J. H., G a o, L. -Y., J e n g, R. L., M c D o n al d, K. L., R ot h, R., 
T a k es hit a, S., H e us er, J., W el c h, M. D., Br o w n, E.J., 2 0 0 3. M y c o b a ct eri u m 
m ari n u m Es c a p es fr o m P h a g os o m es a n d Is Pr o p ell e d b y A cti n -b as e d M otilit y. J. 
E x p. M e d. 1 9 8, 1 3 6 1 – 1 3 6 8. d oi: 1 0. 1 0 8 4/j e m. 2 0 0 3 1 0 7 2  

S u g a w ar a, I., U d a g a w a, T., Y a m a d a, H., 2 0 0 4. R at N e utr o p hils Pr e v e nt t h e D e v el o p m e nt 
of T u b er c ul osis. I nf e ct. I m m u n. 7 2, 1 8 0 4 – 1 8 0 6. d oi: 1 0. 1 1 2 8/I AI. 7 2. 3. 1 8 0 4 -
1 8 0 6. 2 0 0 4  

S w ai m, L. E., C o n n oll y, L. E., V ol k m a n, H. E., H u m b ert, O., B or n, D. E., R a m a kris h n a n, 
L., 2 0 0 6. M y c o b a ct eri u m m ari n u m I nf e cti o n of A d ult Z e br afis h C a us es C as e ati n g 
Gr a n ul o m at o us T u b er c ul osis a n d Is M o d er at e d b y A d a pti v e I m m u nit y. I nf e ct. 
I m m u n. 7 4, 6 1 0 8 – 6 1 1 7. d oi: 1 0. 1 1 2 8/I AI. 0 0 8 8 7 -0 6  

T al a at, A. M., R ei ms c h u ess el, R., W ass er m a n, S. S., Tr u c ksis, M., 1 9 9 8. G ol dfis h, 
C ar assi us a ur at us, a N o v el A ni m al M o d el f or t h e St u d y of M y c o b a ct eri u m 
m ari n u m P at h o g e n esis. I nf e ct. I m m u n. 6 6, 2 9 3 8 – 2 9 4 2.  

T al a at, A. M. , Tr u c ksis, M., K a n e, A. S., R ei ms c h u ess el, R., 1 9 9 9. P at h o g e ni cit y of 
M y c o b a ct eri u m f ort uit u m a n d M y c o b a ct eri u m s m e g m atis t o g ol dfis h, C ar assi us 
a ur at us. V et. Mi cr o bi ol. 6 6, 1 5 1 – 1 6 4. d oi: 1 0. 1 0 1 6/ S 0 3 7 8 -1 1 3 5( 9 9) 0 0 0 0 2 -4  

T a n, B. H., M ei n k e n, C., B asti a n, M., Br u ns, H., L e g as pi, A., O c h o a, M. T., Kr ut zi k, S. R., 
Bl o o m, B. R., G a n z, T., M o dli n, R. L., St e n g er, S., 2 0 0 6. M a cr o p h a g es A c q uir e 
N e utr o p hil Gr a n ul es f or A nti mi cr o bi al A cti vit y a g ai nst I ntr a c ell ul ar P at h o g e ns. J. 
I m m u n ol. 1 7 7, 1 8 6 4– 1 8 7 1. d oi: 1 0. 4 0 4 9/ji m m u n ol. 1 7 7. 3. 1 8 6 4  

T o bi n, D. M., R a m a kris h n a n, L., 2 0 0 8. C o m p ar ati v e p at h o g e n esis of M y c o b a ct eri u m 
m ari n u m a n d M y c o b a ct eri u m t u b er c ul osis. C ell. Mi cr o bi ol. 1 0, 1 0 2 7 – 1 0 3 9. 
d oi: 1 0. 1 1 1 1/j. 1 4 6 2 -5 8 2 2. 2 0 0 8. 0 1 1 3 3. x  

W eiss, G., S c h ai bl e, U. E., 2 0 1 5. M a cr o p h a g e d ef e ns e m e c h a n is ms a g ai nst i ntr a c ell ul ar 
b a ct eri a. I m m u n ol. R e v. 2 6 4, 1 8 2 – 2 0 3. d oi: 1 0. 1 1 1 1/i mr. 1 2 2 6 6  

Y á ñ e z, A., M ur ci a n o, C., O’ C o n n or, J. -E., G o z al b o, D., Gil, M. L., 2 0 0 9. C a n di d a 
al bi c a ns tri g g ers pr olif er ati o n a n d diff er e nti ati o n of h e m at o p oi eti c st e m a n d 
pr o g e nit or c ells b y a M y D 8 8 -d e p e n d e nt si g n ali n g. Mi cr o b es I nf e ct. 1 1, 5 3 1 – 5 3 5. 
d oi: 1 0. 1 0 1 6/j. mi ci nf. 2 0 0 9. 0 1. 0 1 1  

Y a n g, C. -S., L e e, H. -M., L e e, J. -Y., Ki m, J. -A., L e e, S.J., S hi n, D. -M., L e e, Y. -H., L e e, 
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2 0 1 2. N e utr o p hils E x ert Pr ot e cti o n i n t h e E arl y T u b er c ul o us Gr a n ul o m a b y 
O xi d ati v e Killi n g of M y c o b a ct eri a P h a g o c yt os e d fr o m I nf e ct e d M a cr o p h a g es. 
C ell H ost Mi cr o b e 1 2, 3 0 1 – 3 1 2. d oi: 1 0. 1 0 1 6/j. c h o m. 2 0 1 2. 0 7. 0 0 9  

Z h a n g, Y., Br os er, M., C o h e n, H., B o d k i n, M., L a w, K., R ei b m a n, J., R o m, W. N., 1 9 9 5. 
E n h a n c e d i nt erl e u ki n -8 r el e as e a n d g e n e e x pr essi o n i n m a cr o p h a g es aft er 
e x p os ur e t o M y c o b a ct eri u m t u b er c ul osis a n d its c o m p o n e nts. J. Cli n. I n v est. 9 5, 
5 8 6 – 5 9 2.  

 



	 2 5 0 	

C h a pt e r 7. G e n e r al d is c u ssi o n1  

7. 1  O v e r vi e w of fi n di n g s  

T h e a c ut e i nfl a m m at or y r es p o ns e is a c o m pl e x bi ol o gi c al pr o c ess i niti at e d 

f oll o wi n g tiss u e i nj ur y or i nf e cti o n. It is c o m p os e d of a n el a b or at e c as c a d e of b ot h pr o- 

a n d a nti -i nfl a m m at or y m e di at ors, criti c al f or  eff e cti v e d ef e ns es a g ai nst i nf e cti o n, t h e 

r e m o v al of d a m a g e d c ells, a n d t h e i niti ati o n of tiss u e r e p air pr o c ess es. C e ntr al t o t his 

pr o c ess ar e p h a g o c yt es, l e u k o c yt es a d e pt i n t h e r e c o g niti o n of p at h o g e ns a n d p arti cl es 

a n d t h e i n d u cti o n, r e g ul a ti o n, a n d r es ol uti o n of i nfl a m m at or y c as c a d es. I n or d er t o 

e x e c ut e s u c h a di v ers e arr a y of  f u n cti o ns, p h a g o c yt es h o us e a n a b u n d a n c e  of p ot e nt 

a nti mi cr o bi al  d ef e ns e m e c h a nis ms n e e d e d f or p at h o g e n cl e ar a n c e, as w ell as  t h e c a p a cit y 

t o pr o d u c e a n arr a y of s olu bl e m e di at ors t h at dir e ct a n d s h a p e d o w nstr e a m r es p o ns es. It 

s h o ul d b e n ot e d t h at i nfl a m m ati o n is a d o u bl e -e d g e d s w or d, w h er e alt h o u g h t y pi c al l y 

r e g ar d e d as b e n efi ci al t o t h e h ost, a b err a nt a cti v ati o n oft e n b e c o m es a  d etri m e nt. 

U n c o ntr oll e d i nfl a m m at or y e v e nts c a n l e a d t o tiss u e d a m a g e, c hr o ni c i nfl a m m at i o n a n d 

a ut oi m m u n e dis e as es, as w ell as  c a n c er ( C o uss e ns a n d W er b, 2 0 0 2; K ari n et al., 2 0 0 6; 

M at zi n g er, 2 0 0 7; M e d z hit o v a n d O ki n, 2 0 1 2; N a g y et al., 2 0 0 7) . I n li g ht of t his, 

n u m er o us m e c h a nis ms h a v e e v ol v e d t o c o ntr ol t h e a c ut e i nfl a m m at or y r es p o ns e, 

e ns uri n g p at h o g e n  cl e ar a n c e  a n d tiss u e h e ali n g , w hil e mi ni mi zi n g d el et eri o us d a m a g e t o 

t h e s urr o u n di n g tiss u es.  

																																																								
1 	A	 p orti o n of t his c h a pt er h as  b e e n pr e vi o usl y p u blis h e d i n:  

H a vi x b e c k JJ a n d B arr e d a D R ( 2 0 1 5) 	N e utr o p hil d e v el o p m e nt, mi gr ati o n, a n d f u n cti o n i n 

t el e ost fis h. Bi ol o g y  4( 4): 7 1 5 -7 3 4 . 
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M y P h. D. b e g a n b y f o c usi n g o n t h e e v ol uti o n of  f u n cti o n al p h a g o c yt e r es p o ns es 

a n d t h e d o w nstr e a m m e c h a nis ms b y w hi c h t h e y ar e a bl e t o r e g ul at e i nfl a m m ati o n. I 

f o u n d t h at t h e c a p a cit y of i n di vi d u al p h a g o c yt es t o m e di at e di v er g e nt pr o - a n d a nti -

i nfl a m m at or y r es p o ns es h as b e e n pr es e nt f or milli o ns of y e ars, e xt e n di n g b a c k t o o n e of 

e arli est v ert e br at es, P etr o m yz o n m ari n us  (s e a l a m pr e y; C h a pt er 3) ( H a vi x b e c k et al., 

2 0 1 4) .  P h a g o c yt es of g ol dfis h a n d l a mpr e y c o ntri b ut e d t o b ot h  pr o -i nfl a m m at or y a n d 

pr o -r es olvi n g  r es p o ns es e x vi v o  ( C h a pt er 3). A si mil ar di c h ot o m y e xists wit hi n 

m a m m ali a n p h a g o c yt es , w h er e m a cr o p h a g es a n d n e utr o p hils p oss ess t h e c a p a cit y t o 

b al a n c e t h es e t w o s e e mi n gl y c o ntr a di ct or y r es p o ns es  ( Es m a n n et al., 2 0 1 0; Ri e g er et al., 

2 0 1 2) . I nt er esti n gl y, t h e d at a pr es e nt e d h er e a p p e ars t o s u g g est a s hift fr o m h o m e ost ati c/ 

pr o -r es ol vi n g p arti cl es  t o pr o-i nfl a m m at or y p arti cl es as t h e d o mi n a nt sti m ul us  ( C h a pt er 

3). G ol dfis h p h a g o c yt es dis pl a y e d a r e d u c e d s e nsiti vit y  t o a p o pt oti c c ells, tr a nsl ati n g t o 

a n o v er all gr e at er i n d u cti o n of a nti mi cr o bi al r es pir at or y b urst r es p o ns es  ( C h a pt er 3). 

H o w e v er, g ol dfis h p h a g o c yt es still r e m ai n as c e ntr al c o ntri b ut ors t o t h e r es ol uti o n p h as e 

of i nfl a m m ati o n, e v e n t h o u g h t h e y s h o w c as e d a n i m pr o v e d a bilit y t o i n d u c e str o n g 

a nti mi cr o bi al i nfl a m m at or y r es p o ns es  ( C h a pt er 3). T h es e pr o-r es ol vi n g c o ntri b uti o ns ar e 

dis c uss e d i n gr e at er d et ail b el o w. N ot a bl y,  t h es e r es ults w o ul d b e c o nsist e nt wit h t h e 

e v ol uti o n  of p h a g o c yti c t h e or y, w h er e it b e g a n wit h a mit o c h o n dri al pr ot o e u k ar y ot es 

a c q uiri n g t h e pr ot o -mit o c h o n dri o n ( D o olittl e, 1 9 9 8), t o u ni c ell ul ar e u k ar y ot es usi n g 

p h a g o c yt osis as a m et h o d t o ‘ e at’ or a c q uir e e n d os y m bi oti c r el ati o ns hi ps (J e o n, 1 9 9 5), t o 

pr es e nt d a y w h er e v ert e br at es us e p h a g o c yt osis as a m e c h a nis m f or tiss u e  r e m o d eli n g 

( D esj ar di ns et al., 2 0 0 5), i m m u n e r e g ul ati o n ( A d er e m, 2 0 0 3; H a vi x b e c k et al., 2 0 1 5; 
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Ri e g er et al., 2 0 1 2) , a n d a p o pt oti c c ell r e m o v al ( M a d er n a a n d G o ds o n, 2 0 0 3; Ri e g er et 

al., 2 0 1 2) .  

B ot h m a m m ali a n a n d t el e ost m a cr o p h a g es ar e k n o w n f or t h eir r ol es i n t h e 

i n d u cti o n, r e g ul ati o n, a n d r es ol uti o n of i nfl a m m ati o n. It h as pr e vi o usl y b e e n s h o w n t h at 

t h e y ar e c a p a bl e of i nt er n ali zi n g b ot h pr o-i nfl a m m at or y/ p at h o g e ni c a n d pr o-r es ol vi n g/ 

s elf sti m uli, r es ulti n g i n di v er g e nt d o w nstr e a m r es p o ns es ( Ri e g er et al., 2 0 1 2; S o e h nl ei n 

a n d Li n d b o m, 2 0 1 0; W ei g ert et al., 2 0 0 9) . S u bs e q u e ntl y, n e w e vi d e n c e i n m a m m als 

i n di c at e d t h at n e utr o p hils w er e als o c a p a bl e of i nt er n ali zi n g a p o pt oti c c ells a n d i n hi biti n g 

pr o -i nfl a m m at or y f u n cti o ns, s u c h as r es pir at or y b urst a n d t h e r el e as e of pr o-i nfl a m m at or y 

c yt o ki n es ( Es m a n n et al., 2 0 1 0). I n C h a pt er 4, I us e d a s elf -r es ol vi n g z y m os a n p erit o nitis 

m o d el t o s h o w t h at t el e ost n e utr o p hils pl a y a l ar g e r ol e i n or c h estr ati n g t h e i n d u cti o n, 

r e g ul ati o n, a n d r es ol uti o n of i nfl a m m ati o n ( H a vi x b e c k et al., 2 0 1 5). Si mil ar t o m a m m als, 

I f o u n d t h at t el e ost n e utr o p hils e xist wit hi n a l ar g e st or a g e p o ol i n t h e h e m at o p oi eti c 

ki d n e y tiss u e. T h es e n e utr o p hils r a pi dl y e xit t h e ki d n e y, e nt er i nt o cir c ul a ti o n, a n d 

i nfiltr at e t h e i nfl a m m at or y sit e w h e n c all e d ( C h a pt er 4). In m y  i n vi v o a n al ysis of 

n e utr o p hil f u n cti o n wit hi n t h e p erit o n e al c a vit y, I d et e ct e d v ari o us l e v els of R O S 

pr o d u cti o n a m o n g n e utr o p hils is ol at e d at diff er e nt ti m e p oi nts. It s h o ul d b e n ot e d, th at 

t his d at a is n ot wit h o ut ass u m pti o n s. S o m e g r a p hs ar e pr es e nt e d i n li n e f or m at, w hi c h 

ass u m es  t h e c o nti n u ed  pr o gr essi o n of t h e r es p o ns e fr o m ti m e p oi nt t o ti m e p oi nt. 

H o w e v er, t h er e ar e still li k el y n u a n c es b et w e e n ti m e p oi nts t h at  m a y  r e q uir e f urt h er 

s cr uti n y.  T o g et h er, t his all o w e d m e t o i d e ntif y t h at n e utr o p hils is ol at e d d uri n g t h e pr o -

i nfl a m m at or y st a g e ( 0-1 8 h pi) of i nfl a m m ati o n e x hi bit r o b ust l e v els of R O S, w h er e as 

n e utr o p hils is ol at e d d uri n g t h e pr o -r es ol vi n g p h as e ( 2 4-7 2 h pi)  pr o d u c e d v er y littl e, 
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l e a di n g m e t o h y p ot h esi z e t h at m at ur e n e utr o p hils a r e c a p a bl e of alt eri n g t h eir p h e n ot y p e 

t hr o u g h o ut t h e i nfl a m m at or y r es p o ns e ( C h a pt er 4).  

T o t his p oi nt  o ur l a b  h a d y et t o o bs er v e t el e ost n e utr o p hil s i nt er n ali z e a p o pt oti c 

c ells.  U nf o rt u n at el y, t his c o nti n u e d w h e n I ass ess e d t h e a bilit y of n e utr o p hils is ol at e d at 

m ulti pl e p oi nts d uri n g z y m os a n -i n d u c e d i nfl a m m ati o n t o i nt er n ali z e a p o pt oti c c ells. Y et , 

w e pr e vi o usl y  i n di c at e d t h at t el e ost n e utr o p hils r e m ai n e d c a p a bl e of d e cr e asi n g t h e 

r es pir at or y b urst r es p o ns es of m a cr o p h a g es ( Ri e g er et al., 2 0 1 2). Usi n g a tr a ns w ell ass a y, 

I f o u n d t h at n e utr o p hils is ol at e d at 1 8 h pi w er e o nl y c a p a bl e of i n cr e asi n g t h e R O S 

pr o d u cti o n i n m a cr o p h a g es, h o w e v er, n e utr o p hils is ol at e d d uri n g t h e pr o -r es ol uti o n p h as e 

( 4 8 h pi), m e diat e d  di v er g e nt r es p o ns es, b ot h i n cr e asi n g a n d d e cr e asi n g R O S pr o d u cti o n 

i n m a cr o p h a g es f oll o wi n g sti m ul ati o n wit h z y m os a n or a p o pt oti c c ells, r es p e cti v el y 

( C h a pt er 4). N ot a bl y, a tr a ns w ell c o ntr ol of a p o pt oti c c ells i n t h e a bs e n c e of n e utr o p hils 

h a d n o i m p a ct o n m a cr o p h a g e R O S pr o d u cti o n. T o g et h er, t his s u g g est e d t h at 1 ) 

n e utr o p hils ar e r el e asi n g s ol u bl e f a ct ors t h at m o d ul a t e m a cr o p h a g e f u n cti o n, a n d 2) t h e 

t y p e(s) of s ol u bl e f a ct ors pr o d u c e d ar e h e a vil y d e p e n d e nt o n t h e n e utr o p hil p h e n ot y p e 

( pr o-i nfl a m m at or y or pr o-r es ol vi n g). I nt er esti n gl y, I f o u n d n o c h a n g es i n n e utr o p hil g e n e 

e x pr essi o n f or cl assi c al c yt o ki n es i n v ol v e d i n i nfl a m m ati o n ( T N F α , I L-1 β , I F N-γ , T G F-β , 

I L-1 0). T h us, s ol u bl e li pi d m e di at ors b e c a m e m y t ar g et c a n di d at es. Sp e cifi c all y 

l e u k otri e n e B4  ( L T B4 ), a li pi d i n v ol v e d i n n e utr o p hil r e cr uit m e nt a n d a cti v ati o n ( S a di k et 

al., 2 0 1 1) , a n d li p o xi n A 4 ( L X A4 ), a n i m p ort a nt m e di at or wit h pr o -r es ol vi n g f u n cti o n 

( L e v y et al., 2 0 0 1; S er h a n et al., 2 0 0 8; S er h a n, 2 0 1 4). W h e n e x a mi n e d, I f o u n d  t h e pr o-

i nfl a m m at or y li pi d m e di at or, L T B4 , s e cr et e d a t hi g h c o n c e ntr ati o ns wit hi n t h e first 1 8 

h pi. Si mil ar t o m a m m als, it is li k el y t h at L T B 4  is c e ntr al t o c o nti n ui n g t h e pr o -
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i nfl a m m at or y c as c a d e i n t el e ost fis h. I nt er esti n gl y, a s wit c h fr o m t h e pr o d u cti o n of L T B 4  

t o L X A 4  o c c urs r o u g hl y 2 4 h o urs aft er t h e a d mi nistr ati o n of z y m o s a n. S h ortl y t h er e aft er, 

I als o o bs er v e d t h e p e a k p eri o d at w hi c h n e utr o p hils u n d er g o a p o pt osis. T his is i n di c ati v e 

of t h e tr a nsiti o n fr o m t h e pr o -i nfl a m m at or y t o t h e pr o-r es ol vi n g p h as e of t h e a c ut e 

i nfl a m m at or y r es p o ns e. I f o u n d th e r el e as e of L T B 4  t o sti m ul at e t h e pr o d u cti o n of 

r e a cti v e o x y g e n s p e ci es i n m a cr o p h a g es, w h er e as L X A4  w as pri m aril y r es p o nsi bl e f or 

i n d u ci n g t h e u pt a k e of a p o pt oti c c ells b y m a cr o p h a g es. T h er ef or e, alt h o u g h n e utr o p hils 

w er e u n a bl e t o i nt er n ali z e a p o pt oti c c ells, t h e y r el e as e L X A 4  pri or t o e nt eri n g a p o pt osis, 

sti m ul ati n g m a cr o p h a g es t o u pt a k e a p o pt oti c c ells ( C h a pt er 4). 

M y  r es ults t h us f ar, n a m el y t h e r el e as e of pr o-r es ol vi n g ei c os a n oi ds a n d t h e 

c a p a cit y t o m o d ul at e a nti -i nfl a m m at or y f u n cti o ns i n ot h er l e u k o c yt es l e d us t o b eli e v e 

t h at n e utr o p hils pl a y a l ar g er r ol e i n t h e r es ol uti o n of i nfl a m m ati o n t h a n pr e vi o usl y  

t h o u g ht ( C h a pt er 3/ 4). H o w e v er, t h es e e x p eri m e nts w er e c o n d u ct e d f oll o wi n g t h e 

a d mi nistr ati o n of a p at h o g e n mi mi c ( z y m os a n) a n d  I w as u ns ur e if t his w as t h e c as e 

d uri n g  a tr u e p at h o g e ni c i nf e cti o n.  I n or d er t o f urt h er e x a mi n e t h e r ol e of n e utr o p hils i n 

t h e r es ol uti o n of i nfl a m m ati o n, I f o c us e d o n a n at ur al p at h o g e n t o g ol dfis h, A er o m o n as 

v er o nii . Usi n g a n A e r o m o n as i nf e cti o n m o del, I  f o u n d t h at n e utr o p hils mi gr at e d t o t h e 

sit e of i nf e cti o n i n m u c h t h e s a m e m a n n er ( C h a pt er 5). I n m y e x vi v o e x p eri m e nts , 

n e utr o p hils e x hi bit e d t h eir cl assi c al pr o -i nfl a m m at or y p h e n ot y p e w h e n is ol at e d fr o m t h e 

p erit o n e al c a vit y of  i nf e ct e d fis h. T h e y r a pi dl y mi gr at e t o w ar d a n d i nt er n ali z e A. v er o nii  

e x vi v o , w h er e t h e y pr o d u c e r o b ust l e v els of R O S i n a d diti o n t o dis pl a yi n g a r e m ar k a bl e 

a bilit y t o kill t h e p at h o g e n, hi g hli g hti n g t h eir i m p ort a n c e i n d ef e ns e ( C h a pt er 5). As 

m e nti o n e d a b o v e, n e utr o p hils ai d i n t h e i n d u cti o n of i nfl a m m at or y r es ol uti o n t hr o u g h t h e  
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sti m ul ati o n of m a cr o p h a g es. H o w e v er, A er o m o n as  h as b e e n s h o w n t o i n d u c e hi g h l e v els 

of c ell d e at h wit hi n m a cr o p h a g e p o p ul ati o ns ( Kr z y miń s k a et al., 2 0 0 9; R os e n z w ei g a n d 

C h o pr a, 2 0 1 3) . Si mil arl y, at a 3: 1 r ati o (A er o m o n as : m a cr o p h a g es), n e arl y all 

m a cr o p h a g es h a d b e e n eli mi n at e d, c o nsist e nt wit h a hi g h l e v el of vir ul e n c e f or t his 

or g a nis m. I n li g ht of t his, it l e d m e t o q u esti o n w hi c h c ells w er e i n v ol v e d i n a p o pt oti c c ell 

u pt a k e. I nt er esti n gl y, a r e c e nt st u d y  f o u n d t h at z e br afis h  n e utr o p hils w er e c a p a bl e of 

i nt er n ali zi n g d yi n g m a cr o p h a g es i nf e ct e d wit h M y c o b a ct eri u m m ari n u m  ( Y a n g et al., 

2 0 1 2) . I f o u n d t h at, si mil ar t o t h e M y c o b a ct eri u m m ari n u m  i nf e ct e d m a cr o p h a g es, 

g ol dfis h n e utr o p hils w er e c a p a bl e of i nt er n ali zi n g d yi n g m a cr o p h a g es t h at h a d b e e n 

i nc u b at e d  wit h A. v er o nii ( C h a pt er 5). I nt er esti n gl y, f oll o wi n g t h e u pt a k e of d yi n g 

m a cr o p h a g es, n e utr o p hils i n cr e as e d t h eir pr o d u cti o n of R O S, r e m ai ni n g pr o -

i nfl a m m at or y i n n at ur e ( C h a pt er 5). N ot a bl y, n e utr o p hils r e m ai n e d u n a bl e t o i nt er n ali z e 

a n y ot h er f or m of i n d u c e d d yi n g c ell , s u g g esti n g t h at t h e s p e cifi c m e c h a nis m b y w hi c h a 

c ell di es is criti c al t o t h e d o w nstr e a m r es p o ns e. O n e p ot e nti al e x pl a n ati o n f or t h e 

s el e cti v e i nt er n ali z ati o n li es i n t h e e x pr essi o n of s urf a c e r e c e pt ors (‘ e at m e’ si g n als) o n 

t h e a p o pt oti c c ell. T h e v ario us m et h o ds of i n d u ci n g a p o pt osis m a y r es ult i n diff er e nti al 

e x pr essi o n of s urf a c e r e c e pt ors, w hi c h m a y t h e n b e r e c o g ni z e d a n d i nt er n ali z e d b y t h e 

n e utr o p hil. F urt h er, r e c e pt or i nt er a cti o n m a y als o si g n al v ari o us d o w nstr e a m r es p o ns es i n 

t h e i nt er n ali zi n g cell. M y r es ults a n d s u bs e q u e nt h y p ot h esis pr o vi d e t h e gr o u n d w or k f or 

a n i nt er esti n g f or a y i nt o t h e m e c h a nis ms of c ell d e at h, a n d is t h us f urt h er dis c uss e d i n m y 

f ut ur e dir e cti o ns b el o w. 

T h e pri m ar y f u n cti o n of t h e a c ut e i nfl a m m at or y r es p o ns e is t h e i m m e di at e a n d 

eff e cti v e cl e ar a n c e of p at h o g e ns; w h er e i n  or d er t o f ulfill t his f u n cti o n , it r e q uir es i n n at e 
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s p e cifi cit y  ( e g. i n n at e i m m u n e r e c e pt ors s u c h as T L Rs), e ns uri n g t h e a p pr o pri at e i m m u n e 

r es p o ns e is m o u nt e d. I n C h a pt er 6, I us e d t h e fis h p at h o g e n M y c o b a ct eri u m f ort uit u m t o 

f urt h er u n d erst a n d t h e f u n cti o ns of n e utr o p hils wit hi n th e a c ut e i nfl a m m at or y r es p o ns e.   

M. f ort uit u m  is a n ot h er n at ur al p at h o g e n of g ol dfis h, w hi c h all o ws m e t o i n v esti g at e a n d 

c o m p ar e t h e a c ut e i nfl a m m at or y r es p o ns e, as w ell as t h e s p e cifi c r ol es of n e utr o p hils i n 

m ulti pl e i nf e cti o ns. U nli k e, A. v er o nii, M. f ort uit u m  c o nt ai ns a s e c o n d ar y c o m p o n e nt t o 

t he a c ut e i nfl a m m at or y r es p o ns e as it diss e mi n at es t hr o u g h o ut t h e h ost. T his all o w e d m e 

t o e x a mi n e t h e r ol e of n e utr o p hils b e y o n d t h e i niti al sit e of i nf e cti o n. M u c h li k e A. 

v er o nii,  M. f ort uit u m a p p e ar e d t o h a v e a gr e at er eff e ct o n m a cr o p h a g e vi a bilit y c o m p ar e d 

t o n e utr o p hils. I nt er esti n gl y, t h e m aj orit y of m a cr o p h a g es u n d er w e nt a p o pt osis, a m et h o d 

b y w hi c h s o m e c o nsi d er  a pri m ar y d ef e ns e m e c h a nis m i n or d er t o pr e v e nt t h e 

diss e mi n ati o n of m y c o b a ct eri a  ( B o hs ali et al., 2 0 1 0). T his m a y s u g g est a l ar g er r ol e f or 

n e utr o p hils i n t h e d ef e ns e a g ai nst M. f ort uit u m , or t h at M. f ort uit u m  m a y b e pr ef er e nti all y 

m ai nt ai ni n g n e utr o p hil vi a bilit y.  N e utr o p hils r a pi dl y i nfiltr at e  t h e sit e of inf e cti o n , 

mi gr ati n g t o w ar d m y c o b a ct eri a, w h er e t h e y  pr o d u c e d el e v at e d l e v els of r e a cti v e o x y g e n 

s p e ci es,  h o w e v er,  t h e y e x hi bit p o or effi c a c y i n killi n g M. f ort uit u m at t h e i niti al sit e of 

i nf e cti o n ( p erit o n e al c a vit y). F urt h er, t h eir killi n g r es p o ns es at a s e c o n d ar y p oi nt of 

i nf e cti o n ( ki d n e y) als o r e m ai n e d m e di o cr e . I nt er esti n gl y, t h e c o m pl et e p o p ul ati o n of 

l e u k o c yt es ( b ot h i n t h e p erit o n e al c a vit y a n d ki d n e y) kill e d m y c o b a ct eri u m t o a 

si g nifi c a n tl y gr e at er e xt e nt ( C h a pt er 6), s u g g esti n g t h e n e e d f or cr osst al k b et w e e n 

l e u k o c yt e s u bs ets. T his h as b e e n d e m o nstr at e d  b y m a cr o p h a g es , w h o a c q uir e n e utr o p hil 

gr a n ul es  f or d o w nstr e a m a nti mi cr o bi al d ef e ns e a g ai nst i ntr a c ell ul ar m y c o b a ct eri a ( T a n et 

al., 2 0 0 6) .  
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O v er all, m y d at a, as w ell as t h e r es ults fr o m  s e v er al ot h er r e c e nt st u di es  ( G ó m e z-

A b ell á n et al., 2 0 1 5; J o n es et al., 2 0 1 6; L e v y et al., 2 0 0 1; T o bi n et al., 2 0 1 2; Y a n g et al., 

2 0 1 2)  i n di c at e t h at n e utr o p hils ar e n o l o n g er t h e si m pl e pr o-i nfl a m m at or y f o ot s ol di ers 

w e o n c e d es cri b e d. N e utr o p hils s h o ul d n o w b e c o nsi d er e d m ulti -p h e n ot y pi c r e g ul at o rs of 

t h e i nfl a m m at or y r es p o ns e, w h er e t h e y ar e c e ntr al c o ntri b ut ors t o t h e i n d u cti o n, 

r e g ul ati o n, a nd r es ol uti o n of i nfl a m m ati o n. B y u n d erst a n di n g t h e ir m o v e m e nt a n d 

f u n cti o n t hr o u g h o ut v ari o us i m m u n e c h all e n g es, w e n ot o nl y g ai n a n u n d erst a n di n g of 

t h eir n u m er o us r ol es d uri n g t h e a c ut e i nfl a m m at or y pr o c ess, w e als o g ai n a b ett er 

a p pr e ci ati o n of t h e c o m p l e xit y i n w hi c h t h e h ost d ef e n ds its elf fr o m f or ei g n i n v a d ers .  

 

7. 2  N e ut r o p hil -d ri v e n i nfl a m m at o r y c o nt r ol  

Hist ori c all y, n e utr o p hils h a v e b e e n vi e w e d as n ot hi n g m or e t h a n f o ot s ol di ers, 

s e nt t o i nfl a m m at or y sit es t o kill i n v a di n g p at h o g e ns, w hil e l e a vi n g v ast  a m o u nts of 

tiss u e d a m a g e i n t h eir w a k e. W hil e i n s o m e i nst a n c es t his m a y b e tr u e, i n t h e f oll o wi n g 

s u b -s e cti o ns I dis c uss h o w o ur f u n d a m e nt al u n d erst a n di n g of  n e utr o p hil  f u n cti o ns i n 

dis e as e a n d  i nfl a m m ati o n h as c h a n g e d o v er r e c e nt y e ars. 

 

7. 2. 1  N e ut r o p hils i n g e n e r al i nfl a m m ati o n  

I n h u m a ns, n e utr o p hils c o nstit ut e b et w e e n ~ 4 0-6 0 % of l e u k o c yt es i n cir c ul ati o n, 

r e pr es e nti n g t h e b o d y’s pri m ar y li n e of d ef e ns e a g ai nst i n v a di n g p at h o g e ns ( D o ei n g et 

al., 2 0 0 3) . T his n u m b er d e cr e as es t o  ~ 3 0 -4 0 % i n s wi n e ( Fis h b o ur n e et al., 2 0 1 3), ~ 1 5 -

2 5 % i n mi c e ( D o ei n g et al., 2 0 0 3), a n d e v e n f urt h er t o ~ 5 % i n b o n y fis h ( H a vi x b e c k et 

al., 2 0 1 5; R e y V á z q u e z a n d G u err er o, 2 0 0 7) . As w e d es c e n d i nt o l o w er v ert e br at es, t h e 
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r el ati v e p er c e nt a g e of cir c ul ati n g n e utr op hils d e cr e as es, r e pr es e nti n g a n i nt er esti n g 

i nsi g ht i nt o t h e e v ol uti o n ar y i m p ort a n c e of n e utr o p hils t o h ost d ef e ns e. F urt h er , d es pit e 

t h e i n cr e as e i n p eri p h er al bl o o d n e utr o p hils, t h e h e m at o p oi eti c st or a g e p o ol of m at ur e 

n e utr o p hils (t er m e d t h e b o n e m arr o w r es er v e i n m a m m als) r e m ai ns l ar g el y c o ns er v e d 

( B o xi o et al., 2 0 0 4; F ur z e a n d R a n ki n, 2 0 0 8; R a n ki n, 2 0 1 0). T h er ef or e l o w er v ert e br at es 

ar e li k el y f ar m or e d e p e n d e nt o n t his  st or a g e p o ol of n e utr o p hils. T h e y  r e pr es e nt t h e 

m aj o rit y of m at ur e n e utr o p hils a v ail a bl e t o tr affi c a n d i nfiltr at e t h e i nfl a m m at or y sit e, 

w h er e as i n m a m m als, t h e m aj orit y of n e utr o p hils ar e pr es u m a bl y alr e a d y i n cir c ul ati o n. 

T h e h e m at o p oi eti c st or a g e p o ol i n m a m m als m a y t h e n e xist as a m e a ns t o i m m e di at el y 

r e pl e nis h p eri p h er al bl o o d n e utr o p hils f oll o wi n g d e pl eti o n. H o w e v er, t h e a b u n d a n c e of 

cir c ul ati n g n e utr o p hils  c o ul d  c o m e at t h e e x p e ns e of o n e r e g ul at or y s af e g u ar d . 

N e utr o p hils i n l o w er v ert e br at es m ust p ass t w o i m p ort a nt c h e c k p oi nts f or c o m pl et e 

a cti v ati o n, 1) e xit fr o m t h e h e m at o p oi eti c c o m p art m e nt, a n d 2) e n tr y i nt o t h e 

i nfl a m m at or y sit e. T h e first of t h es e st e ps is l ar g el y b y p ass e d i n hi g h er v ert e br at es, li k el y 

i n f a v or of a m or e  r a pi d r es p o ns e t o i nfl a m m ati o n. I nt er esti n gl y, t his c o ul d e x pl ai n t h e 

s h ort lif e s p a n of cir c ul ati n g n e utr o p hils i n h u m a ns ( 5 -1 2 h o urs)  ( B as u et al., 2 0 0 2; 

D a n c e y et al., 1 9 7 6) , w hi c h m a y i n di c at e t h at t h e c o nti n u al c y cli n g of p eri p h er al bl o o d 

n e utr o p hils a cts  as a m et h o d t o pr e v e nt u n w el c o m e a cti v ati o n. H o w e v er, m or e r e c e nt 

fi n di n gs i n di c at e t h at h u m a n n e utr o p hils m a y a ct u all y s u bsist wit hi n cir c ul ati o n as l o n g 

5. 4 d a ys ( Pill a y et al., 2 0 1 0), s u g g esti n g t w o p ossi bl e e x pl a n ati o ns, 1) t h eir m et h o d of 

or all y a d mi nist eri n g d e ut eri u m -l a b el e d w at er als o l ab el e d b o n e -m arr o w n e utr o p hils, or , 

alt er n ati v e  m e c h a nis ms t o pr e v e nt a b err a nt a cti v ati o n ar e y et t o b e dis c o v er e d.   
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T his l e a ds m e t o t a k e a  st e p b a c k i n t h e i nfl a m m at or y c as c a d e a n d e x a mi n e t h e 

diff er e n c es i n h e m at o p oi esis b et w e e n l o w er a n d hi g h er v ert e br at es  d uri n g i nfl a m m ati o n.  

I nfl a m m ati o n cr e at es p h ysi ol o gi cal str ess o n  t h e h ost, t hr e at e ni n g b ot h t h e q u alit y a n d 

d ur ati o n of lif e. S u c c essf ul r es ol uti o n of i nfl a m m ati o n r e q uir es a f u n cti o n al i m m u n e 

s yst e m t o r e c o g ni z e a n d eli mi n at e t h e f or ei g n p arti cl es wit h o ut eli citi n g d el et eri o us tiss u e 

d a m a g e t o t h e h ost.  C yt o ki n es r e g ul at e t h e d e v el o p m e nt a n d h o m e ost asis  of i m m u n e 

f u n cti o n, a n d t h eir pr o d u cti o n t y pi c all y i n cr e as es d uri n g i nf e cti o n as a m et h o d t o c o ntr ol 

t h e i m m u n e r es p o ns e. A m o n g ot h ers , gr a n ul o c yt e-c ol o n y sti m ul ati n g f a ct or ( G -C S F)  a n d 

gr a n ul o c yt e m a cr o p h a g e -c ol o n y sti m ul ati n g f a ct or ( G M -C S F) ar e  t h e m aj or c yt o ki n es 

i n v ol v e d i n r e g ul ati n g t h e pr olif er ati o n, diff er e nti ati o n, a cti v ati o n, a n d s ur vi v al of 

n e utr o p hils a n d t h eir pr o g e nit ors ( B ur g ess et al., 1 9 7 7; Li es c h k e et al., 1 9 9 4; P a n o p o ul os 

a n d W at o wi c h, 2 0 0 8) . T h e a bilit y of t h e b o n e m arr o w n e utr o p hil p o ol t o r es p o n d t o t h e 

p h ysi ol o gi c al d e m a n d d uri n g i nf e cti o n is t er m e d ‘ e m er g e n c y’ gr a n ul o p oi esis. D uri n g 

i nf e cti o n i n mi c e, G-C S F pr o d u cti o n c a n i n cr e as e o v er 2 0 -f ol d, sti m ul ati n g t h e 

pr olif er ati o n of  n e utr o p hili c pr o g e nit or c ells. I n a d diti o n, G M -C S F is pr o d u c e d b y 

a cti v at e d T -l y m p h o c yt es ( G ass o n et al., 1 9 8 4; Ots u k a et al., 1 9 8 8) a n d e n d ot h eli al c ells 

( Br o u d y et al., 1 9 8 6), s u g g esti n g it als o pl a ys a n i m p ort a nt r ol e  d uri n g e m er g e n c y 

h e m at o p oi esis. I n m a m m als, t his r es p o ns e is n e c ess ar y f or a s ust ai n e d o ut p ut of 

cir c ul ati n g n e utr o p hils d uri n g i nf e cti o n ( Li es c h k e et al., 1 9 9 4; Z h a n et al., 1 9 9 8). 

I nt er esti n gl y, I f o u n d t h at pr olif er ati o n of g ol dfis h l e u k o c yt es wit hi n t h e h e m at o p oi eti c 

ki d n e y tiss u e a ct u all y d e cr e as e d d uri n g p erit o n e al a d mi nistr ati o n of z y m os a n, or 

i nf e cti o n wit h A. v er o nii . D uri n g a c ut e z y m os a n-i n d u c e d p erit o nitis, t his m a y s u g g est t h at 

l o w er v ert e br at es l a c k t h e a bilit y t o i niti at e ‘ e m er g e n c y’ gr a n ul o p oi esis, or si m pl e d o n ot 
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r e q uir e it i n or d er t o cl e ar t h e sit e of i nfl a m m ati o n.  T h us, di v erti n g t h eir e n er g y t o m or e 

i m p ort a nt m e c h a nis ms. T h e l a c k of pr olif er ati o n d uri n g i nf e cti o n fr o m A. v er o nii  is f ar 

m or e i nt er esti n g as it is a pr ol o n g e d i nf e cti o n t a ki n g ~ 1 0 d a ys  t o cl e ar t h e f ur u n cl e of 

b a ct eri a, o n c e a g ai n i n di c ati n g a l a c k of a n ‘ e m er g e n c y’ r es p o ns e. Alt er n ati v el y, A. 

v er o nii  m a y b e a cti v el y d e cr e asi n g t h e pr olif er ati v e c a p a ci t y of h e m at o p oi eti c pr e c urs ors, 

i n cl u di n g i m m at ur e n e utr o p hili c pr e c urs ors.  

N e utr o p hils  ar e t y pi c a ll y t h e first l e u k o c yt es r e cr uit e d t o a n i nfl a m m at or y sit e 

( H a vi x b e c k et al., 2 0 1 5), r e cr uit e d b y a h ost of c h e m ot a cti c f a ct ors, i n cl u di n g C X C L 8. I 

us e d C X C L 8 as a m ar k er f or t h e i n d u cti o n of c h e m ot a cti c m ol e c ul es t hr o u g h o ut m y 

e x p eri m e nts. H o w e v er, I w as u n a bl e t o dir e ctl y c orr el at e i n cr e as es i n C X C L 8 e x pr essi o n 

wit h t h e r e cr uit m e nt of n e utr o p hils. T o b uil d u p o n t his, I w o ul d c o n d u ct a si mil ar 

e x p eri m e nt t o Y a n g a n d c oll e a g u es ( Y a n g et al., 2 0 1 2), b y usi n g r e c o m bi n a nt C X C L 8 

i nj e ct e d i nt o t h e p erit o n e al c a vit y. I w o ul d e x p e ct t o s e e si mil ar r es ults t o t h e 

af or e m e nti o n e d st u d y, w h er e  a d mi nistr ati o n  r es ults i n t h e r e cr uit m e nt of n e utr o p hils t o 

t h e i nj e cti o n sit e. Si mil ar st u di es c o ul d b e c o n d u ct e d f or m a n y n e utr o p hil c h e m ot a cti c 

m e di at ors, i n cl u di n g L T B 4 , F M L P, C 5 a, or C 3 a. O n c e  at t h e i nfl a m m at or y sit e, 

n e utr o p hils  ar e c a p a bl e of eli mi n ati n g p at h o g e ns t hr o u g h m ulti pl e c o m pl e m e nt ar y 

m e c h a nis ms. U p o n a cti v ati o n, n e utr o p hils b e c o m e p o w erf ul kill ers, utili zi n g t o xi c 

i ntr a c ell ul ar gr a n ul es ( Fl er o v a a n d B al a b a n o v a, 2 0 1 3; M es e g u er et al., 1 9 9 4), t h e 

pr o d u cti o n r e a cti v e o x y g e n s p e ci es ( R O S)  ( Fil h o, 2 0 0 7; K at z e n b a c k a n d B el os e vi c, 

2 0 0 9; Ri e g er et al., 2 0 1 2) , a nd d e pl o yi n g n e utr o p hil e xtr a c ell ul ar tr a ps ( N E Ts) ( P alić  et 

al., 2 0 0 7; Pij a n o ws ki et al., 2 0 1 3) . T h es e c h ar a ct eristi cs are s h ar e d b et w e e n t el e ost 

n e utr o p hils a n d t h eir m a m m ali a n c o u nt er p arts ( B orr e g a ar d, 2 0 1 0; Bri n k m a n n et al., 
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2 0 0 4; Bri n k m a n n a n d Z y c hli ns k y, 2 0 1 2; N at h a n, 2 0 0 6; Pr o k o p o wi c z et al., 2 0 1 2; 

Wi nt er b o ur n a n d K ettl e, 2 0 1 2) . T his is e xt e nsi v el y r e vi e w e d i n C h a pt er 1, s o will n ot b e 

c o v er e d h er e. Of n ot e,  I us e d t h e pr o d u cti o n of r e a cti v e o x y g e n s p e ci es, al o n g wit h 

c ell ul ar mi gr ati o n a n d i nfiltr ati o n as a m ar k er of pr o -i nfl a m m at or y r es p o ns es. H o w e v er, 

it is i m p ort a nt t o u n d erst a n d t h at R O S al o n e d o es n ot hi g hli g ht t h e st at e of a n i m m u n e 

r es p o ns e, a n d i n s om e c as es s u p p orti n g e x p eri m e nts s h o ul d b e c o n d u ct e d. T h es e m a y 

i n cl u d e e x a mi ni n g n e utr o p hil  d e gr a n ul ati o n a n d N E T pr o d u cti o n t o f urt h er hi g hli g ht t h e 

i nfl a m m at or y st at e of t h e c ell.   

In C h a pt er 4 I  f o u n d t el e ost n e utr o p hils t o  dis pl a y m ulti pl e p h e n ot y p es, o n e of 

w hi c h i m pli c at es a c e ntr al r ol e f or n e utr o p hils i n tri g g eri n g i nfl a m m at or y r es ol uti o n. 

S u c h m e c h a nis ms i n v ol v e d cr osst al k p at h w a ys d uri n g t h e i nti m at e i nt er a cti o ns of 

n e utr o p hils wit h ot h er c ell t y p es at t h e sit e of i nfl a m m ati o n. O n e s u c h e x a m pl e is  t h e 

pr o d u cti o n of li pi d m e di at ors.  Li pi d m e di at ors ar e pr o d u c e d vi a a v ari et y of m et h o ds, 

oft e n i n v ol vi n g m ulti pl e c ell t y p es. F or e x a m pl e, li p o xi n A 4  c a n b e f or m e d vi a pl at el et -

n e utr o p hil i nt er a cti o ns, e pit h eli al r el e as e of pr e c urs or m ol e c ul es, a n d as piri n tri g g er e d 

1 5 -e pi -li p o xi n. M y a p pr o a c h w o ul d h a v e all o w e d f or t h e a n al ysis of t h e first t w o m et h o ds 

of pr o d u cti o n, w h er e pr e c urs or pr o d u cts ar e pr o d u c e d a n d c a n b e f o u n d wit hi n t h e 

p erit o n e al e x u d at e, a n d t h us pr es e nt f or li p o xi n pr o d u cti o n b y n e utr o p hils d uri n g 

i n c u b ati o n. N at ur all y, t his ass u m es t h e n e c ess ar y pr e c urs ors w er e pr o d u c e d a n d ar e 

pr es e nt wit hi n t h e i nfl a m m at or y mili e u. I nt er esti n gl y, b ot h  L T B 4 a n d L X A 4  pr o d u cti o n 

us e ar a c hi d o ni c a ci d as a pr e c urs or, w hi c h c a n b e pr o d u c e d b y m a cr o p h a g es  at t h e 

i nfl a m m at or y sit e. A g ai n, t his hi g hli g hts t h e n e e d f or c ell ul ar c oll a b or ati o n t hr o u g h o ut 

t h e i nfl a m m at or y r es p o ns e, w h et h er it is t h e pr o d u cti o n of s p e cifi c m e di at ors, or t h eir 



	 2 6 2 	

r es p e cti v e pr e c urs ors. M y r es ults i n di c at e t h at  n e utr o p hils r el e as e si g nifi c a nt a m o u nt s of  

L T B 4  d u ri n g t h e pr o-i nfl a m m at or y p h as e a n d t h e n s wit c h t o r el e asi n g L X A 4 , w hi c h t h e n 

pl a ys a r ol e  i n i niti ati n g r es ol uti o n m e c h a nis ms ( H a vi x b e c k et al., 2 0 1 5). I n m a m m als, 

t his s wit c h is l ar g el y c a us e d b y t h e a c c u m ul ati o n of pr ost a gl a n di n E 2 ( P G E2 ) at t h e sit e 

of i nfl a m m ati o n. P G E 2  i n hi bits t h e 5-li p o x y g e n as e p at h w a y, pr e v e nti n g f urt h er 

pr o d u cti o n of L T B 4 , w hil e si m ult a n e o usl y i n cr e asi n g t h e e x pr essi o n of 1 5-li p o x y g e n as e 

d eri v e d pr o d u cts, i n cl u di n g L X A 4  ( L e v y et al., 2 0 0 1). Int er esti n gl y,  P G E 2  is als o 

pr o d u c e d e xt e nsi v el y b y m a m m ali a n n e utr o p hils ( L e v y et al., 2 0 0 1), h o w e v er, it a p p e ars 

as t h o u g h its i m p a ct o n L T B 4  pr o d u cti o n is d el a y e d. Of n ot e, P G E 2  is als o pr o d u c e d b y 

m o n o c yt es  i n vitr o a n d i n vi v o i n r es p o ns e t o n u m er o us T L R a g o nists, as w ell as I L-1 β  

( Gr ai n g er et al., 2 0 1 3; Z aits e v a et al., 2 0 1 2). T h us,  it is c o n c ei v a bl e t h at n e utr o p hils d o 

n ot pr o d u c e e n o u g h P G E 2  t o i niti at e a cl ass c h a n g e i n li pi d m e di at ors o n t h eir o w n . 

H o w e v er, t h e arri v al of m o n o c yt es at  t h e i nfl a m m at or y sit e a n d t h eir s u bs e q u e nt r el e as e 

of  P G E 2  m a y cr e at e a n e n vir o n m e nt al mili e u wit h s uffi ci e nt l e v els of P G E 2  t o i n hi bit 

f urt h er pr o d u cti o n of L T B4  a n d b e gi n pr o d u cti o n of L X A 4 . T his is f urt h er s u p p ort e d b y 

t h e u n d erst a n di n g t h at m o n o c yt es t y pi c all y arri v e at t h e sit e of i nfl a m m ati o n i n t h e 

s e c o n d w a v e of i nfiltr ati n g c ells ( oft e n r e cr uit e d b y n e utr o p hils), t h us cr e ati n g a s c e n ari o 

i n w hi c h n e utr o p hils m ust r el y, at l e ast i n p art , o n m o n o c yt es/ m a cr o p h a g es  t o dis pl a y  a 

pr o -r es ol vi n g p h e n ot y p e. T h e n et w or k b et w e e n n e utr o p hils a n d m o n o c yt es/ m a cr o p h a g es  

b e c o m es e v e n m or e c o m pli c at e d  as w e c o nsi d er t h e f a ct t h at m a cr o p h a g es ar e als o a 

pri m ar y s o ur c e of ar a c hi d o ni c a ci d, a n ess e nti al pr e c urs or t o li pi d m e di at or pr o d u cti o n.  

T h a n kf ull y, t h e b o d y of r es e ar c h o n li pi d m e di at ors  i n b o n y fis h c o nti n u es t o gr o w. 

R e c e nt fi n di n gs i n di c at e t h at a ci d o p hili c gr a n ul o c yt es is ol at e d fr o m t h e gilt h e a d 
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s e a br e a m ar e c a p a bl e of pr o d u ci n g pr ost a gl a n di n D 2 , a pr o-r es ol vi n g e c os a n oi d ( G ó m e z-

A b ell á n et al., 2 0 1 5) . F urt h er , P GD 2  w e nt o n t o i n hi bit t h e  pr o d u cti o n of r e a ct i v e o x y g e n 

s p e ci es a n d d e cr e as e  e x pr essi o n l e v els of I L -1 β  i n t h es e c ells ( G ó m e z-A b ell á n et al., 

2 0 1 5) . I n a d diti o n, l e u k otri e n e A 4 h y dr ol as e ( L T A 4 H)  is ess e nti al  i n b al a n cin g pr o -

i nfl a m m at or y a n d a nti-i nfl a m m at or y ei c os a n oi ds ( T o bi n et al., 2 0 1 2; T o bi n a n d 

R a m a kris h n a n, 2 0 1 3) . I m p ort a ntl y, t his b al a n c e is criti c al f or T N F-α -m e di at e d cl e ar a n c e 

of m y c o b a ct eri u m i n z e br afis h a n d h u m a ns ( T o bi n et al., 2 0 1 2). A m o d el of li pi d 

m e di at or r el e as e i n  t el e ost fis h c a n b e f o u n d i n Fi g ur e 7. 1. C oll e cti v el y, t his b e c o m e s 

i n cr e asi n gl y i nt er esti n g w h e n w e c o nsi d er t h e lif es p a n of n e utr o p hils.  T h e l e n gt h of ti m e 

t el e ost n e utr o p hils ar e c a p a bl e of s ur vi vi n g wit hi n t h e i nfl a m m at or y sit e is si g nifi c a ntl y 

l o n g er t h a n t h os e f o u n d i n m a m m als. T his all o ws t h e m t o m ai nt ai n a pr es e n c e wit hi n t h e 

i nfl a m m at or y sit e, s u g g esti n g t h e y m a y p oss ess u ni q u e f u n cti o ns i n v ol v e d i n 

i nfl a m m at or y r es ol uti o n. T his m a y i n cl u d e t h e r el e as e of a d diti o n al m e di at ors, t h e u pt a k e 

of a p o pt oti c c ells,  t h e m o d ul ati o n a n d sti m ul ati o n of ot h er l e u k o c yt es, a n d p ot e nti all y th e 

i niti ati o n of tiss u e r e p air m e c h a nis ms. F urt h er, t el e ost n e utr o p hils h a v e b e e n s h o w n t o 

r e v ers e tr a ns mi gr at e o ut of a n i nfl a m m at or y sit e i n vi v o i n z e br afis h ( M at hi as et al., 2 0 0 6; 

St ar n es a n d H utt e nl o c h er, 2 0 1 2) . T his m a y als o r e pr es e nt a u ni q u e m et h o d b y w hi c h 

n e utr o p hils c o ntri b ut e t o r es ol uti o n or  a ct as a d diti o n al a nti g e n pr es e nt ers . O n e p ossi bl e  

a p pr o a c h w o ul d b e t o cr e at e a u ni q u e c h e mi c al m ar k er s p e c ifi c t o t el e ost n e utr o p hils a n d 

c o m bi n e  wit h i n vi v o i m a gi n g. T his w o ul d cr e at e a s c e n ari o i n w hi c h w e w o ul d n ot o nl y 

b e a bl e t o vis u ali z e t h eir mi gr ati o n a n d i nfiltr ati o n i nt o t h e i nfl a m m at or y sit e, b ut als o t h e 

l e n gt h of ti m e t h e y st a y wit hi n t h e i nfl a m e d tiss u e. A d diti o n al l a b elli n g of ot h er 

l e u k o c yt es w o ul d als o  all o w f or t h e e x a mi n ati o n of t h e v ari o us c ell ul ar i nt er a cti o ns t h at 
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m a y o c c ur , a n d t h e r es ulti n g d o w nstr e a m r es p o ns es. T his will b e gi n t o i d e ntif y t h e 

cr u ci al i nt er a cti o ns n e c ess ar y f or p at h o g e n cl e ar a n c e a n d t h e i niti ati o n of i nfl a m m at or y 

r es ol uti o n. 

A c c u m ul ati n g e vi d e n c e s u p p orts t h e e xist e n c e of disti n ct n e utr o p hil s u bs ets t h at 

h a v e di v ers e r ol es i n i nf e cti o n  a n d i nfl a m m ati o n . I n b ot h C h a pt er 4/ 5, I f o u n d n e utr o p hils 

t o e x hi bit r o b ust pr o-i nfl a m m at or y r es p o ns es, i n cl u di n g t h e pr o d u cti o n of r e a cti v e 

o x y g e n s p e ci es a n d t h e c a p a cit y t o kill A. v er o nii . I nt er esti n gl y, I als o is ol at e d n e utr o p hils 

d uri n g t h e pr o -r es ol vi n g p h as e of z y m os a n-i n d u c e d i nfl a m m ati o n wit h c h ar a ct eristi cs 

m or e r e mi nis c e nt of cl assi c al m a cr o p h a g es. T h es e n e utr o p hils, b ut n ot t h os e is o l at e d 

d uri n g t h e pr o -i nfl a m m at or y p h as e, w er e ca p a bl e of m e di ati n g di v e r g e nt r es p o ns es i n 

m a cr o p h a g es. M or e o v er, it a p p e ar e d as t h o u g h t his w as m e di at e d t hr o u g h t h e r el e as e of 

li pi d m e di at ors. I n C h a pt er 5, I s h o w e d n e utr o p hils w er e c a p a bl e of i nt er n ali zi ng A. 

v er o nii i nf e ct e d m a cr o p h a g es. H o w e v er, t h es e s a m e n e utr o p hils r e m ai n e d u n a bl e t o 

i nt er n ali z e a n y ot h er f or m of d yi n g c ell. T his b e c o m es ess e nti al w h e n w e c o nsi d er t h e 

i m p a ct of A. v er o nii  o n t h e vi a bilit y of m a cr o p h a g es, a n d t h e l a c k of m o n o c yt e mi gr a ti o n 

I o bs er v e d t hr o u g h o ut i nf e cti o n. T h es e li k el y pl a c e n e utr o p hils i n a p ositi o n w h er e it 

b e c o m es r es p o nsi bl e f or b ot h t h e cl e ar a n c e of A. v er o nii  a n d t h e d yi n g m a cr o p h a g es. 

W h at is tr ul y r e m ar k a bl e is t h e a bil it y of n e utr o p hils t o dis c er n t h e t y p e of d yi n g c ell 

i nt er n ali z e d. I nst e a d of i n hi biti n g pr o-i nfl a m m at or y r es p o ns es, t h e n or m al c u e f oll o wi n g 

t h e u pt a k e of a p o pt oti c c ells ( Er wi g a n d H e ns o n, 2 0 0 7 a; F a d o k et al., 1 9 9 8; Ri e g er et al., 

2 0 1 2; V oll et al., 1 9 9 7) , n e utr o p hils i n cr e as e d R O S pr o d u cti o n f oll o wi n g u pt a k e. 

I nt er esti n gl y, n e utr o p hils dis pl a y e d si mil ar c h ar a ct eristi cs f oll o wi n g t h e u pt a k e of 

m a cr o p h a g es i nf e ct e d wit h M. m ari n u m  ( Y a n g et al., 2 0 1 2). T a k e n t o g et h er, t his l e a ds m e 
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t o b eli e v e t h at t h e di v ersit y of n e utr o p hil p h e n ot y p es is li k el y d e v el o p e d t hr o u g h t h e 

pl asti cit y of a si n gl e n e utr o p hil pr e c urs or. H o w e v er, t h er e is e vi d e n c e t o s u g g est tr ul y 

disti n ct n e utr o p hil li n e a g es  m a y e xist . D uri n g i nf e cti o n wit h m et hi cilli n-r esist a nt 

St a p h yl o c o c c us a ur e us  i n mi c e, t hr e e disti n ct t y p es of n e utr o p hils w er e is ol at e d: 1) pr o-

i nfl a m m at or y n e utr o p hils ass o ci at e d wit h r esist a n c e, pri m aril y r el e asi n g I L-1 2 a n d 

C C L 3;  2) a nti -i nfl a m m at or y n e utr o p hils ass o ci at e d wit h s us c e pti bilit y t o dis e as e, 

r el e asi n g I L-1 0 a n d C C L 2;  a n d 3) n e utr o p hils is o l at e d fr o m naï v e mi c e. Of n ot e, it s h o ul d 

als o b e  c o nsi d er e d t h at n e utr o p hils  c o ul d  alt er t h eir  p h e n ot y p es t hr o u g h o ut i nf e cti o n , a n d 

t h us d o n ot r e pr es e nt u ni q u e li n e a g es. T h e m ost c o m p elli n g e vi d e n c e f or t w o disti n ct 

li n e a g es c o m es fr o m a st u d y hi g hli g htin g t h e s el e c ti v e r e cr uit m e nt of a pr e-e xisti n g 

p o p ul ati o n of cir c ul ati n g n e utr o p hils f oll o wi n g a v as c ul ar tr a ns pl a nt e d p a n cr e ati c isl ets 

( C hrist off erss o n et al., 2 0 1 2). T his st u d y d e m o nstr at es V E G F -A pr ef er e nti all y r e cr uit e d a 

pr o -a n gi o g e ni c s u bs et of cir c ul ati n g n e utr o p hils t h at d eli v er l ar g e a m o u nts of t h e eff e ct or 

pr ot ei n M M P -9, r e q uir e d f or isl et r e v as c ul ari z ati o n a n d f u n cti o n al i nt e gr ati o n f oll o wi n g 

tr a ns pl a nt ati o n ( C hrist off erss o n et al., 2 0 1 2). T h es e t w o st u di es i n di c at e s o m e p ot e nti al 

f or disti n ct n e utr o p hili c li n e a g es i n m a m m als, m u c h li k e t h e h et er o g e n eit y w e o bs er v e i n 

m a cr o p h a g es t hr o u g h o ut t h e v ari o us tiss u es i n  m a m m als ( G or d o n et al., 2 0 1 4; G or d o n 

a n d T a yl or, 2 0 0 5) . C oll e cti v el y, m y r es ults p oi nt t o w ar d t h e f or m er, w h er e n e utr o p hils 

alt er t h e ir p h e n ot y p es t hr o u g h o ut t h e i nfl a m m at or y r es p o ns e. H o w e v er, t his c a n n ot b e 

c o m pl et el y s u p p ort e d wit h o ut a m or e c o m pr e h e nsi v e e x a mi n ati o n of t h e r e p ert oir e of 

s urf a c e r e c e pt ors fr o m is ol at e d n e utr o p hils, as w ell as t h e s ol u bl e m ol e c ul es r el e as e d b y 

e a c h s u bs et. T his d e b at e b e c o m es r at h er diffi c ult t o t a c kl e t o d u e t h e li k eli h o o d t h at 

n e utr o p hil h et er o g e n eit y m a y b e p artl y e x pl ai n e d b y a diff er e nti al a cti v ati o n st a g e or 
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l o c ati o n. A g e d n e utr o p hils or n e utr o p hils t h at h a v e u n d er g o n e r e v ers e tr a ns mi gr ati o n als o 

dis pl a y a u ni q u e s et of c ell ul ar r e c e pt ors ( d e Oli v eir a et al., 2 0 1 6). F urt h er, n o v el 

n e utr o p hil p o p ul ati o ns h a v e b e e n i d e ntifi e d d uri n g i nf e cti o n ( Pill a y et al., 2 0 1 2), c a n c er 

( Fri dl e n d er et al., 2 0 0 9), a ut oi m m u nit y ( D e n n y et al., 2 0 1 0), a n d pr e g n a n c y ( Ss e m a g a n d a 

et al., 2 0 1 4) . T h us d es pit e o ur c o nti n u e d i d e ntifi c ati o n of v ari o us p h e n ot y pi c diff er e n c es, 

it is still n ot cl e ar w h et h er t h es e ar e d eri v e d fr o m a si n gl e pr e c urs or or c o m pl et el y 

s e p ar at e li n e a g e s. T el e ost n e utr o p hils is ol at e d fr o m t h e bl o o d m a y r e pr es e nt a n 

i nt er esti n g l o c ati o n i n w hi c h w e m a y b e gi n t o i d e ntif y p h e n ot y pi c diff er e n c es fr o m 

li n e a g es diff er e n c es. I n C h a pt er 4, I f o u n d t h at n e utr o p hils is ol at e d fr o m t h e 

i nfl a m m at or y sit e e x hi bit e d a f ar diff er e nt p h e n ot y p e fr o m t h e n aï v e n e utr o p hils i n t h e 

h e m at o p oi eti c ki d n e y tiss u e. T his w as f urt h er o bs er v e d i n t h eir r es p e cti v e c a p a citi es t o 

i nt er n ali z e A er o m o n as i nf e ct e d d yi n g m a cr o p h a g es. B y e x a mi ni n g a l o c ati o n b et w e e n 

t h es e t w o p oi nts, w e c a n g ai n i nsi g ht i nt o f u n cti o n al diff er e n c es i n a cti v ati o n s at e, s urf a c e 

r e c e pt or e x pr essi o n, a n d w h et h er or n ot t h e y r el e as e diff er e nt s ol u bl e m e di at ors. 

 

7. 2. 2  N e ut r o p hils i n h o st-p at h o g e n i nt e r a cti o n s  

O ur i n cr e as e d u n d erst a n di n g of n e utr o p hil pl asti cit y h as e x p a n d e d o ur k n o wl e d g e 

of t h eir di v ers e f u n cti o ns i n i nf e cti o n a n d i nfl a m m ati o n as t h e y m o v e b et w e e n h ost 

d ef e ns e, i m m u n e m o d ul ati o n, a n d tiss u e d a m a g e. I m p ort a ntl y, n o v el t e c h n ol o gi es, 

i n cl u di n g i ntr a vit al mi cr os c o p y, i m a gi ni n g fl o w c yt o m etr y, a n d tr a ns g e ni c m o dels h a v e 

als o i n cr e as e d o ur c a p a cit y t o st u d y n e utr o p hil -p at h o g e n i nt er a cti o ns.  
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7. 2. 2. 1  D ef e n s e a g ai n st A e r o m o n a s  

A er o m o n as h y dr o p hil a h as b e e n r e p ort e d t o i n d u c e t h e f or m ati o n o f N E Ts d uri n g 

i nf e cti o n of c ar p ( Br o g d e n et al., 2 0 1 2). H o w e v er, m or e i nt er esti n g is t h e c a p a cit y of A. 

h y dr o p hil a  t o d e gr a d e N E Ts vi a n u cl e as e a cti vit y. N e utr o p hils i n c u b at e d i n t h e pr es e n c e 

or a bs e n c e of A. h y dr o p hil a  s h o w e d n o si g nifi c a nt diff er e n c es i n c ell d e at h, i n di c ati n g 

t h at t h e b a ct eri a m a k e n o att e m pt at  bl o c k i n g N E T f or m ati o n  vi a t h e i n d u cti o n of 

n e utr o p hil d e at h . T his s u g g ests A er o m o n as m a y a cti v el y tri g g er  t h e r el e as e of N E Ts a n d 

t h eir ass o ci at e d pr o d u cts wit h o ut i n c urri n g a n y r e al d a m a g e, cr e ati n g a s c e n ari o b y w hi c h 

n e utr o p hils ar e o nl y c o ntri b uti n g t o t h e p at h ol o g y of dis e as e. I nt er esti n gl y,  t h e i niti ati o n 

of a s e v er e i nfl a m m at or y r es p o ns e a n d t h e s u bs e q u e nt i n d u cti o n of s u bst a nti al  tiss u e 

d a m a g e a p p e ars t o b e a h all m ar k of A er o m o n as i nf e cti o ns ( M u nr o, 1 9 8 8; H ui zi n g a et al., 

1 9 7 9; It o h et al., 1 9 9 9; S o o d a n d N er ur k ar, 2 0 1 4) . In m y e x p eri m e nts, i n d u c e d i nf e cti o n 

l e d t o t h e d e v el o p m e nt of f ur u n c ul osis, a c o m m o n a c ut e s y m pt o m of  i nf e cti o n. F urt h er, I 

f o u n d A. v er o nii  t o i n d u c e si g nifi c a nt l e v els of R O S pr o d u cti o n i n n e utr o p hils, h o w e v er, 

w e  k n o w t h at A er o m o n as e x pr ess c at al as e g e n es, w hi c h pr ot e ct a g ai nst r e a cti v e o x y g e n 

s p e ci es ( Ri o et al., 2 0 0 7). Ar g u a bl y,  t his m a y i n di c at e t h at s e c o n d ar y m e c h a nis ms of 

a nti mi cr o bi al d ef e ns e s h o ul d b e e x a mi n e d. T his m a y i n cl u d e d e gr a n ul ati o n  a n d t h e 

r el at e d m ol e c ul es ( d ef e nsi ns, a nti mi cr o bi al p e pti d es, a n d l ys o z y m e) or t h e pr o d u cti o n of 

N E Ts. Alt er n ati v el y,  A er o m o n as m a y a cti v at e n e utr o p hils t o i n d u c e si g nifi c a nt l e v els of 

tiss u e d a m a g e t o t h e h ost, all o wi n g it t o mi gr at e d e e p er i nt o t h e tiss u es, p ot e nti all y g oi n g 

s e pti c.  S o m e of t his m a y i n  f a ct b e tr u e, as I w as a bl e t o is ol at e A. v er o nii  fr o m t h e ki d n e y 

of g ol dfis h as e arl y as 1 d pi. Ot h er r e p orts h a v e als o s u g g est e d t h at i nf e cti o n c a n b e c o m e 

c hr o ni c, wit h b a ct eri a r esi di n g wit hi n t h e m us cl e a n d or g a ns f or y e ars (J a n d a a nd A b b ott, 
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2 0 1 0) . I n a d diti o n t o t h e i niti ati o n of s e v er e tiss u e d a m a g e, A er o m o n as v er o nii  a n d 

A er o m o n as h y dr o p hil a w er e s h o w n t o b e p o orl y i nt er n ali z e d b y J 7 7 4 m a cr o p h a g es 

(Kr z y mi ń s k a, 2 0 0 8) . F urt h er, t h os e b a ct eri a t h at w er e i nt er n ali z e d w er e c a p a bl e of 

r e pli c ati n g up t o t hr e e h o urs p ost i nf e cti o n ( Kr z y miń s k a, 2 0 0 8) , i n di c ati n g t h e y li k el y 

p oss ess s e v er al i m m u n e e v asi o n  m e c h a nis ms , i n cl u di n g c at al as e ( Ri o et al., 2 0 0 7). I as 

w ell as s e v er al ot h ers, h a v e als o s h o w n A er o m o n as t o i n d u c e ap o pt osis i n m a cr o p h a g es 

a n d  e pit h eli al c ells ( Kr z y miń s k a et al., 2 0 0 9, 2 0 1 1) , s u g g esti n g A er o m o n as  us es t h e 

i n d u cti o n of c ell d e at h as a m et h o d of i m m u n e e v asi o n b y eli mi n ati n g t h e c ells 

r es p o nsi bl e f or i niti ati n g a n d or c h estr ati n g t h e a c ut e i m m u n e r es p o ns e.  T his als o l e a ds t o 

t h e q u esti o n, h o w ar e n e utr o p hils r e cr uit e d t o t h e sit e of i nf e cti o n if m a cr o p h a g es ar e s o 

e asil y kill e d.  

T h e first m et h o d  is t hr o u g h t h e w a y i n w hi c h m a cr o p h a g es u n d er g o c ell  d e at h. 

Pr e vi o us st u di es f o u n d t h at A er o m o n as s p p. w er e c a p a bl e of i n d u ci n g b ot h a p o pt osis 

( Kr z y miń s k a et al., 2 0 0 9)  a n d p yr o pt osis ( M c C o y et al., 2 0 1 0; R os e n z w ei g a n d C h o pr a, 

2 0 1 3)  i n m a cr o p h a g es. T his s u g g ests t h e m e c h a nis m of c ell d e at h is a criti c al t o 

u n d erst a n di n g t h e o v er all o ut c o m e of t h e i m m u n e r es p o ns e. C o n v e nti o n al a p o pt osis c a n 

s e n d t h e h ost i nt o e arl y r es ol uti o n, all o wi n g t h e p at h o g e n t o r e pli c at e, diss e mi n at e, a n d 

c a us e f urt h er dis e as e ( Er wi g a n d H e ns o n, 2 0 0 7 b). Alt er n ati v el y, p yr o pt osis is a pr o-

i nfl a m m at or y e v e nt, w hi c h s h o ul d all o w t h e h ost t o eli mi n at e t h e p at h o g e ni c t hr e at 

( B er gs b a k e n et al., 2 0 0 9), alt h o u g h, t his m a y c o m e at t h e c ost of i n d u ci n g m or e d a m a g e 

t o s urr o u n di n g tiss u es. It is p ossi bl e t h at g ol dfis h m a cr o p h a g es w o ul d pr ef er t o u n d er g o 

p yr o pt osis d uri n g t h e e arl y st a g es of i nf e cti o n, all o wi n g t h e h ost t o m ai nt ai n a pr o -

i nfl a m m at or y st at e a n d cl e ar t h e p at h o g e n. I nt er esti n gl y, it h as pr e vi o usl y b e e n s u g g est e d 
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t h at i nf e ct e d m a cr o p h a g es u n d er g o p yr o pt osis i n or d er t o d e pri v e i ntr a c ell ul ar p at h o g e ns 

s u c h as S al m o n ell a , L e gi o n ell a, a n d M y c o b a ct eri a of t h eir i m m u n e pr ot e ct e d ni c h e 

( Kr ys a n et al., 2 0 1 4). T h us it is c o n c ei v a bl e t h at m a cr o p h a g es us e t h e i n d u cti o n of 

p yr o pt osis as a n i m m u n e d ef e ns e m e c h a nis m. Alt er n ati v el y , A. v er o nii  m a y pr ef er t o 

i n d u c e a c o ntr oll e d a p o pt oti c c as c a d e, l e a di n g t o d e cr e as e d pr o-i nfl a m m at or y r es p o ns es, 

all o wi n g t h e b a ct eri u m t o f urt h er i nfiltr at e a n d diss e mi n at e wit hi n t h e h ost. H o w e v er, t h e 

r e v ers e s c e n ari o co ul d b e c o nsi d er e d j ust as li k el y. T h e i n d u cti o n of a p o pt osis m a y b e 

pr ef err e d b y g ol dfis h m a cr o p h a g es. I n t his e v e nt, t h e y c a n c o ntr ol c ell s urf a c e r e c e pt or 

e x pr essi o n, i niti ati n g a s p e cifi c s et of d o w nstr e a m r es p o ns es i n t h e i nt er n ali zi n g 

p h a g o c yt e. C o n v ers el y, A. v er o nii  m a y wis h t o i n d u c e p yr o pt osis, s p e wi n g i nfl a m m at or y 

m e di at ors, f urt h er c as c a di n g t h e pr o -i nfl a m m at or y r es p o ns e. T his c o ul d r e cr uit 

n e utr o p hils a n d c o n ti n u e t h e n e c ess ar y d estr u cti o n of h ost tiss u es r e q uir e d f or its 

diss e mi n ati o n. T his is b est s u m m ari z e d i n Fi g ur e 7. 2. D et er mi ni n g w hi c h s c e n ari o is 

m ost li k el y b e c o m es i nt er esti n g w h e n I e x a mi n e m y d at a. I f o u n d t h at A. v er o nii  w as 

d et e ct a bl e wit hi n t h e ki d n e y 1 d pi, si g nif yi n g it h a d alr e a d y diss e mi n at e d t hr o u g h o ut t h e 

h ost w ell  b ef or e l at e st a g e f ur u n c l e f or m ati o n ( 4-7 d pi). T his s u g g ests t h at A er o m o n as  

d o es n ot r e q uir e e x c essi v e tiss u e d a m a g e t o diss e mi n at e. Alt er n ati v el y, w h e n n e utr o p hils 

i nt er n ali z e d t h e d yi n g m a cr o p h a g es t h e y r e m ai n e d pr o-i nfl a m m at or y, pr o d u ci n g r o b ust 

a m o u nts o f r e a cti v e o x y g e n s p e ci es, s u g g esti n g eit h er f or m of c ell d e at h w o ul d c o nti n u e 

t h e i n d u cti o n of i nfl a m m ati o n. It s h o ul d als o b e n ot e d t h at t h e tiss u e d a m a g e ass o ci at e d 

wit h f ur u n cl e f or m ati o n mi g ht  si m pl y b e a b y -pr o d u ct of p at h o g e n cl e ar a n c e, as  I f o u n d 

n e utr o p hils t o b e hi g hl y c h e m ot a cti c t o w ar d A. v er o nii , w h er e t h e y i nt er n ali z e d, i niti at e d 

t h e pr o d u cti o n of r e a cti v e o x y g e n s p e ci es, a n d m ost i m p ort a ntl y, w er e c a p a bl e of killi n g 
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t h e p at h o g e n. I n a d diti o n, A. v er o nii w as still d et e ct a bl e wit hi n t h e f ur u n cl e u ntil 1 0 d a ys 

p ost i nf e cti o n.  

T h e  s e c o n d m et h o d b y w hi c h n e utr o p hils m a y b e r e cr uit e d li es i n t h e  vir ul e n c e 

f a ct ors of A er o m o n as . Vir ul e n c e f a ct ors as a w h ol e ar e dis c uss e d i n C h a pt er 1 a n d 

t h er ef or e will n ot b e dis c uss e d h er e. H o w e v er, o n e e n z y m e of i m p ort a n c e, e n ol as e, w as 

i d e ntifi e d i n A. h y dr o p hil a  fr o m cli ni c al s o ur c es ( S h a et al., 2 0 0 9). E n ol as e c at al y z es t h e 

c o n v ersi o n of 2 -p h os p h o gl y c er at e t o p h os p h o e n ol p yr u v at e , alt h o u g h it h as als o b e e n 

i d e ntifi e d f or its i n v ol v e m e nt i n mi cr o bi al dis e as es w h er e it c a n bi n d t h e ba ct eri al c ell 

s urf a c e ( S h a et al., 2 0 0 9; Zi m bl er et al., 2 0 1 5), c o ntri b uti n g t o p at h o g e nsis. A. h y dr o p hil a 

s urf a c e -e x pr ess e d e n ol as e bi n ds  pl as mi n o g e n , all o wi n g h ost pl as mi n o g e n a cti v at or t o 

cl e a v e it, f or mi n g pl as mi n. Pl as mi n is a s eri n e pr ot e as e c a p a bl e of i n d u ci n g l e u k o c yt e 

c h e m ot a xis, c ell mi gr ati o n i nt o tiss u es, a n d d o w nstr e a m si g n ali n g e v e nts ( S yr o v ets et al., 

2 0 1 2) . I nt er esti n gl y w e c a n b uil d u p o n t his b y e x a mi ni n g Y ersi ni a p estis.  Y. p estis 

pr o d u c es t h e Pl a pr ot ei n , w hi c h is si mil ar i n s e q u e n c e t o t h e o ut er m e m br a n e pr ot ei ns 

O m p T a n d P gt E  ( k n o w n as o m pti ns) i n E. c oli a n d S. e nt eri c a , r es p e cti v el y. T his pr ot ei n 

is n e c ess ar y f or a d h er e n c e a n d t h e i n v asi v e pr o p erti es n e e d e d t o c a us e p n e u m o ni c pl a g u e 

( C a ulfi el d a n d L at h e m, 2 0 1 2; L at h e m et al., 2 0 0 5). A cl os er e x a mi n ati o n r e v e als Pl a  

pr ot ei n  is c a p a bl e of c l e a vi n g pl as mi n o g e n t o pl as mi n, r es ulti n g i n t h e a cti v ati o n of 

m a cr o p h a g es, a n d s u bs e q u e nt r el e as e of I L -1 β  a n d t h e r e cr uit m e nt of n e utr o p hils 

( u n p u blis h e d r es e ar c h). As dis c uss e d i n C h a pt er 1, A er o m o n as pr o d u c es m a n y o ut er 

m e m br a n e pr ot ei ns wit h e n z y m ati c  a cti vit y, a n d s o m e ar e r e q uir e d f or a d h er e n c e a n d 

i nf e cti o n ( T orr es et al., 2 0 0 5). O m pti n pr ot ei ns ar e wi d es pr e a d a n d e x pr ess e d i n a v ari e t y 

of e nt er o b a ct eri a, t h us s u g g esti n g t h at A er o m o n as m a y als o c o nt ai n a si mil ar pr ot ei n.  
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I n C h a pt er 5, I f o u n d t el e ost n e utr o p hils t o b e c a p a bl e of i nt er n ali zi n g d yi n g 

m a cr o p h a g es. T his h as als o b e e n r e p ort e d i n ot h er t el e ost m o d els ( Y a n g et al., 2 0 1 2), as 

w ell as i n m a m m ali a n m o d els ( Es m a n n et al., 2 0 1 0). I nt er esti n gl y, t his l e a ds m a n y t o 

q u esti o n t h e c a p a cit y of n e utr o p hils t o i nt er n ali z e l ar g e a p o pt oti c c ells. H o w e v er, it is 

li k el y t h at n e utr o p hils ar e i n f a ct o nl y i nt er n ali zi n g a p o pt oti c b o di es or fr a g m e nts of 

p yr o pt oti c c ells. T his  1) m a y l e a v e l ar g er b o di es still pr es e nt at t h e sit e t o b e i nt er n ali z e d 

b y ot h er  c ells; or 2) l ar g er b o di es c o nti n u e d o w n t h e a p o p t oti c c as c a d e t o s m all er b o di es, 

w hi c h ar e t h e n i nt er n ali z e d b y n e utr o p hils; or 3) n e utr o p hils ar e c a p a bl e of i nt er n ali zi n g 

l ar g er d yi n g c ells ( a d dr ess e d i n f ut ur e dir e cti o ns). It s h o ul d b e n ot e d t h at it is hi g hl y 

u nli k el y t h at n e utr o p hils ar e t h e o nl y c ells i nt er n ali zi n g d yi n g m a cr o p h a g es at t h e 

i nfl a m m at or y sit e u n d er all c o n diti o ns. H o w e v er, d uri n g i nf e cti o n wit h A. v er o nii  w h er e 

m a cr o p h a g e vi a bilit y is v astl y aff e ct e d a n d m o n o c yt e r e cr uit m e nt a p p e ars t o b e 

h a m p er e d, t h e y ar e li k el y o n e of t h e m aj or pl a y ers i n c ell ul ar cl e a n u p d uri n g t h e e arl y 

st a g es of i nf e cti o n. It w o ul d b e i nt er esti n g t o e x a mi n e m a cr o p h a g e vi a bilit y i n vi v o 

t hr o u g h o ut i nf e cti o n usi n g a T U N E L ( or e q ui v al e nt) ass a y, w hi c h w o ul d pr o vi d e us wit h 

a tr u er s e ns e of m a cr o p h a g e n u m b ers i m m e di at el y f oll o wi n g i nf e cti o n.   

B as e d o n m y r es ults, I h y p ot h esi z e t h at A. v er o nii  is att e m pti n g t o q ui etl y i n v a d e 

t h e h ost, w hil e t h e g ol dfis h i m m u n e s yst e m h as e v ol v e d s e v er al m e ch a nis ms t o d e al wit h 

i nf e cti o n t h at j ust h a p p e n t o i n d u c e t h e d estr u cti o n of tiss u e as a n e c ess ar y c o ns e q u e n c e 

( Fi g ur e 7. 2). T h e f a ct t h at A er o m o n as i n d u c es m a cr o p h a g e a p o pt osis/ p yr o pt osis w as 

li k el y e v ol v e d as a n i m m u n e e v asi o n str at e g y n e e d e d t o c o nti n u e i nf e cti o n. As g ol dfis h 

( a n d ot h er h osts) d e v el o p n e w m et h o ds t o c o m b at A er o m o n as i nf e cti o ns, t h e p at h o g e n 

m ust als o a d a pt n e w m e c h a nis ms t o c o nti n u e t o i nf e ct.  
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7. 2. 2. 2  D ef e n s e a g ai n st m y c o b a ct e ri a  

M u c h of o ur c urr e nt u n d erst a n di n g of m y c o b a ct eri al i nf e cti o ns c o m es fr o m t h e 

st u d y of M. t u b er c ul osis. O n e -t hir d of t h e w orl ds p o p ul ati o n is i nf e ct e d wit h t u b er c ul osis, 

h o w e v er, a cti v e t u b er c ul osis g e n er all y pr es e nts i n o nl y 5 -1 0 % of i n di vi d u als. I n h u m a ns , 

dis e as e c a n r a n g e fr o m s elf -li miti n g pl e uritis t o h e m at o g e n o us diss e mi n ati o n of l ar g e 

n u m b ers of m y c o b a ct eri a t hr o u g h o ut t h e h ost i n t u b er c ul osis ( v a n Cr e v el et al., 2 0 0 2). 

T his r a n g e of dis e as e m a nif est ati o n is oft e n li n k e d t o t h e q u alit y of h ost d ef e ns e a g ai nst 

t h e i m m u n e e v asi o n str at e gi es of t h e b a cilli. It h as l o n g b e e n t h o u g ht t h at pr ot e cti o n a n d 

eli mi n ati o n of M. t u b er c ul osis  li e d in t h e s u c c ess or f ail ur e of T l y m p h o c yt e a n d 

m a cr o p h a g e i nt er a cti o ns. M or e r e c e ntl y i n n at e p h a g o c yti c c ells h a v e b e e n f o u n d t o pl a y a 

k e y r ol e i n t h e i niti ati o n a n d dir e cti o n of a d a pti v e T -c ell i m m u nit y. H o w e v er, m u c h 

r e m ai ns u n k n o w n a b o ut t h e s p e cifi c i nt er a cti o ns a n d f u n cti o n of n e utr o p hils d uri n g 

i nf e cti o n. As dis c uss e d i n C h a pt er 6, t h er e is a l ar g e di vi d e a m o n g s ci e ntists as t o 

w h et h er n e utr o p hils ar e b e n efi ci al or d etri m e nt al d uri n g i nf e cti o n. T h a n kf ull y, n u m er o us 

st u di es usi n g a v ari et y of h ost m o d els, i n cl u di n g h u m a ns ( Kisi c h et al., 2 0 0 2), mi c e 

( Er usl a n o v et al., 2 0 0 5), r ats ( S u g a w ar a et al., 2 0 0 4), a n d fis h ( H o d g ki ns o n et al., 2 0 1 5; 

M e ij er et al., 2 0 0 8; M eij er, 2 0 1 5; S w ai m et al., 2 0 0 6; Y a n g et al., 2 0 1 2) all o w m e t o 

t a c kl e t his d e b at e.  

It is w ell u n d erst o o d t h at m y c o b a ct eri a h as a stri ki n g a bilit y  t o s ur vi v e wit hi n 

m a cr o p h a g es ( C os m a et al., 2 0 0 6; H o u b e n et al., 2 0 0 6; M c D o n o u g h et al., 1 9 9 3; 

M c Ki n n e y et al., 2 0 0 0; M e e n a a n d R aj ni, 2 0 1 0; Pi et ers, 2 0 0 8; P o di n o vs k ai a et al., 2 0 1 3; 

S c h err et al., 2 0 0 9; St a m m et al., 2 0 0 3; T al a at et al., 1 9 9 8, 1 9 9 9; T o bi n a n d 

R a m a kris h n a n, 2 0 0 8) . Usi n g t h e z e br afis h m o d el, m a cr o p h a g es h a v e b e e n s h o w n t o 
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mi gr at e i nt o ot h er tiss u es f oll o wi n g i nt er n ali zi n g of t h e p at h o g e n, w h er e t h e y f or m 

or g a ni z e d gr a n ul o m a -li k e a g gr e g at es ( S w ai m et al., 2 0 0 6; T o bi n a n d R a m a kris h n a n, 

2 0 0 8) . F urt h er, t his mi gr ati o n is s p e cifi c all y i n d u c e d b y t h e b a ct eri a ( Cl a y et al., 2 0 0 7). 

T his e x pl ai n s, at l e ast i n p art, t h e r a pi d cl e ar a n c e of M. f ort uit u m fr o m t h e p erit o n e al 

c a vit y. O n c e i nsi d e, m y c o b a ct eri a att e m pt  t o e v a d e t h e a nti mi cr o bi al f u n cti o ns of t h e 

m a cr o p h a g e as it sl o wl y m ulti pli es. A c o m pl et e dis c ussi o n of t h e e v asi o n str at e gi es is 

dis c us s e d i n C h a pt er 1 a n d t h us will n ot b e r e vi e w e d h er e. I nt er esti n gl y, t h e v ast a m o u nt 

of lit er at ur e s u g g est a d a pti v e i m m u nit y is r e q uir e d f or gr a n ul o m a f or m ati o n, h o w e v er, 

e x a mi ni n g t h e m y c o b a ct eri al i nt er a cti o ns i n z e br afis h e m br y os s u g g ests i n n at e i m m u nit y  

is s uffi ci e nt t o i n d u c e gr a n ul o m a f or m ati o n, t h us c h all e n gi n g t h e a c c e pt e d d o g m a. T h e 

l o o mi n g q u esti o n is h o w d o es t h e h ost d ef e n d a n d/ or pr e v e nt diss e mi n ati o n a n d 

i nf e cti o n ?  

T h e i n d u cti o n of m a cr o p h a g e a p o pt osis  h as b e e n dis c uss e d as a p ot e nti al d e f e ns e 

m e c h a nis m, pr e v e nti n g t h e diss e mi n ati o n of t h e p at h o g e n  ( B e h ar et al., 2 0 1 1; I y o d a et al., 

2 0 1 4) . I nt er esti n gl y, intr a c ell ul ar m y c o b a ct eri a ar e ulti m at el y kill e d ( K e a n e et al., 2 0 0 2; 

M oll o y et al., 1 9 9 4) , s u g g esti n g s elf-s a crifi c e as a n i m p ort a nt i m m u n e d ef e ns e d uri n g 

i nf e cti o n. I n C h a pt er 6, I f o u n d a s u bst a nti al l e v el of a p o pt osis i n m a cr o p h a g es i nf e ct e d 

wit h M. f ort uit u m, f urt h er s u p p ort i n g t h e n oti o n  t h at t h e str o n g i n d u cti o n of a p o pt osis b y 

h ost m a cr o p h a g es is a m aj or r e as o n f or d ef e n s e a g ai nst c hr o ni c p at h o g e ni cit y ( B e h ar et 

al., 2 0 1 1; B o hs ali et al., 2 0 1 0) . I nt er esti n gl y, n e utr o p hils a p p e ar t o pl a y a si g nifi c a nt r ol e 

at t h e gr a n ul o m a. Z e br afis h n e utr o p hils ar e r e cr uit e d t o t h e gr a n ul o m a b y si g n als r el e as e d 

fr o m i nf ect e d m a cr o p h a g es ( Y a n g et al., 2 0 1 2). S o m e n e utr o p hils t h e n r a pi dl y i nt er n ali z e 

t h e d yi n g m a cr o p h a ge a n d s u bs e q u e ntl y kill t h e i nt er n ali z e d m y c o b a ct eri a t hr o u g h 
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N A D P H o xi d as e -d e p e n d e nt pr o c ess es ( Y a n g et al., 2 0 1 2). M y d at a s u p p orts t h es e 

fi n di n gs, w h er e n e utr o p hils w er e f ar m or e c h e m ot a cti c t o w ar d a mi x e d c ult ur e of 

m a cr o p h a g es a n d M. f ort uit u m  w h e n c o m p ar e d t o M. f ort uit u m al o n e. T his s u g g ests  t h at 

si mil ar r e cr uit m e nt m e c h a nis ms ar e li k el y r el e as e d b y M. f ort uit u m  i nf e ct e d g ol dfis h 

m a cr o p h a g es. I n C h a pt er 6, I f o u n d si g nifi c a nt n u m b ers of n e utr o p hils e xiti n g t h e 

h e m at o p oi eti c ki d n e y tiss u e, e nt eri n g cir c ul ati o n, a n d i nfiltr ati n g t h e pri m ar y p oi nt o f 

i nf e cti o n ( p erit o n e al c a vit y), s u g g esti n g a n o v er all i m p ort a n c e i n d ef e ns e. T his a p p e ar e d 

t o b e i n r es p o ns e, at l e ast i n p art, t o t h e i n cr e as e d e x pr essi o n of C X C L 8 ( or I L-8), 

pr o d u c e d b y , p erit o n e al m a cr o p h a g es as w ell as ot h er tiss u e c ells . T his is b y n o m e a ns 

n o v el, a n d h as b e e n s h o w n b ef or e i n n u m er o us m o d el s yst e ms (J uff er m a ns et al., 1 9 9 9; 

Z h a n g et al., 1 9 9 5) .  I nt er esti n gl y, t his a p p e ars t o b e u n d er t h e c o ntr ol of T N F-α  a n d I L-

1 β , w h er e n e utr ali zi n g t h es e c yt o ki n es r es ults i n s u bst a nti all y l o w er l e v els of C X C L 8 

( Z h a n g et al., 1 9 9 5). A f urt h er e x a mi n ati o n of  T N F -α  r e v e als it’s als o criti c al t o sti m ul at e 

t h e killi n g of M. t u b er c ul osis  b y h u m a n n e utr o p hils  ( Kisi c h et al., 2 0 0 2). T his h el ps 

e x pl ai n t h e i n cr e as e d e x pr essi o n of T N F -α 2 wit hi n l e u k o c yt es at b ot h t h e p erit o n e al 

c a vit y a n d t h e ki d n e y. I nt er esti n gl y, t his s a m e gr o u p als o f o u n d killi n g t o b e n o n -

o xi d ati v e i n n at ur e, s u g g esti n g a n alt er n at e m e c h a nis m b y w hi c h it is m e di at e d. W h at is 

r at h er s ur prisi n g is t h e i n cr e as e d R O S e x pr essi o n I o bs er v e d fr o m all l e u k o c yt es d uri n g 

i nf e cti o n. F urt h er, t his w as als o o bs er v e d b y s e v er al ot h er gr o u ps ( H o d g ki ns o n et al., 

2 0 1 5; Y a n g et al., 2 0 1 2) , o n e of w hi c h w as criti c al t o t h e killi n g of M. m ari n u m  wit hi n 

i nf e ct e d m a cr o p h a g es b y z e br afis h n e utr o p hils ( Y a n g et al., 2 0 1 2). T h us, n e utr o p hil 

m e di at e d killi n g li k el y o c c urs t hr o u gh a m ultit u d e of a nti mi cr o bi al m e c h a nis ms . It w o ul d 

b e i nt er esti n g t o e x a mi n e t h e v ari o us d o w nstr e a m a nti mi cr o bi al m e c h a nis ms ( R O S, 
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d e gr a n ul ati o n, N O, N E T f or m ati o n) p oss ess e d b y n e utr o p hils o n m y c o b a ct eri u m. 

Al t h o u g h m y r es ults i n di c at e d t h at is ol at e d n e utr o p hils w er e r el ati v el y p o o r at killi n g 

m y c o b a ct eri a, d et er mi ni n g t h e m et h o d i n w hi c h t h e y d o h a v e s o m e s u c c ess will ai d i n 

o ur u n d erst a n di n g of t h e c ell ul ar c oll a b or ati o n n e e d e d t o eli mi n at e t h e p at h o g e n.     

M arti n e a u a n d c oll e a g u es f o u n d t h at t u b er c ul osis i nf e cti o n a n d t h e c a p a cit y t o r estri ct 

b a ct eri al gr o wt h w as i n v ers el y pr o p orti o n al t o t h e n u m b er of cir c ul ati n g n e utr o p hils 

( M arti n e a u et al., 2 0 0 7), c e m e nti n g t h eir i m p ort a n c e d uri n g i n n at e c o ntr ol of t h e 

p at h o g e n. I nt er esti n gl y, t h e y f o u n d t h e n e utr o p hil p e pti d es c at hl e ci di n L L -3 7 a n d 

li p o c ali n 2 r estri ct e d gr o wt h of t h e or g a nis m. A n ot h er st u d y r e v e al e d h o w m a cr o p h a g es 

a c q uir e n e utr o p hil gr a n ul es f or t h e a nti mi cr o bi al d ef e ns e a g ai nst i ntr a c ell ul ar 

m y c o b a ct eri a ( T a n et al., 2 0 0 6). I n a d diti o n, h u m a n n e utr o p hil p e pti d es, r a b bit d ef e nsi ns, 

a n d p or ci n e l e u k o c yt e pr ot e gri n  all pr o v e d a nti b a ct eri al a g ai nst M. t u b er c ul osis i n vitr o  

( Mi y a k a w a et al., 1 9 9 6). C oll e cti v el y, t his p oi nts t o w ar d t h e i m p ort a n c e of n e utr o p hili c 

gr a n ul es i n i n n at e d ef e ns e. U nf ort u n at el y, all m a m m ali a n st u di es e m pl o y e d t h e us e of 

c o m m er ci all y a v ail a bl e kits t o d et er mi n e n e utr o p hil p e pti d e i n v ol v e m e nt. W h e n I 

e x a mi n e d n e utr o p hil d e gr a n ul ati o n i n r es p o ns e t o M. f ort uit u m , t h e r es ults w er e n e v er 

c o n cl usi v e a n d t h us n ot i n cl u d e d i n t his t h esis.  H o w e v er, t his pr es e nts a u ni q u e p at h f or 

f ut ur e r es e ar c h of i n n at e d ef e ns e m e c h a nis ms. I n a d diti o n, as a nti bi oti c r esist a n c e a m o n g 

h u m a n p at h o g e ns i n cr e as es, t h e p ot e nti al us e of n e utr o p hil p e pti d es f or t u b er c ul osis 

t h er a p y m a y c o m e as a s ol uti o n.  

A d a pti v e i m m u nit y als o pl a ys a si g nifi c a nt r ol e i n d ef e ns e, w hi c h h as b e e n 

pr e vi o usl y r e vi e w e d e xt e nsi v el y (J as en os k y et al., 2 0 1 5; Or m e, 2 0 0 4; W olf et al., 2 0 0 8) , 

a n d t h er ef or e will n ot b e dis c uss e d i n gr e at d et ail h er e. H o w e v er, s e v er al s t u di es h a v e 
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e x a mi n e d t h e r ol e of  li pi d m e di at ors d uri n g i nf e cti o n wit h m y c o b a ct eri u m, a n d t h eir 

dir e ct i m p a ct o n t h e i niti ati o n of T c ell i m m u nit y . I nt er esti n gl y, M. t u b er c ul osis  a n d M. 

m ari n u m pr o m ot e t h eir s ur vi v al t hr o u g h t h e d ysr e g ul ati o n of li pi d m e di at ors. T his b e g a n 

w h e n 5 -li p o x y g e n as e k n o c k o ut mi c e w er e f o u n d t o b e m or e r esist a nt t o t u b er c ul osis 

( C h e n et al., 2 0 0 8). M o vi n g f urt h er, s e v er al gr o u ps d e m o nstr at e d t h at b y i n hi biti n g P G E2  

pr o d u cti o n a n d sti m ul ati n g li p o xi n pr o d u cti o n, M. t u b er c ul osis  i n hi bit e d a p o pt osis a n d 

pr e v e nt e d t h e cr oss -pr es e nt ati o n of its a nti g e ns b y d e n driti c c ells, t h us i m p e di n g T c ell 

i m m u nit y ( Di et z ol d et al., 2 0 1 5; Di v a n g a hi et al., 2 0 1 0; T o bi n a n d R a m a kris h n a n, 2 0 1 3). 

M or e o v er, t h e y ar e n ot t h e o nl y p a t h o g e ns t o t a k e a d v a nt a g e of t h es e s ol u bl e  m e di at ors. 

B ot h Ps e u d o m o n as a er u gi n os a a n d T o x o pl as m a  s e cr et e e n z y m es wit h 1 5 -li p o x y g e n as e 

a cti vit y, all o wi n g t h e m t o m o d ul at e h ost -i nfl a m m at or y c as c a d es b y dir e ctl y pr o d u ci n g 

a nti -i nfl a m m at or y ei c os a n oi ds fr o m h ost-d eri v e d i nt er m e di at es ( B a n n e n b er g et al., 2 0 0 4; 

V a n c e et al., 2 0 0 4) . P r ost a gla n di n E 2 a n d D 2 f u n cti o n as i nfl a m m at or y m e di at ors d uri n g 

t h e i n d u cti o n p h as e of a c ut e i nfl a m m ati o n. L at er, t hr o u g h li pi d m e di at or cl ass s wit c hi n g, 

pr ost a gl a n di ns i n d u c e a pr o -r es ol vi n g p h e n ot y p e i n n e utr o p hils b y i n d u ci n g li p o xi n 

g e n er ati o n ( L e v y et al., 2 0 0 1). M or e o v er, alt h o u g h li p o xi ns f u n cti o n t o i n hi bit n e utr o p hil 

r e cr uit m e nt a n d i nfl a m m at or y f u n cti o n, it c a n si g n al f or m o n o c yt e mi gr ati o n ( C hi a n g et 

al., 2 0 0 6) . T h er ef or e, m y c o b a ct eri u m c o ul d cr e at e a n e n vir o n m e nt i n w hi c h i nfiltr ati n g  

n e utr o p hils a r e sti m ul at e d t o s e cr et e li p o xi ns, i n t ur n r e cr uiti n g m o n o c yt es, w hi c h 

ulti m at el y dif f er e nti at e i nt o m a cr o p h a g es. T his all o ws f or f urt h er i nf e cti o n, pr e v e nti o n of 

m a cr o p h a g e a p o pt osis, a n d dis s e mi n ati o n t hr o u g h o ut t h e h ost. Si m ult a n e o usl y, 

n e utr o p hil li p o xi n pr o d u cti o n pr e v e nts t h e cr oss -pr es e nt ati o n of a nti g e ns b y d e n driti c 

c ells, pr e v e nti n g t h e i niti ati o n of T c ell i m m u nit y ( Di et z ol d et al., 2 0 1 5; Di v a n g a hi et al., 
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2 0 1 0; T o bi n a n d R a m a kris h n a n, 2 0 1 3) . C oll e cti v el y , as a si g nifi c a nt pr o d u c er of li pi d 

m e di at ors, t his hi g hli g hts t h e criti c al n at ur e of n e ut r o p hils t o p at h o g e n c o ntr ol.  

 

7. 3  F ut u r e di r e cti o n s  

7. 3. 1  A r e all a p o pt oti c c ells c r e at e d e q u al ?  

I n C h a pt ers 4 a n d 5, I dis c uss e d t h e p ot e nti al f or c o m pl e xit y i n t h e i n d u cti o n of 

a p o pt oti c c as c a d es f ar b e y o n d w h at w e c urr e ntl y u n d erst a n d. I n Fi g ur e 5. 7 B, I s h o w e d 

t h at g ol dfis h n e utr o p hils d o i n f a ct p oss ess t h e c a p a cit y to i nt er n ali z e a p o pt oti c c ells, 

h o w e v er, t h e m et h o d b y w hi c h t h es e c ells u n d er g o c ell  d e at h is a bs ol ut el y criti c al. 

A p o pt oti c c ells ar e ess e nti al  i n dir e cti n g t h e i nfl a m m at or y r es p o ns e w h e n i nt er n ali z e d, 

b ut h o w t his e x a ctl y o c c urs is r el ati v el y u n k n o w n. F or e x a m pl e, r es e ar c h fr o m t h e 

B arr e d a l a b h as s h o w n t h at t h e i nt er n ali z ati o n of c y cl o h e x a mi d e g e n er at e d a p o pt oti c c ells 

b y t el e ost m a cr o p h a g es l e a ds t o t h e d o w n -r e g ul ati o n of pr o-i nfl a m m at or y r es p o ns es, 

n a m el y t h e pr o d u cti o n of R O S ( Ri e g er et al., 2 0 1 2). H o w e v er, i n C h a pt er 5, I s h o w e d 

t ha t g ol dfis h n e utr o p hils i n cr e as e d R O S pr o d u cti o n f oll o wi n g t h e u pt a k e of d yi n g 

m a cr o p h a g es pr e vi o usl y i nf e ct e d wit h A. v er o nii . T h e u pt a k e of s e e min gl y si mil ar d yi n g 

c ells r es ult e d  i n c o m pl et el y o p p osit e d o w nstr e a m r es p o ns es.  I n li g ht of t his, a n d wit h 

s e v e r al st u di es s u g g esti n g t h e i nt er n ali z ati o n of d yi n g c ells b y n e utr o p hils as criti c al 

e v e nts d uri n g i nfl a m m ati o n i n fis h a n d m a m m als ( Es m a n n et al., 2 0 1 0; Pr o k o p o wi c z et 

al., 2 0 1 2; T o b i n a n d R a m a kris h n a n, 2 0 1 3), f urt h er e x a mi n ati o n is n e c ess ar y. 

A p o pt oti c c ells h a v e alr e a d y b e e n s h o w n t o e x pr ess a wi d e v ari et y of s urf a c e 

r e c e pt ors ( e x. p h os p h ati d ys eri n e a n d t hr o m b os p o n di n), as w ell as h u m o ur al s e cr eti o ns 

( e x. fr a ct al ki n e, L P C a n d S 1 P ( H o c hr eit er-H uff or d a n d R a vi c h a n dr a n, 2 0 1 3) )  gi vi n g ris e 
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t o ‘fi n d m e’ a n d ‘ e at m e’ si g n als. T h us, I h y p ot h esi z e t h e c a us e  f or di v er g e nt r es p o ns es is 

t w o-f ol d: 1) t h e ‘fi n d m e’ si g n als r el e as e d b y d yi n g c ells will v ar y d e p e n di n g o n t h e 

m et h o d of i n d u cti o n, a n d 2) c ells u n d er g oi n g c ell d e at h e x hi bit diff er e nt ‘ e at m e’ s urf a c e 

m ar k ers c o nti n g e nt o n t h e m et h o d of i n d u cti o n, t h us pr es e nti n g its elf i n a u ni q u e m a n n er. 

B ot h ‘fi n d m e’ a n d ‘ e at m e’ si g n als will li k el y l e a d t o g e n e e x pr essi o n a n d f u n cti o n al 

c h a n g es i n t h e i nt er n ali zi n g c ell.  

A s e c o n d ar y, b ut c o m pli m e nt ar y li n e of e x a mi n ati o n s h o ul d als o i n v esti g at e t h e 

r ol e of n e utr o p hil a cti v ati o n o n t h e u pt a k e of a p o pt oti c c ells. T h e a cti v ati o n st at e m a y 

als o r e pr es e nt i m p ort a nt crit eri a f or a p o pt oti c c ell  i nt er n ali z ati o n. F urt h er, it w o ul d als o 

b e b e n efi ci al t o is ol at e t h e a p o pt oti c b o di es b as e d u p o n si z e a n d ass ess t h e c a p a cit y f or 

u pt a k e of i n cr e asi n gl y l ar g er a p o pt oti c b o di es. N e utr o p hils m a y i n f a ct b e c a p a bl e of 

i nt er n ali zi n g l ar g er p arti cl es th a n w e h a v e pr e vi o usl y o bs er v e d. T his w o ul d o p e n  a n 

e ntir el y n e w li n e of i n q uir y i nt o t h e p h a g o c yti c  m e c h a nis ms us e d b y n e utr o p hils, 

p ot e nti all y l e a di n g t o n o v el r e c e pt or or p at h w a y i d e ntifi c ati o n.   

 

7. 3. 2  E x a mi n e c r o s st al k b et w e e n m a c r o p h a g es a n d n e ut r o p hils d u ri n g 

i nf e cti o n 

I n C h a pt ers 5 a n d 6, I e x a mi n e d t h e r ol e of n e utr o p hils d uri n g i nf e cti o n wit h t w o 

pr o mi n e nt a q u ati c p at h o g e ns, A er o m o n as v er o nii  a n d M y c o b a ct eri u m f ort uit u m. F urt h er, 

b ot h p at h o g e ns ar e als o c a p a bl e of i nf e cti n g h u m a ns t o v ar yi n g d e gr e es of s e v erit y. 

D uri n g b ot h i nf e cti o ns, I f o u n d a si g nifi c a nt d e gr e e of i nt er pl a y b et w e e n n e utr o p hils a n d 

m a cr o p h a g es. I n C h a pt er 5, n e utr o p hils w er e r es p o nsi bl e f or i n t er n ali zi n g d yi n g 

m a cr o p h a g es t h at h a d b e e n pr e vi o usl y i nf e ct e d wit h A er o m o n as . T his l e a ds t o t w o 
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p arti c ul ar q u esti o ns. First, w h at h a p p e ns t o t h e m a cr o p h a g es o n c e t h e i nf e cti o n is u n d er 

c o n tr ol ? It s h o ul d b e n ot e d t h at I o bs er v e d n o i n cr e as e i n C C L 1 e x pr e ssi o n wit hi n t h e 

f ur u n cl e ( Fi g ur e 5. 5), a n d n o mi gr ati o n of m o n o c yt es d uri n g t h e e arl y st a g es of i nf e cti o n 

( Fi g ur e 5. 3/ 5. 4). I pr e di ct t h at t h e r e m ai ni n g m a cr o p h a g es (t h os e t h at w er e n ot kill e d b y 

A. v er o nii ) b e gi n t o pr olif er at e wit hi n t h e tiss u e . T his w oul d n ot b e t h e first ti m e r esi d e nt 

tiss u e m a cr o p h a g es h a v e b e e n o bs er v e d pr olif er ati n g i n vi v o d uri n g i nf e cti o n. F or 

e x a m pl e, i nf e cti o n wit h t h e n e m at o d e Lit o m os oi d es si g m o d o ntis  c a us es m a cr o p h a g es t o 

pr olif er at e i n t h e pl e ur al c a vit y of mi c e ( R ü c k erl a n d All e n, 2 0 1 4), a n d t h e pr olif er ati o n 

of tiss u e m a cr o p h a g es is  oft e n s e e n as a si g n at ur e of T h 2 i nfl a m m at or y r es p o ns es ( D a vi es 

et al., 2 0 1 3; D a vi es a n d T a yl or, 2 0 1 5; J e n ki ns et al., 2 0 1 1) . T his m a y p ot e nti all y b e 

e x a mi n e d t hr o u g h t h e us e of p erit o n e al i nj e ct e d Br d U ( w hi c h w e alr e a d y k n o w tr affi cs t o 

tiss u es wit hi n 1 h o ur), f oll o w e d b y tiss u e s e cti o ni n g a n d a nti b o d y st ai ni n g, a n d 

s u bs e q u e nt fl u or es c e nt mi cr os c o p y.  F oll o wi n g t h e r e g e n er ati o n of t h e m a cr o p h a g e 

p o p ul ati o n , I pr e di ct t h at n e utr o p hils will pl a y a si g nifi c a nt r ol e i n dri vi n g pr o-r es ol vi n g 

r es p o ns es, m u c h li k e I o bs er v e d i n C h a pt er 4.  T his l e a ds t o t h e s e c o n d q u esti o n, w h at 

r ol e, if a n y, d o n e utr o p hils e x hi bit i n tiss u e r e m o d eli n g ? M a n y c hr o ni c i nfl a m m at or y 

dis e as es ar e c h ar a ct eri z e d b y a s ust ai n e d i nfiltr ati o n of n e utr o p hils, i n cl u di n g c ysti c 

fi br osis a n d r h e u m at oi d art hritis. T h e u n co ntr oll e d i nfiltr ati o n a n d a cti v ati o n oft e n l e a ds 

t o s e v er e tiss u e d a m a g e. H o w e v er, n e utr o p hils h a v e als o b e e n s h o w n t o pr o d u c e pr ot ei ns 

t h at pr o m ot e a n gi o g e n esis a n d sti m ul at e k er ati n o c yt e a n d fi br o bl ast pr olif er ati o n  

( T h eil g a ar d-M ö n c h et al., 2 0 0 4) . I n a d diti o n, n e utr o p hils h a v e b e e n i m pli c at e d i n 

r e p airi n g c ar di a c tiss u e f oll o wi n g a n a c ut e h e art att a c k, b y p ol ari zi n g m a cr o p h a g es 

t o w ar d a r e p arati v e p h e n ot y p e  ( H or c k m a ns et al., 2 0 1 6). T h us, it is p ossi bl e n e utr o p hils 
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pl a y a si mil ar r ol e d uri n g t h e tiss u e r e p air pr o c ess f oll o wi n g f ur u n cl e f or m ati o n.  Fi g ur e 

7. 3  d e m o nstr at es h o w t his h y p ot h esis b uil ds u p o n m y c urr e nt fi n di n gs.  

I n C h a pt er 6, I f ou n d  is ol at e d n e utr o p hils t o b e l ess eff e ct i v e at killi n g M. 

f ort uit u m, w h e n c o m p ar e d t o t h e t ot al p o p ul ati o n of l e u k o c yt es. I n a d diti o n, s e v er al 

st u di es h a v e r e p ort e d t h e i nt er a cti o n of n e utr o p hils a n d m a cr o p h a g es i n d ef e ns e a g ai nst 

m y c o b a ct eri a, i n cl u di n g t h e u pt a k e of i nf e ct e d m a cr o p h a g es b y n e utr o p hils at 

gr a n ul o m as ( Y a n g et al., 2 0 1 2), a n d t h e a c q uisiti o n of n e utr o p hil gr a n ul es b y 

m a cr o p h a g es f or d o w nstr e a m a nti mi cr o bi al d ef e ns e a g ai nst i ntr a c ell ul ar m y c o b a ct eri a 

( T a n et al., 2 0 0 6). Wit h t his i n mi n d, it w o ul d b e i nt er esti n g t o e x a mi n e s p e cifi c p eri o ds 

d uri n g t h e  m y c o b a ct eri al i nf e cti o n f oll o wi n g t h e d e pl eti o n of eit h er p o p ul ati o n . O n e 

m et h o d b y w hi c h t his c a n b e a c hi e v e d is t hr o u g h d e pl eti o n b y a nti b o di es a g ai nst a 

s p e cifi c c ell ul ar m ar k er  ( e x. L y 6 G). I pr e di ct t h at if n e utr o p hils w er e d e pl et e d at 7 d pi, 

gr a n ul o m a f or m ati o n w o ul d b e c o m e s e v er e a n d a c hr o ni c i nfl a m m at or y st at e will e ns u e. 

T h e d e pl eti o n of n e utr o p hils w o ul d  r es ult i n a b uil d u p M. f ort uit u m  wit hi n t h e tiss u es 

d uri n g gr a n ul o m a f or m ati o n. I n a d diti o n, i nf e ct e d m a cr o p h a g es w o ul d c o nti n u e t o 

diss e mi n at e t hr o u g h o ut t h e h ost, f urt h er s pr e a di n g t h e dis e as e.  

 

7. 3. 3  D o t el e o st fis h p o s s e s s ‘ e m e r g e n c y g r a n ul o p oi esis’ ?  

D uri n g m y P h. D., I e x a mi n e d t h e pr olif er ati v e c a p a cit y of h e m at o p oi eti c c ells 

f oll o wi ng m ulti pl e i m m u n e c h all e n g es. I nt er esti n gl y, t h e o nl y ti m e I o bs er v e d  a n  i n cr e as e 

i n pr olif er ati o n w as f oll o wi n g p erit o n e al a d mi nistr ati o n of M. f ort uit u m.  U nf ort u n at el y, I 

w as u n a bl e t o d efi nit el y d et er mi n e if t his i n cr e as e i n t ot al l e u k o c yt e pr olif er ati o n dir e ctl y 

l e d t o a n i n cr e as e i n gr a n ul o p oi esis. H o w e v er, I pr e di ct t h at m u c h li k e m a m m als, t h e 
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t el e ost i m m u n e r es p o ns e i n v o k es ‘ e m er g e n c y gr a n ul o p oi esis’ d uri n g s ust ai n e d b a ct eri al 

c h all e n g es. F urt h er, I b eli e v e it w o ul d b e of m or e i m p ort a n c e t o t el e ost fis h d u e t o t h e 

l o w l e v els of cir c ul ati n g n e utr o p hils. H u m a ns ar e pr ep ar e d  t o s e n d t w o l ar g e w a v es of 

i nfiltr ati n g n e utr o p hils d uri n g t h e i nfl a m m at or y r es p o ns e, t h e first b ei n g n e utr o p hils i n 

cir c ul ati o n, a n d t h e s e c o n d b ei n g  n e utr o p hils r el e as e d fr o m t h e b o n e m arr o w. D u e t o t h e 

f a ct t h at t el e ost fis h p oss ess f ar l o w er l e v els of p eri p h er al n e utr o p hils, t h e a bilit y t o 

i niti at e e m er g e n c y gr a n ul o p oi esis b e c o m es e v e n m or e i m p ort a nt. T his b e c o m es e v e n 

m or e i nt er esti n g if t h e p at h o g e n is c a p a bl e of alteri n g t h e h e m at o p oi eti c r es p o ns e of t h e 

h ost. A n i nt er esti n g a p pr o a c h t o e x a mi n e t his q u esti o n w o ul d b e t o b e gi n wit h m ulti pl e 

s e q u e nti al i nj e cti o ns of z y m os a n ( c o ntr oll e d p at h o g e n mi mi c), w hil e m o nit ori n g 

n e utr o p hil mi gr ati o n. T his w o ul d b e p air e d wit h a n  i n vi v o Br d U ass a y o n is ol at e d 

h e m at o p oi eti c n e utr o p hils. T o g et h er t his m a y pr o vi d e i nsi g ht i nt o n e utr o p hil s p e cifi c 

pr olif er ati o n a n d mi gr ati o n f oll o wi n g r e p e at e d e x p os ur es.   

 

7. 3. 4  A c ut e i nfl a m m at o r y r es p o n s e i n mi c e f oll o wi n g A. v e r o nii  

c h all e n g e  

A. v er o nii  h as  b e e n i m pli c at e d i n n u m er o us i nf e cti o ns i n m a m m als ( L o wr y et al., 

2 0 1 4) , i n cl u di n g w o u n d a n d s oft -tiss u e d a m a g e. I n C h a pt er 5, I us e d a f ur u n cl e m o d el of 

i nf e cti o n i n g ol dfis h t o a n al y z e t h e a c ut e i nfl a m m at or y r es p o ns e a g ai nst A. v er o nii . Usi n g 

a  c o m p ar a bl e f o ot p a d i nf e cti o n m o d el, w e c o ul d di g d e e p er i nt o t h e m e c h a nis ms of t h e 

a c ut e i nfl a m m at or y r es p o ns e a g ai nst A. v er o nii . T his b e c o m es m or e b e n efi ci al as o ur 

a bilit y t o a n al y z e i n di vi d u al c ell ul ar s u bs ets wit hi n mi x e d p o p ul ati o ns i n c r e as es d u e t o 

t h e a v ail a bilit y of n u m er o us l a b eli n g r e a g e nts. H ar n essi n g st at e-of -t h e-art  m ulti -p h ot o n 
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mi cr os c o p y  all o ws  f or a n i n vi v o e x a mi n ati o n of  n e utr o p hils, t h eir i nt er a cti o ns wit h ot h er 

l e u k o c yt es, as w ell as t h eir m o v e m e nt wit hi n t h e tiss u e.  

In C h a pt er 5, I h y p ot h esi z e d t h at n e utr o p hils w er e first mi gr ati n g t o t h e s urf a c e of 

t h e f ur u n cl e i n or d er t o cl e ar t h e i ntr u di n g p at h o g e n. Fr o m t h er e, w e s p e c ul at e d t h at 

n e utr o p hils mi gr at e d d e e p er i nt o t h e m us cl e tiss u e i n or d er t o i niti at e r es ol uti o n a n d 

tiss u e r e p air. I pr e di ct t h at m a m m ali a n n e utr o p hils will d o j ust t h at, s u bst a nti ati n g t h e 

d at a I f o u n d i n g ol dfis h. M a m m ali a n n e utr o p hils will dis pl a y pr o mi n e nt r ol es i n p at h o g e n 

cl e ar a n c e, a cti n g as t h e ‘ q u art er b a c k’ of t h e i m m u n e s yst e m u ntil m a cr o p h a g es 

pr olif er at e a n d o ut n u m b er A. v er o nii.  O n t his n ot e, e x a mi ni n g t his i nf e cti o n i n mi c e 

w o ul d als o all o w us to d et er mi n e if m a m m ali a n m o n o c yt e mi gr ati o n is i m p a ct e d, 

si mil arl y t o t el e ost m o n o c yt es. If m o n o c yt es ar e r e cr uit e d d uri n g i nf e cti o n i n mi c e, t his 

cr e at es a u ni q u e sit u ati o n b y w hi c h t h e t el e ost i m m u n e s yst e m r es p o n ds t o A. v er o nii  

i nf e cti o n, or h o w A. v er o nii is c a p a bl e of m o d ul ati n g m o n o c yt e r e cr uit m e nt. 

Fi n all y, m ulti -p h ot o n mi cr os c o p y  w o ul d all o w f or t h e vis u ali z ati o n of  n e utr o p hils 

i nt er a cti n g wit h a p o pt oti c m a cr o p h a g es i n vi v o. T his w o ul d c orr o b or at e t h e e x vi v o  

r es ults I o bs er v e d i n g ol dfis h. F urt h er, it m a y pr o vi d e a d diti o n al i nsi g hts i nt o t h e 

m e c h a nis m b y w hi c h u pt a k e is o c c urri n g. B y l a b eli n g wit h s p e cifi c m ar k ers, w e m a y b e 

a bl e t o d et er mi n e w hi c h r e c e pt ors ar e e x pr ess e d o n n e utr o p hils a n d/ or a p o pt oti c 

m a cr o p h a g es b ot h d uri n g a n d p ost u pt a k e. Ult i m at el y, e x a mi ni n g t h e r es p o ns e of 

diff er e nt s p e ci es a g ai nst t h e s a m e p at h o g e n w o ul d all o w us t o o bs er v e t h e e v ol uti o n of 

c ell ul ar f u n cti o n  a n d t h e o v er all a c ut e i nfl a m m at or y r es p o ns e  d uri n g si mil ar i nf e cti o n s.  
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7. 4  R el e v a n c e  

7. 4. 1  T o a q u a c ult u r e  

C o m m er ci al o v erfis hi n g h as b e c o m e a n e n d e mi c pr o bl e m t hr o u g h o ut o ur  o c e a ns. 

Wit h d wi n dli n g wil d fis h p o p ul ati o ns, a q u a c ult ur e h as b e c o m e a pri m ar y alt er n ati v e t o 

i n cr e as e t h e pr o d u cti o n n e e d e d t o f e e d o ur gro wi n g pl a n et. H o w e v er, t his is n o t wit h o ut 

its c h all e n g es. On e of a q u a c ult ur e’s gr e at est h urtl es is t h e pr e v e nti o n of i nf e cti o n wit hi n 

fis h st o c ks. B ot h A er o m o n as a n d M y c o b a ct eri u m h a v e b e e n ass o ci at e d wit h si g nifi c a nt 

o ut br e a ks i n f ar m e d fis h, oft e n  l e a di n g t o m ass d e at hs. T h e d e v el o p of p ot e nti al v a c ci n es 

is alr ea d y b ei n g e x a mi n e d, w h er e r e c o m bi n a nt O m p 4 8 fr o m A. h y dr o p hil a  ( als o f o u n d i n 

m a n y ot h er a er o m o n a ds) h as b e e n s h o w n t o i n d u c e pr ot e cti v e r es p o ns es i n r o h u c ar p 

( K h us hir a m a ni et al., 2 0 1 2). T h us, f urt h eri n g o ur u n d erst a n di n g of h o w t h es e p at h o g e ns  

i nf e ct a n d e v a d e i m m u n e r es p o ns es, as w ell as t h e m e c h a nis ms of h ost d ef e ns e f oll o wi n g 

i nf e cti o n m a y l e a d t o t h e d e v el o p m e nt of a d diti o n al str at e gi es f or dis e as e pr e v e nti o n.  

 

7. 4. 2   T o b a si c bi ol o g y  

N e utr o p hils ar e f u n d a m e nt al f or h ost d ef e ns e a n d t h e pr o p er c o or di n ati o n of 

i nfl a m m at or y r es p o nses. It is w ell k n o w n t h at n e utr o p hil d e pl eti o n r es ults i n p o or 

i n d u cti o n of i nfl a m m at or y r es p o ns es a n d i m pr o p er p at h o g e n cl e ar a n c e. H o w e v er, as w e 

c o nti n u e t o e x a mi n e t h eir r ol es t hr o u g h o ut i nfl a m m ati o n, w e ar e dis c o v eri n g t h e criti c al 

f u n cti o n of n e utr o p hils t o t h e i n d u cti o n of r es ol uti o n r es p o ns es a n d tiss u e r e p air 

m e c h a nis ms. F urt h er, b y st u d yi n g n e utr o p hils i n l o w er v ert e br at es w e will g ai n a d d e d 

i nf or m ati o n o n t h eir m e c h a nis ms of i nfl a m m at or y r e g ul ati o n, an d t h eir r es p e cti v e 
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c o ns er v ati o n wit hi n hi g h er v ert e br at es. F urt h er, b asi c bi ol o gi c al r es e ar c h ulti m at el y 

b e c o m es t h e f o u n d ati o n o n w hi c h n o v el m e di c al t h er a pi es c a n b e d e v el o p e d.  

 

7. 4. 3  T o i nfl a m m at o r y di s e a s e s  

N e utr o p hils ar e at t h e c e nt er of n u m er o us c hr o ni c i nfl a m m at or y or a ut oi m m u n e 

dis e as es, i n cl u di n g b ut n ot li mit e d t o c ysti c fi br osis, r h e u m at oi d art hritis, a n d s yst e mi c 

l u p us er yt hr e m at os us. T h e y oft e n pl a y a c e ntr al r ol e i n i niti atin g a n d p er p et u ati n g  

a b err a nt i m m u n e r es p o ns es a n d t h e s u bs e q u e nt tiss u e d a m a g e d uri n g  t h es e c o n diti o ns. 

C urr e ntl y, m a n y r es e ar c h es ar e e x a mi ni n g  s p e cifi c n e utr o p hil f u n cti o ns or m ol e c ul es as 

t h er a p e uti c str at e gi es t o h el p pr e v e nt dis e as e pr o gr essi o n. F or e x a m pl e, bl o c ki n g 

n e utr o p hil c h e m ot a cti c f a ct ors s u c h as L T B 4 ( BII L 2 8 4- a nt a g o nist) a n d C X C L 8 ( G S K -

6 5 6 9 3 3 - C X C R 2 a nt a g o nist) or t h eir r es p e cti v e r e c e pt ors is o n e c urr e nt a p pr o a c h b ei n g 

i n v esti g at e d ( B ar n es, 2 0 0 7). A n ot h er i n cl u d es i n hi biti n g a d h esi o n m ol e c ul es i n cl u di n g E-

s el e cti n ( Bi m osi a m os e)  ( B ar n es, 2 0 0 7). A t hir d bl o c ks t h e f u n cti o n of 5 -li p o x y g e n as e 

( Zil e ut o n), pr e v e nti n g t h e f or m ati o n of t h e L T B4  pr e c urs or, L T A 4  (B ar n es, 2 0 0 7) . 

T h er ef or e, c o nti n ui n g t o u n c o v er t h e m e c h a nis ms of mi gr ati o n, i nfiltr ati o n, a n d f u n cti o n 

of n e utr o p hils a cr oss t h e i nfl a m m at or y s p e ctr u m b e c o m es criti c al t o d e v el o pi n g n o v el 

t h er a pi es t o c o ntr ol dis e as e. 

 

7. 5  S u m m a r y  

T h e pri m ar y o bj e cti v e of m y P h. D. w as t o e x a mi n e t h e e v ol vi n g c o ntri b uti o n of 

n e utr o p hils t o t h e i n d u cti o n, r e g ul ati o n, a n d r es ol uti o n of i nfl a m m ati o n. I f o c us e d o n t h e 

e ntir e i nfl a m m at or y c as c a d e, e x a mi ni n g  t h e r ol e of h e m at o p oi eti c n e utr o p hils, t h e 
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ki n et i cs of n e utr o p hil mi gr ati o n a n d s u bs e q u e nt i nfiltr ati o n , a n d t h eir f u n cti o n t hr o u g h o ut 

v ari o us i nfl a m m at or y r es p o ns es. S p e cifi c all y, m y r es e ar c h h as e x p a n d e d o ur c urr e nt 

u n d erst a n di n g of t h e pl asti cit y of n e utr o p hils a n d t h e i m p ort a n c e of t h es e c ells t o t h e 

i niti ati o n of r es ol vi n g e v e nts wit hi n a n i nfl a m m at or y sit e. F urt h er, u n c o v eri n g n o v el 

m et h o ds  of  i nfl a m m at ory c o ntr ol o p e ns t h e d o or f or a d diti o n al str at e g i es t o pr e v e nt a n d 

c o ntr ol b ot h a q u a c ult ur e a n d h u m a n i nfl a m m at or y dis e as es.  

 

  



� � � ��

 
Fi g u r e 7. 1. Ki n eti cs of li pi d m e di at o r r el e as e a n d t h ei r d o w nst r e a m eff e cts i n t el e ost 
fis h d u ri n g t h e i n d u cti o n a n d r es ol uti o n p h as e of i nfl a m m ati o n. 
 
I nfiltr ati n g n e utr o p hils r el e as e b ot h L T B4  a n d P G D2 , wit h L T B4  c o ntri b uti n g t o t h e 
a cti v ati o n of b ot h m a cr o p h a g es a n d n e utr o p hils t hr o u g h o ut t h e i n d u cti o n p h as e. D uri n g 
t h e tr a nsiti o n p h as e, P G E2  (li k el y fr o m i nfiltr ati n g m o n o c yt es) a c c u m ul at es, l e a di n g t o a 
li pi d m e di at or cl ass s wit c h i n n e utr o p hils. N e utr o p hils c o nti n u e s e cr eti n g P G D2  a n d b e gi n 
r el e asi n g L X A4 , l e a di n g t o t h e i n hi biti o n of n e utr o p hil a n d m a cr o p h a g e pr o-i nfl a m m at or y 
r es p o ns es. F urt h er, L X A4  pr o m ot es t h e u pt a k e of a p o pt oti c n e utr o p hils b y m a cr o p h a g es. 
S oli d bl a c k li n es i n di c at e t h e tr a nsiti o n/ diff er e nti ati o n of c ells. T h e d o w nstr e a m eff e cts 
( b ot h a ut o cri n e a n d p ar a cri n e) of s ol u bl e m e di at ors ar e r e pr es e nt e d b y d as h e d li n es. 
D as h e d li n es e n di n g i n a n arr o w i n di c at e a cti v ati n g eff e cts, w hil e d as h e d li n es e n di n g i n 
a p er p e n di c ul ar li n e r e pr es e nt i n hi bit or y eff e cts.  
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Fi g u r e 7. 2. D o w nst r e a m r es p o ns es  f oll o wi n g A er o m o n as i n d u c e d p y r o pt osis o r 
a p o pt osis i n m a c r o p h a g es.  
 
A er o m o n as s p p. h as b e e n s h o w n t o i n d u c e b ot h p yr o pt osis a n d a p o pt osis i n m a cr o p h a g es. 
T his w as c orr o b or at e d b y d at a I f o u n d i n C h a pt er 5. T his fi g ur e s u m m ari z es t h e p ot e nti al 
o ut c o m es f oll o wi n g eit h er f or m of c ell d e at h. T y pi c al h ost r es p o ns es c a n b e f o u n d i n 
bl a c k. Gr e e n t e xt r e pr es e nts t h e g o al s/ or k n o w n o ut c o m es of  t h e h ost d uri n g t h e i m m u n e 
r es p o ns e. R e d t e xt hi g hli g hts t h e go als of A er o m o n as  v er o nii  i n or d er t o cir c u m v e nt h ost 
d ef e ns e, l e a di n g t o f urt h er i nf e cti o n.  
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Fi g u r e 7. 3. C o nt ri b uti o n of n e ut r o p hils t o t h e d ef e ns e a g ai nst A er o m o n as v er o nii. 
 
A er o m o n as v er o nii i n v asi o n of t h e h ost r es ults i n t h e i n d u cti o n of c ell d e at h wit hi n tiss u e 
m a cr o p h a g es. As dis c uss e d a b o v e, n e utr o p hils ar e r e cr uit e d t o t h e i nf e cti o n sit e w h er e 
t h e y i nt er n ali z e A. v er o nii , l e a di n g t o its ulti m at e d estr u cti o n. I n a d diti o n, n e utr o p hils 
i nt er n ali z e d e a d or d yi n g m a cr o p h a g e, l e a di n g t o t h e i n d u cti o n of pr o-i nfl a m m at or y 
r e a cti v e o x y g e n s p e ci es, f urt h er pr o p a g ati n g t h e i nfl a m m at or y r es p o ns e. S oli d bl a c k li n es 
r e pr es e nt t h es e r es ults. At t his p oi nt, I h y p ot h esi z e n e utr o p hils mi gr at e d e e p er i nt o t h e 
m us cl e tiss u e/ d er mis w h er e t h e y pl a y a r ol e i n tiss u e r e p air a n d t h e r es ol uti o n of 
i nfl a m m ati o n. Si m ult a n e o usl y, t h e r e m ai ni n g m a cr o p h a g e p o p ul ati o n u n d er g o es 
pr olif er ati o n e x p a n di n g t h e n u m b er of tiss u e m a cr o p h a g es. T h es e m a cr o p h a g es will 
ulti m at el y i nt er n ali z e t h e a p o pt oti c n e utr o p hils a n d c o nti n u e t o r e g ul at e tiss u e r e p air 
pr o c ess es. T h e h y p ot h esi z e d o ut c o m es ar e r e pr es e nt e d b y gr e y li n es.  
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a c as p as e -3 a n d T N F d e p e n d e nt p at h w a y. B M C Mi cr o bi ol. 1 0, 2 3 7. 
d oi: 1 0. 1 1 8 6/ 1 4 7 1 -2 1 8 0 -1 0 -2 3 7  
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p h a g o c yt e r es pir at or y b urst c a p a bilit y. St u di es o n t h e g e n e e x pr essi o n of s e v er al 
N A D P H o xi d as e c o m p o n e nts. J. Bi ol. C h e m. 2 6 5, 2 0 2 4 1 – 2 0 2 4 6.  

C a ulfi el d, A.J., L at h e m, W. W., 2 0 1 2. S u bstr at es of t h e Pl as mi n o g e n A cti v at or Pr ot e as e 
of Y ersi ni a p estis. A d v. E x p. M e d. Bi ol. 9 5 4, 2 5 3 – 2 6 0. d oi: 1 0. 1 0 0 7/ 9 7 8 -1 -4 6 1 4 -
3 5 6 1 -7 _ 3 2  

C h a c ó n, M. R., S ol er, L., Gr ois m a n, E. A ., G u arr o, J., Fi g u er as, M.J., 2 0 0 4. T y p e III 
S e cr eti o n S yst e m G e n es i n Cli ni c al A er o m o n as Is ol at es. J. Cli n. Mi cr o bi ol. 4 2, 
1 2 8 5 – 1 2 8 7. d oi: 1 0. 1 1 2 8/J C M. 4 2. 3. 1 2 8 5 -1 2 8 7. 2 0 0 4  

C h a d zi ns k a, M., K ol a c z k o ws k a, E., S cisl o ws k a -C z ar n e c k a, A., V a n R o oij e n, N., Pl yt y c z , 
B., 2 0 0 4. Eff e cts of M a cr o p h a g e D e pl eti o n o n P erit o n e al I nfl a m m ati o n i n S wiss 
Mi c e, E di bl e Fr o gs a n d G ol dfis h. F oli a Bi ol ( Kr a k o w) 5 2, 2 2 5 – 3 1.  

C h a d zi ns k a, M., L e o n -Kl o ost er zi el, K. M., Pl yt y c z, B., Li d y V er b ur g -v a n K e m e n a d e, 
B. M., 2 0 0 8. I n vi v o ki n eti cs o f c yt o ki n e e x pr essi o n d uri n g p erit o nitis i n c ar p: 
E vi d e n c e f or i n n at e a n d alt er n ati v e m a cr o p h a g e p ol ari z ati o n. D e v. C o m p. 
I m m u n ol. 3 2, 5 0 9– 5 1 8. d oi: 1 0. 1 0 1 6/j. d ci. 2 0 0 7. 0 8. 0 0 8  

C h a v es -P o z o, E., G u ar di ol a, F. A., M es e g u er, J., Est e b a n, M. A., C u est a, A., 2 0 1 2. 
N o d a vir us i nf e cti o n i n d u c es a gr e at i n n at e c ell -m e di at e d c yt ot o xi c a cti vit y i n 
r esist a nt, gilt h e a d s e a br e a m, a n d s us c e pti bl e, E ur o p e a n s e a b ass, t el e ost fis h. Fis h 
S h ellfis h I m m u n ol. 3 3, 1 1 5 9 – 1 1 6 6. d oi: 1 0. 1 0 1 6/j.fsi. 2 0 1 2. 0 9. 0 0 2  

C h a v es -P o z o, E., M u ñ o z, P., L ó p e z -M u ñ o z, A., P el e grí n, P., A y al a, A. G., M ul er o, V., 
M es e g u er, J., 2 0 0 5 a. E arl y i n n at e i m m u n e r es p o ns e a n d r e distri b uti o n of 
i nfl a m m at or y c ells i n t h e b o n y fis h gilt h e a d s e a br e a m e x p eri m e nt all y i nf e ct e d 
wit h Vi bri o a n g uill ar u m. C ell Tiss u e R es. 3 2 0, 6 1 – 6 8. d oi: 1 0. 1 0 0 7/s 0 0 4 4 1 -0 0 4 -
1 0 6 3 -7  

C h a v es -P o z o, E., M u ñ o z, P., L ó p e z -M u ñ o z, A., P el e grí n, P., A y al a, A. G., M ul er o, V., 
M es e g u er, J., 2 0 0 5 b. E arl y i n n at e i m m u n e r es p o ns e a n d r e distri b uti o n of 
i nfl a m m at or y c ells i n t h e b o n y fis h gilt h e a d s e a br e a m e x p eri m e nt ally i nf e ct e d 
wit h Vi bri o a n g uill ar u m. C ell Tiss u e R es. 3 2 0, 6 1 – 6 8. d oi: 1 0. 1 0 0 7/s 0 0 4 4 1 -0 0 4 -
1 0 6 3 -7  

C h e ers, C., H ai g h, A. M., K els o, A., M et c alf, D., St a nl e y, E. R., Y o u n g, A. M., 1 9 8 8. 
Pr o d u cti o n of c ol o n y -sti m ul ati n g f a ct ors ( C S Fs) d uri n g i nf e cti o n: s e p ar at e 
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d et er mi n ati o ns of m a cr o p h a g e -, gr a n ul o c yt e-, gr a n ul o c yt e-m a cr o p h a g e -, a n d 
m ulti -C S Fs. I nf e ct. I m m u n. 5 6, 2 4 7 – 2 5 1.  

C h e n, G., G o e d d el, D. V., 2 0 0 2. T N F -R 1 Si g n ali n g: A B e a utif ul P at h w a y. S ci e n c e 2 9 6, 
1 6 3 4 – 1 6 3 5. d oi: 1 0. 1 1 2 6/s ci e n c e. 1 0 7 1 9 2 4  

C h e n, J., X u, Q., W a n g,  T., C oll et, B., C orri pi o -Mi y ar, Y., Bir d, S., Xi e, P., Ni e, P., 
S e c o m b es, C.J., Z o u, J., 2 0 1 3. P h yl o g e n eti c a n al ysis of v ert e br at e C X C 
c h e m o ki n es r e v e als n o v el li n e a g e s p e cifi c gr o u ps i n t el e ost fis h. D e v. C o m p. 
I m m u n ol. 4 1, 1 3 7– 1 5 2. d oi: 1 0. 1 0 1 6/j. d ci. 2 0 1 3. 0 5. 0 0 6  

C h e n, M., Di v a n g a hi, M., G a n, H., S hi n, D. S.J., H o n g, S., L e e, D. M., S er h a n, C. N., 
B e h ar, S. M., R e m ol d, H. G., 2 0 0 8. Li pi d m e di at ors i n i n n at e i m m u nit y a g ai nst 
t u b er c ul osis: o p p osi n g r ol es of P G E 2 a n d L X A 4 i n t h e i n d u cti o n of m a cr o p h a g e 
d e at h. J. E x p. M e d. 2 0 5, 2 7 9 1 – 2 8 0 1. d oi: 1 0. 1 0 8 4/j e m. 2 0 0 8 0 7 6 7  

C h e n, S., A d a ms, A., T h o m ps o n, K. D., Ri c h ar ds, R. H., 1 9 9 8. El e ctr o n mi cr os c o p e 
st u di es of t h e i n vitr o p h a g o c yt osis of M y c o b a ct eri u m s p p. b y r ai n b o w tr o ut 
O n c or h y n c h us m y kiss h e a d ki d n e y m a cr o p h a g es. Dis. A q u at. Or g a n. 3 2, 9 9 – 1 1 0. 
d oi: 1 0. 3 3 5 4/ d a o 0 3 2 0 9 9  

C h e n, T., T oi v a n e n, P., V ai ni o, O., 2 0 0 2. S u p pr essi o n of a nti g e n -s p e cifi c l y m p h o c yt e 
pr olif er ati o n b y Gr a m -p ositi v e b a ct eri al c ell w alls. A P MI S 1 1 0, 4 9 0 – 4 9 8. 
d oi: 1 0. 1 0 3 4/j. 1 6 0 0 -0 4 6 3. 2 0 0 2. 1 0 0 6 0 7. x  

C hi a n g, N., S er h a n, C. N., D a hl é n, S. -E., Dr a z e n, J. M., H a y, D. W. P., R o v ati, G. E., 
S hi mi z u, T., Y o k o mi z o, T., Bri n k, C., 2 0 0 6. T h e Li p o xi n R e c e pt or A L X: P ot e nt 
Li g a n d -S p e cifi c a n d St er e os el e cti v e A cti o ns i n Vi v o. P h ar m a c ol. R e v. 5 8, 4 6 3 –
4 8 7. d oi: 1 0. 1 1 2 4/ pr. 5 8. 3. 4  

C h oi, H. -H., Ki m, K. -K., Ki m, K. D., Ki m, H. -J., J o, E. -K., S o n g, C. -H., 2 0 1 1. Eff e cts of 
m y c o b a ct eri al i nf e cti o n o n pr olif er ati o n of h e m at o p oi eti c pr e c urs or c ells. 
Mi cr o b es I nf e ct. 1 3, 1 2 5 2 – 1 2 6 0. d oi: 1 0. 1 0 1 6/j. mi ci nf. 2 0 1 1. 0 8. 0 0 1  

C hrist, M., M c C art n e y -Fr a n cis, N. L., K ul k ar ni, A. B., W ar d, J. M., Mi z el, D. E., M a c k all, 
C. L., Gr ess, R. E., Hi n es, K. L., Ti a n, H., K arlss o n, S., 1 9 9 4. I m m u n e 
d ysr e g ul ati o n i n T G F -b et a 1 -d efi ci e nt mi c e. J. I m m u n ol. 1 5 3, 1 9 3 6 – 1 9 4 6.  

C hrist off erss o n, G., V å g esj ö, E., V a n d o or e n, J., Li d é n, M., M ass e n a, S., R ei n ert, R. B., 
Briss o v a, M., P o w ers, A. C., O p d e n a k k er, G., P hilli ps o n, M., 2 0 1 2. V E G F -A 
r e cr uits a pr o a n gi o g e ni c M M P-9 – d eli v eri n g n e utr o p hil s u bs et t h at i n d u c es 
a n gi o g e n esis i n tr a ns pl a nt e d h y p o xi c tiss u e. Bl o o d 1 2 0, 4 6 5 3 – 4 6 6 2. 
d oi: 1 0. 1 1 8 2/ bl o o d -2 0 1 2 -0 4 -4 2 1 0 4 0  

Cl àri a, J., S er h a n, C. N., 1 9 9 5. As piri n tri g g ers pr e vi o usl y u n d es cri b e d bi o a cti v e 
ei c os a n oi ds b y h u m a n e n d ot h eli al c ell -l e u k o c yt e i nt er a cti o ns. Pr o c. N atl. A c a d. 
S ci. U. S. A. 9 2, 9 4 7 5 – 9 4 7 9.  

Cl ar k -L e wis, I., S c h u m a c h er, C., B a g gi oli ni, M.,  M os er, B., 1 9 9 1. Str u ct ur e -a cti vit y 
r el ati o ns hi ps of i nt erl e u ki n-8 d et er mi n e d usi n g c h e mi c all y s y nt h esi z e d a n al o gs. 
Criti c al r ol e of N H 2 -t er mi n al r esi d u es a n d e vi d e n c e f or u n c o u pli n g of n e utr o p hil 
c h e m ot a xis, e x o c yt osis, a n d r e c e pt or bi n di n g a cti viti es. J . Bi ol. C h e m. 2 6 6, 
2 3 1 2 8 – 2 3 1 3 4.  

Cl a y, H., D a vis, J. M., B e er y, D., H utt e nl o c h er, A., L y o ns, S., R a m a kris h n a n, L., 2 0 0 7. 
Di c h ot o m o us R ol e of t h e M a cr o p h a g e i n E arl y M y c o b a ct eri u m m ari n u m 
I nf e cti o n of t h e Z e br afis h. C ell H ost Mi cr o b e 2, 2 9– 3 9. 
d oi: 1 0. 1 0 1 6/j. c h o m. 2 0 0 7. 0 6. 0 0 4  
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Cl e m e ns, D. L., L e e, B. -Y., H or wit z, M. A., 2 0 0 0. D e vi a nt E x pr essi o n of R a b 5 o n 
P h a g os o m es C o nt ai ni n g t h e I ntr a c ell ul ar P at h o g e ns M y c o b a ct eri u m t u b er c ul osis 
a n d L e gi o n ell a p n e u m o p hil a Is Ass o ci at e d wit h Alt er e d P h a g os o m al F at e. I nf e ct. 
I m m u n. 6 8, 2 6 7 1 – 2 6 8 4.  

Cl e m e nti, E., 1 9 9 8. R ol e of Nitri c O xi d e a n d Its I ntr a c ell ul ar Si g n alli n g P at h w a ys i n t h e 
C o ntr ol of C a 2 H o m e ost asis. Bi o c h e m. P h ar m a c ol. 5 5, 7 1 3 – 7 1 8. 
d oi: 1 0. 1 0 1 6/ S 0 0 0 6 -2 9 5 2( 9 7) 0 0 3 7 5 -4  

Clis h, C. B., O’ Bri e n, J. A., Gr o n ert, K., St a hl, G. L., P et asis, N. A., S er h a n, C. N., 1 9 9 9. 
L o c al a n d s yst e mi c d eli v er y of a st a bl e as piri n -tri g g er e d li p o xi n pr e v e nts 
n e utr o p hil r e cr uit m e nt i n vi v o. Pr o c. N atl. A c a d. S ci. U. S. A. 9 6, 8 2 4 7 – 8 2 5 2.  

C ol ott a, F., R e, F., M u zi o, M., B erti ni, R., P ol e nt ar utti, N., Sir o ni, M., Giri, J. G., D o w er, 
S. K., Si ms, J. E., M a nt o v a ni, A., 1 9 9 3. I nt erl e u ki n -1 t y p e II r e c e pt or: a d e c o y 
t ar g et f or I L-1 t h at is r e g ul at e d b y I L -4. S ci e n c e 2 6 1, 4 7 2 – 4 7 5. 
d oi: 1 0. 1 1 2 6/s ci e n c e. 8 3 3 2 9 1 3  

C ol ott a, F., R e, F., P ol e nt ar utti, N., S o z z a ni, S., M a nt o v a ni, A., 1 9 9 2. M o d ul ati o n of 
gr a n ul o c yt e s ur vi v al a n d pr o gr a m m e d c ell d e at h b y c yt o ki n es a n d b a ct eri al 
pr o d u cts. Bl o o d 8 0, 2 0 1 2 – 2 0 2 0.  

C o nl o n, J. M., S o n n e v e n d, A., 2 0 1 0. A nti mi cr o bi al P e pti d es i n Fr o g S ki n S e cr eti o ns, i n: 
Gi uli a ni, A., Ri n al di, A. C. ( E ds.) , A nti mi cr o bi al P e pti d es, M et h o ds i n M ol e c ul ar 
Bi ol o g y. H u m a n a Pr ess, p p. 3 – 1 4. d oi: 1 0. 1 0 0 7/ 9 7 8 -1 -6 0 7 6 1 -5 9 4 -1 _ 1  

C o nt ass ot, E., B e er, H., Fr e n c h, L., 2 0 1 2. I nt erl e u ki n -1, i nfl a m m as o m es, 
a ut oi nfl a m m ati o n a n d t h e s ki n. S wiss M e d. W kl y. d oi: 1 0. 4 4 1 4/s m w. 2 0 1 2. 1 3 5 9 0  

C o o p er, A., Or m e, I., 1 9 9 3. Diss e mi n at e d t u b er c ul osis i n i nt erf er o n g a m m a g e n e -
disr u pt e d mi c e. J. E x p. M e d. 1 7 8, 2 2 4 3 – 2 2 4 7.  

C orl eis, B., K or b el, D., Wils o n, R., B yl u n d, J., C h e e, R., S c h ai bl e, U. E., 2 0 1 2. Es c a p e of 
M y c o b a ct eri u m t u b er c ul osis fr o m o xi d a ti v e killi n g b y n e utr o p hils. C ell. 
Mi cr o bi ol. 1 4, 1 1 0 9 – 1 1 2 1. d oi: 1 0. 1 1 1 1/j. 1 4 6 2 -5 8 2 2. 2 0 1 2. 0 1 7 8 3. x  

C os m a, C. L., Kl ei n, K., Ki m, R., B e er y, D., R a m a kris h n a n, L., 2 0 0 6. M y c o b a ct eri u m 
m ari n u m Er p Is a Vir ul e n c e D et er mi n a nt R e q uir e d f or C ell W all I nt e grit y a n d 
I ntr a c ell ul ar S ur vi v al. I nf e ct. I m m u n. 7 4, 3 1 2 5– 3 1 3 3. d oi: 1 0. 1 1 2 8/I AI. 0 2 0 6 1 -0 5  

C o uss e ns, L. M., W er b, Z., 2 0 0 2. I nfl a m m ati o n a n d c a n c er. N at ur e 4 2 0, 8 6 0 – 8 6 7. 
d oi: 1 0. 1 0 3 8/ n at ur e 0 1 3 2 2  

Cr o wl e, A.J., D a hl, R., R oss, E., M a y, M. H., 1 9 9 1. E vi d e n c e t h at v esi cl es c o nt ai ni n g 
li vi n g, vir ul e nt M y c o b a ct eri u m t u b er c ul osis or M y c o b a ct eri u m a vi u m i n c ult ur e d 
h u m a n m a cr o p h a g es ar e n ot a ci di c. I nf e ct. I m m u n. 5 9, 1 8 2 3 – 1 8 3 1.  

C u est a, A., M es e g u er, J., Est e b a n, M. Á., 2 0 0 8. T h e a nti mi cr o bi al p e pti d e h e p ci di n e x erts 
a n i m p ort a nt r ol e i n t h e i n n at e i m m u nit y a g ai nst b a ct eri a i n t h e b o n y fis h gilt h e a d 
s e a br e a m. M ol. I m m u n ol. 4 5, 2 3 3 3 – 2 3 4 2. d oi: 1 0. 1 0 1 6/j. m oli m m. 2 0 0 7. 1 1. 0 0 7  

D a c a n a y, A., K ni c kl e, L., S ol a n k y, K. S., B o y d, J. M., W alt er, J. A., Br o w n, L. L., J o h ns o n, 
S. C., R eit h, M., 2 0 0 6. C o ntri b uti o n of t h e t y p e III s e cr eti o n s yst e m ( T T S S) t o 
vir ul e n c e of A er o m o n as s al m o ni ci d a s u bs p. s al m o ni ci d a. Mi cr o bi ol o g y 1 5 2, 
1 8 4 7 – 1 8 5 6. d oi: 1 0. 1 0 9 9/ mi c. 0. 2 8 7 6 8 -0  

D aff é, M., Eti e n n e, G., 1 9 9 9. T h e c a ps ul e of M y c o b a ct eri u m t u b er c ul osis a n d its 
i m pli c ati o ns f or p at h o g e ni cit y. T u b er. L u n g Dis. 7 9, 1 5 3– 1 6 9. 
d oi: 1 0. 1 0 5 4/t ul d. 1 9 9 8. 0 2 0 0  
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D a hl é n, S. E., Bj ör k, J., H e d q vist, P., Arf ors, K. E., H a m m arstr ö m, S., Li n d gr e n, J. A., 
S a m u elss o n, B., 1 9 8 1. L e u k otri e n es pr o m ot e pl as m a l e a k a g e a n d l e u k o c yt e 
a d h esi o n i n p ost c a pil l ar y v e n ul es: i n vi v o eff e cts wit h r el e v a n c e t o t h e a c ut e 
i nfl a m m at or y r es p o ns e. Pr o c. N atl. A c a d. S ci. U. S. A. 7 8, 3 8 8 7– 3 8 9 1.  

D ai gl e, I., Y o us efi, S., C ol o n n a, M., Gr e e n, D. R., Si m o n, H. -U., 2 0 0 2. D e at h r e c e pt ors 
bi n d S H P -1 a n d bl o c k c yt o ki n e -i n d u c e d a nti-a p o pt oti c si g n ali n g i n n e utr o p hils. 
N at. M e d. 8, 6 1 – 6 7. d oi: 1 0. 1 0 3 8/ n m 0 1 0 2 -6 1  

D al e, D. C., 1 9 9 8. T h e dis c o v er y, d e v el o p m e nt a n d cli ni c al a p pli c ati o ns of gr a n ul o c yt e 
c ol o n y -sti m ul ati n g f a ct or. Tr a ns. A m. Cli n. Cli m at ol. Ass o c. 1 0 9, 2 7 – 3 8.  

D a n c e y, J. T., D e u b el b eiss, K. A., H ar k er, L. A., Fi n c h, C. A., 1 9 7 6. N e utr o p hil ki n eti cs i n 
m a n. J. Cli n. I n v est. 5 8, 7 0 5 – 7 1 5.  

D a ni els, G. D., S e c o m b es, C.J., 1 9 9 9. G e n o mi c or g a nis ati o n of r ai n b o w tr o ut, 
O n c or h y n c h us m y kiss T G F -β . D e v. C o m p. I m m u n ol. 2 3, 1 3 9– 1 4 7. 
d oi: 1 0. 1 0 1 6/ S 0 1 4 5 -3 0 5 X( 9 8) 0 0 0 5 1 -2  

D a n n e n b er g, A. M., 1 9 9 4. R ol es of C yt ot o xi c D el a y e d -T y p e H y p ers e nsiti vit y a n d 
M a cr o p h a g e -A cti v ati n g C ell -M e di at e d I m m u nit y i n t h e P at h o g e n esis of 
T u b er c ul osis. I m m u n o bi ol o g y 1 9 1, 4 6 1 – 4 7 3. d oi: 1 0. 1 0 1 6/ S 0 1 7 1 -2 9 8 5( 1 1) 8 0 4 5 2 -
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D a o ust, P. -Y.,  L ars o n, B. E., J o h ns o n, G. R., 1 9 8 9. M y c o b a ct eri osis i n y ell o w p er c h ( p er c a 
fl a v es c e ns) fr o m t w o l a k es i n al b ert a. J. Wil dl. Dis. 2 5, 3 1– 3 7. d oi: 1 0. 7 5 8 9/ 0 0 9 0 -
3 5 5 8 -2 5. 1. 3 1  

D ar n ell, J. E., K err, I. M., St ar k, G. R., 1 9 9 4. J a k -S T A T p at h w a ys a n d tr a ns cri pti o n al 
a c ti v ati o n i n r es p o ns e t o I F Ns a n d ot h er e xtr a c ell ul ar si g n ali n g pr ot ei ns. S ci e n c e 
2 6 4, 1 4 1 5 – 1 4 2 1. d oi: 1 0. 1 1 2 6/s ci e n c e. 8 1 9 7 4 5 5  

D a vi ds o n, A.J., Z o n, L.I., 2 0 0 4. T h e “ d efi niti v e ” ( a n d “ pri miti v e ”) g ui d e t o z e br afis h 
h e m at o p oi esis. O n c o g e n e 2 3, 7 2 3 3 – 7 2 4 6. d oi: 1 0. 1 0 3 8/sj. o n c. 1 2 0 7 9 4 3  

D a vi es, L. C., J e n ki ns, S.J., All e n, J. E., T a yl or, P. R., 2 0 1 3. Tiss u e -r esi d e nt m a cr o p h a g es. 
N at. I m m u n ol. 1 4, 9 8 6 – 9 9 5. d oi: 1 0. 1 0 3 8/ ni. 2 7 0 5  

D a vi es, L. C., T a yl or, P. R., 2 0 1 5. Tiss u e -r esi d e nt m a cr o p h a g es: t h e n a n d n o w. 
I m m u n ol o g y 1 4 4, 5 4 1– 5 4 8. d oi: 1 0. 1 1 1 1/i m m. 1 2 4 5 1  

D a vis, J. M., R a m a kris h n a n, L., 2 0 0 9. T h e R ol e of t h e Gr a n ul o m a i n E x p a nsi o n a n d 
Diss e mi n ati o n of E arl y T u b er c ul o us I nf e cti o n. C ell 1 3 6, 3 7 – 4 9. 
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d oi: 1 0. 1 1 2 8/I AI. 7 0. 1 2. 6 6 7 2 -6 6 7 9. 2 0 0 2  
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Ali, S., Bitt e r, W., P ai n, A., A b d all a h, A. M., 2 0 1 2. C o m pl et e G e n o m e S e q u e n c e 
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J 7 7 4 M a cr o p h a g es. J. Bi ol. C h e m. 2 7 3, 3 0 3 7 9 – 3 0 3 9 0. 
d oi: 1 0. 1 0 7 4/j b c. 2 7 3. 4 6. 3 0 3 7 9  

J a n d a, J. M., A b b ott, S. L., 2 0 1 0. T h e G e n us A er o m o n as: T a x o n o m y, P at h o g e ni cit y, a n d 
I nf e cti o n. Cli n. Mi cr o bi ol. R e v. 2 3, 3 5– 7 3. d oi: 1 0. 1 1 2 8/ C M R. 0 0 0 3 9 -0 9  

J a n d a, J. M., D uff e y, P. S., 1 9 8 8. M es o p hili c A er o m o n a ds i n H u m a n Dis e as e: C urr e nt 
T a x o n o m y, L a b or at or y I d e ntifi c ati o n, a n d I nf e cti o us Dis e as e S p e ctr u m. R e v. 
I nf e ct. Dis. 1 0, 9 8 0– 9 9 7.  

J a n d a, J. M., K o k k a, R. P., G ut h ert z, L. S., 1 9 9 4. T h e s u s c e pti bilit y of S -l a y er-p ositi v e a n d 
S -l a y er-n e g ati v e A er o m o n as str ai ns t o c o m pl e m e nt -m e di at e d l ysis. Mi cr o bi ol o g y 
1 4 0, 2 8 9 9 – 2 9 0 5. d oi: 1 0. 1 0 9 9/ 0 0 2 2 1 2 8 7 -1 4 0 -1 0 -2 8 9 9  

J as e n os k y, L. D., S cri b a, T.J., H a n e k o m, W. A., G ol df el d, A. E., 2 0 1 5. T c ells a n d a d a pti v e 
i m mu nit y t o M y c o b a ct eri u m t u b er c ul osis i n h u m a ns. I m m u n ol. R e v. 2 6 4, 7 4 – 8 7. 
d oi: 1 0. 1 1 1 1/i mr. 1 2 2 7 4  

J e n ki ns, S.J., R u c k erl, D., C o o k, P. C., J o n es, L. H., Fi n k el m a n, F. D., v a n R o oij e n, N., 
M a c D o n al d, A. S., All e n, J. E., 2 0 1 1. L o c al m a cr o p h a g e pr olif er ati o n, r at h er  t h a n 
r e cr uit m e nt fr o m t h e bl o o d, is a si g n at ur e of T h 2 i nfl a m m ati o n. S ci e n c e 3 3 2, 
1 2 8 4 – 1 2 8 8. d oi: 1 0. 1 1 2 6/s ci e n c e. 1 2 0 4 3 5 1  

J e o n, K. W., 1 9 9 5. B a ct eri al e n d os y m bi osis i n a m o e b a e. Tr e n ds C ell Bi ol. 5, 1 3 7 – 1 4 0. 
d oi: 1 0. 1 0 1 6/ S 0 9 6 2 -8 9 2 4( 0 0) 8 8 9 6 6 -7  

J es aitis, A.J., B u es c h er, E. S., H arris o n, D., Q ui n n, M. T., P ar k os, C. A., Li v es e y, S., 
Li n n er, J., 1 9 9 0. Ultr astr u ct ur al l o c ali z ati o n of c yt o c hr o m e b i n t h e m e m br a n es of 
r esti n g a n d p h a g o c yt osi n g h u m a n gr a n ul o c yt es. J. Cli n. I n v est. 8 5, 8 2 1– 8 3 5.  

J o h a n n, A. M., v o n K n et h e n, A., Li n d e m a n n, D., Br ü n e, B., 2 0 0 5. R e c o g niti o n of 
a p o pt oti c c ells b y m a cr o p h a g es a cti v at es t h e p er o xis o m e pr olif er at or -a cti v at e d 
r e c e pt or-γ  a n d att e n u at es t h e o xi d ati v e b urst. C ell D e at h Diff er. 1 3, 1 5 3 3– 1 5 4 0. 
d oi: 1 0. 1 0 3 8/sj. c d d. 4 4 0 1 8 3 2  

J o h a ns e n, K. A., Gi ll, R. E., V asil, M. L., 1 9 9 6. Bi o c h e mi c al a n d m ol e c ul ar a n al ysis of 
p h os p h oli p as e C a n d p h os p h oli p as e D a cti vit y i n m y c o b a ct eri a. I nf e ct. I m m u n. 
6 4, 3 2 5 9 – 3 2 6 6.  
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J oi n er, K., G a n z, T., Al b ert, J., R otr os e n, D., 1 9 8 9. T h e o ps o ni zi n g li g a n d o n S al m o n ell a 
t y p hi m uri u m i nfl u e n c es i n c or p or ati o n of s p e cifi c, b ut n ot a z ur o p hil, gr a n ul e 
c o nstit u e nts i nt o n e utr o p hil p h a g os o m es. J. C ell Bi ol. 1 0 9, 2 7 7 1 – 2 7 8 2.  

J o n es, G. S., A mir a ult, H.J., A n d ers e n, B. R., 1 9 9 0. Killi n g of M y c o b a ct eri u m t u b er c ul osis 
b y N e utr o p hils: A N o n o xi d a ti v e Pr o c ess. J. I nf e ct. Dis. 1 6 2, 7 0 0– 7 0 4. 
d oi: 1 0. 1 0 9 3/i nf dis/ 1 6 2. 3. 7 0 0  

J o n es, H. R., R o b b, C. T., P err etti, M., R ossi, A. G., 2 0 1 6. T h e r ol e of n e utr o p hils i n 
i nfl a m m ati o n r es ol uti o n. S e mi n. I m m u n ol., SI: N e utr o p hils i n i n n at e a n d a d a pti v e 
i m m u nit y 2 8, 1 3 7– 1 4 5. d oi: 1 0. 1 0 1 6/j.s mi m. 2 0 1 6. 0 3. 0 0 7  

J or d a n, H. E., S p ei d el, C. C., 1 9 3 0. Bl o o d f or m ati o n i n c y cl ost o m es. A m. J. A n at. 4 6, 
3 5 5 – 3 9 1. d oi: 1 0. 1 0 0 2/ aj a. 1 0 0 0 4 6 0 3 0 2  

J os e p h, S. W., C ar n a h a n, A., 1 9 9 4. T h e is ol ati o n, i d e ntifi c ati o n, a n d s yst e m ati cs of t h e 
m otil e A er o m o n as s p e ci es. A n n u. R e v. Fis h Dis. 4, 3 1 5 – 3 4 3. d oi: 1 0. 1 0 1 6/ 0 9 5 9 -
8 0 3 0( 9 4) 9 0 0 3 3 -7  

J u b b, K. V. F., 1 9 8 5. P A T H O L O G Y O F D O M E S TI C A NI M A L S 3 E. A c a d e mi c Pr ess.  
J uff er m a ns, N. P., V er b o n, A., v a n D e v e nt er, S.J. H., v a n D e ut e k o m, H., B elisl e, J. T., 

Ellis, M. E., S p e el m a n , P., v a n d er P oll, T., 1 9 9 9. El e v at e d C h e m o ki n e 
C o n c e ntr ati o ns i n S er a of H u m a n I m m u n o d efi ci e n c y Vir us ( HI V) -S er o p ositi v e 
a n d  HI V -S er o n e g ati v e P ati e nts wit h T u b er c ul osis: a P ossi bl e  R ol e f or 
M y c o b a ct eri al Li p o ar a bi n o m a n n a n. I nf e ct. I m m u n. 6 7, 4 2 9 5 – 4 2 9 7.  

J u n, K.J., L e e, M.J., S hi n, D. C., W o o, M. Y., Ki m, K., P ar k, S., 2 0 1 1. I d e ntifi c ati o n of 
C C L 1 as a G e n e Diff er e nti all y E x pr ess e d i n C D 4 + T C ells E x pr essi n g TI M -3. 
I m m u n e N et w. 1 1, 2 0 3– 2 0 9. d oi: 1 0. 4 1 1 0/i n. 2 0 1 1. 1 1. 4. 2 0 3  

J u n g, H. C., E c k m a n n, L., Y a n g, S. K., P a nj a, A., Fi er er, J., M or z y c k a -Wr o bl e ws k a, E., 
K a g n off, M. F., 1 9 9 5. A disti n ct arr a y of pr oi nfl a m m at or y c yt o ki n es is e x pr ess e d 
i n h u m a n c ol o n e pit h eli al c ells i n r es p o ns e t o b a ct eri al i n v asi o n. J. Cli n. I n v est. 
9 5, 5 5 – 6 5.  

K a mi ns k a, B., 2 0 0 9. M ol e c ul ar C h a r a ct eri z ati o n of I nfl a m m ati o n-I n d u c e d J N K/ c-J u n 
Si g n ali n g P at h w a y i n C o n n e cti o n wit h T u m ori g e n esis, i n: K o zl o v, S. ( E d.), 
I nfl a m m ati o n a n d C a n c er, M et h o ds i n M ol e c ul ar Bi ol o g yT M . H u m a n a Pr ess, p p. 
2 4 9 – 2 6 4. d oi: 1 0. 1 0 0 7/ 9 7 8 -1 -6 0 3 2 7 -5 3 0 -9 _ 1 3  

K a n d a, N., F u k us h i g e, S., M ur ots u, T., Y os hi d a, M. C., Ts u c hi y a, M., As a n o, S., K a zir o, 
Y., N a g at a, S., 1 9 8 7. H u m a n g e n e c o di n g f or gr a n ul o c yt e -c ol o n y sti m ul ati n g 
f a ct or is assi g n e d t o t h e q 2 1-q 2 2 r e gi o n of c hr o m os o m e 1 7. S o m at. C ell M ol. 
G e n et. 1 3, 6 7 9 – 6 8 4. d oi: 1 0. 1 0 0 7/ B F 0 1 5 3 4 4 8 8  

K ari n, M., L a wr e n c e, T., Ni z et, V., 2 0 0 6. I n n at e I m m u nit y G o n e A wr y: Li n ki n g 
Mi cr o bi al I nf e cti o ns t o C hr o ni c I nfl a m m ati o n a n d C a n c er. C ell 1 2 4, 8 2 3 – 8 3 5. 
d oi: 1 0. 1 0 1 6/j. c ell. 2 0 0 6. 0 2. 0 1 6  

K at z e n b a c k, B. A., B el os e vi c, M., 2 0 0 9. Is ol ati o n a n d f u n cti o n al c h ar a ct eri z ati o n of 
n e utr o p hil -li k e c ells, fr o m g ol dfis h ( C ar assi us a ur at us L.) ki d n e y. D e v. C o m p. 
I m m u n ol. 3 3, 6 0 1– 6 1 1. d oi: 1 0. 1 0 1 6/j. d ci. 2 0 0 8. 1 0. 0 1 1  

K at z e n b a c k, B. A., K at a k ur a, F., B el os e vi c, M., 2 0 1 6. G ol dfis h ( C ar assi us a ur at us L.) as a 
m o d el s yst e m t o  st u d y t h e gr o wt h f a ct ors, r e c e pt ors a n d tr a ns cri pti o n f a ct ors t h at 
g o v er n m y el o p oi esis i n fis h. D e v. C o m p. I m m u n ol., S p e ci al Iss u e: H e m at o p oi esis 
a n d I m m u nit y 5 8, 6 8 – 8 5. d oi: 1 0. 1 0 1 6/j. d ci. 2 0 1 5. 1 0. 0 2 4  
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K a ur, M., Si n g h, D., 2 0 1 3. N e utr o p hil C h e m ot a xis C a us e d  b y C hr o ni c O bstr u cti v e 
P ul m o n ar y Dis e as e Al v e ol ar M a cr o p h a g es: T h e R ol e of C X C L 8 a n d t h e 
R e c e pt ors C X C R 1/ C X C R 2. J. P h ar m a c ol. E x p. T h er. 3 4 7, 1 7 3 – 1 8 0. 
d oi: 1 0. 1 1 2 4/j p et. 1 1 2. 2 0 1 8 5 5  

K a w a h ar a, T., L a m b et h, J. D., 2 0 0 7. M ol e c ul ar e v ol uti o n of P h o x -r el at e d r e g ul at or y 
s u b u nits f or N A D P H o xi d as e e n z y m es. B M C E v ol. Bi ol. 7, 1 – 2 9. 
d oi: 1 0. 1 1 8 6/ 1 4 7 1 -2 1 4 8 -7 -1 7 8  

K a w a h ar a, T., Q ui n n, M. T., L a m b et h, J. D., 2 0 0 7. M ol e c ul ar e v ol uti o n of t h e r e a cti v e 
o x y g e n -g e n er ati n g N A D P H o xi d as e ( N o x/ D u o x) f a mil y of e n z y m es. B M C E v ol. 
Bi ol . 7, 1 0 9. d oi: 1 0. 1 1 8 6/ 1 4 7 1-2 1 4 8 -7 -1 0 9  

K a w a k a mi, M., Ts uts u mi, H., K u m a k a w a, T., A b e, H., Hir ai, M., K ur os a w a, S., M ori, 
M., F u k us hi m a, M., 1 9 9 0. L e v els of s er u m gr a n ul o c yt e c ol o n y -sti m ul ati n g f a ct or 
i n p ati e nts wit h i nf e cti o ns. Bl o o d 7 6, 1 9 6 2– 1 9 6 4.  

K a y, W. W., B u c kl e y, J. T., Is hi g ur o, E. E., P hi p ps, B. M., M o n ett e, J. P., Tr ust, T.J., 1 9 8 1. 
P urifi c ati o n a n d dis p ositi o n of a s urf a c e pr ot ei n ass o ci at e d wit h vir ul e n c e of 
A er o m o n as s al m o ni ci d a. J. B a ct eri ol. 1 4 7, 1 0 7 7 – 1 0 8 4.  

K e a n e, J., S h urtl eff, B., K or nf el d, H., 2 0 0 2. T N F -d e p e n d e nt B A L B/ c m uri n e m a cr o p h a g e 
a p o pt osis f oll o wi n g M y c o b a ct eri u m t u b er c ul osis i nf e cti o n i n hi bits b a cill ar y 
gr o wt h i n a n I F N -γ  i n d e p e n d e nt m a n n er. T u b er c ul osis 8 2, 5 5– 6 1. 
d oi: 1 0. 1 0 5 4/t u b e. 2 0 0 2. 0 3 2 2  

K e m e n a d e, B., Gr o e n e v el d, A., R e ns, B., R o m b o u t, J., 1 9 9 4. C h ar a ct eri z ati o n of 
M a cr o p h a g es a n d N e utr o p hili c Gr a n ul o c yt es fr o m t h e Pr o n e p hr os of C ar p 
( c y pri n us C ar pi o). J. E x p. Bi ol. 1 8 7, 1 4 3– 1 5 8.  

K h alil, N., 1 9 9 9. T G F -β : fr o m l at e nt t o a cti v e. Mi cr o b es I nf e ct. 1, 1 2 5 5– 1 2 6 3. 
d oi: 1 0. 1 0 1 6/ S 1 2 8 6 -4 5 7 9( 9 9) 0 0 2 5 9 -2  

K h a n, S., Gr e e n b er g, J. D., B h ar d w aj, N., 2 0 0 9. D e n driti c c ells as t ar g ets f or t h er a p y i n 
r h e u m at oi d art hritis. N at. R e v. R h e u m at ol. 5, 5 6 6– 5 7 1. 
d oi: 1 0. 1 0 3 8/ nrr h e u m. 2 0 0 9. 1 8 5  

K h as h e, S., Hill, W., J a n d a, J. M., 1 9 9 6. C h ar a ct eri z ati o n of A er o m o n as h y dr o p hil a 
Str ai ns of Cli ni c al, A ni m al, a n d E n vir o n m e nt al Ori gi n E x pr essi n g t h e O: 3 4 
A nti g e n. C urr. Mi cr o bi ol. 3 3, 1 0 4 – 1 0 8. d oi: 1 0. 1 0 0 7/s 0 0 2 8 4 9 9 0 0 0 8 3  

K h us hir a m a ni, R. M., M aiti, B., S h e k ar, M., Giris h a, S. K., A k as h, N., D e e p a nj ali, A., 
K ar u n as a g ar, I., K ar u n as a g ar, I., 2 0 1 2. R e c o m bi n a nt A er o m o n as h y dr o p hil a o ut er 
m e m br a n e pr ot ei n 4 8 ( O m p 4 8) i n d u c es a pr ot e cti v e i m m u n e r es p o ns e a g ai nst 
A er o m o n as h y dr o p hil a a n d E d w ar dsi ell a t ar d a. R es. Mi cr o bi ol. 1 6 3, 2 8 6 – 2 9 1. 
d oi: 1 0. 1 0 1 6/j.r es mi c. 2 0 1 2. 0 3. 0 0 1  

Ki m, H. O., C h o, S.I., C h u n g, B. Y., A h n, H. K., P ar k, C. W., L e e, C. H., 2 0 1 2. E x pr essi o n 
of C C L 1 a n d C C L 1 8 i n at o pi c d er m atitis a n d ps ori asis. Cli n. E x p. D er m at ol. 3 7, 
5 2 1 – 5 2 6. d oi: 1 0. 1 1 1 1/j. 1 3 6 5 -2 2 3 0. 2 0 1 1. 0 4 2 9 5. x  

Ki m, J. H., C h or es c a, C. H., S hi n, S. P., H a n, J. E., J u n, J. W., P ar k, S. C., 2 0 1 5. Bi ol o gi c al 
C o ntr ol of A er o m o n as s al m o ni ci d a s u bs p. s al m o ni ci d a I nf e cti o n i n R ai n b o w 
Tr o ut ( O n c or h y n c h us m y kiss) Usi n g A er o m o n as P h a g e P A S -1. Tr a ns b o u n d. 
E m er g. Dis. 6 2, 8 1 – 8 6. d oi: 1 0. 1 1 1 1/t b e d. 1 2 0 8 8  

Ki m, M. -H., Li u, W., B orj ess o n, D. L., C urr y, F. -R. E., Mill er, L. S., C h e u n g, A. L., Li u, 
F. -T., Iss er off, R. R., Si m o n, S.I., 2 0 0 8. D y n a mi cs of N e utr o p hil I nfiltr ati o n 
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d uri n g C ut a n e o us W o u n d H e ali n g a n d I nf e cti o n Usi n g Fl u or es c e n c e I m a gi n g. J. 
I n v est. D er m at ol. 1 2 8, 1 8 1 2– 1 8 2 0. d oi: 1 0. 1 0 3 8/sj.ji d. 5 7 0 1 2 2 3  

Ki m, S., El k o n, K. B., M a, X., 2 0 0 4. Tr a ns cri pti o n al S u p pr essi o n of I nt erl e u ki n -1 2 G e n e 
E x pr essi o n f oll o wi n g P h a g o c yt osis of A p o pt oti c C ells. I m m u nit y 2 1, 6 4 3 – 6 5 3. 
d oi: 1 0. 1 0 1 6/j.i m m u ni. 2 0 0 4. 0 9. 0 0 9  

Ki n c h e n, J. M., R a vi c h a n dr a n, K. S., 2 0 0 8. P h a g os o m e m at ur ati o n: g oi n g t hr o u g h t h e a ci d 
t est. N at. R e v. M ol. C ell Bi ol. 9, 7 8 1– 7 9 5. d oi: 1 0. 1 0 3 8/ nr m 2 5 1 5  

Kir o v, S. M., B ar n ett, T. C., P e p e, C. M., Str o m, M. S., Al b ert, M.J., 2 0 0 0. I n v esti g ati o n of 
t h e R ol e of T y p e I V A er o m o n as Pil us ( T a p) i n t h e P at h o g e n esis of A er o m o n as 
G a str oi nt esti n al I nf e cti o n. I nf e ct. I m m u n. 6 8, 4 0 4 0 – 4 0 4 8. 
d oi: 1 0. 1 1 2 8/I AI. 6 8. 7. 4 0 4 0 -4 0 4 8. 2 0 0 0  

Kir o v, S. M., H a y w ar d, L.J., N erri e, M. A., 1 9 9 5. A d h esi o n of A er o m o n as s p. t o c ell li n es 
us e d as m o d els f or i nt esti n al a d h esi o n. E pi d e mi ol. I nf e ct. 1 1 5, 4 6 5 – 4 7 3.  

Kir o v, S. M., S a n d ers o n, K., 1 9 9 6. C h ar a ct eri z ati o n of a t y p e I V b u n dl e -f or mi n g pil us 
( S F P) fr o m a g astr o e nt eritis-ass o ci at e d str ai n of A er o m o n as v er o nii bi o v ar s o bri a. 
Mi cr o b. P at h o g. 2 1, 2 3 – 3 4. d oi: 1 0. 1 0 0 6/ m p at. 1 9 9 6. 0 0 3 9  

Kisi c h, K. O., Hi g gi ns, M., Di a m o n d, G.,  H eif ets, L., 2 0 0 2. T u m or N e cr osis F a ct or Al p h a 
Sti m ul at es Killi n g of M y c o b a ct eri u m t u b er c ul osis b y H u m a n N e utr o p hils. I nf e ct. 
I m m u n. 7 0, 4 5 9 1– 4 5 9 9. d oi: 1 0. 1 1 2 8/I AI. 7 0. 8. 4 5 9 1 -4 5 9 9. 2 0 0 2  

Kj e k e n, R., E g e b er g, M., H a b er m a n n, A., K u e h n el, M., P e yr o n, P., Fl o et e n m e y er, M., 
W alt h er, P., J a hr a us, A., D ef a c q u e, H., K u z n ets o v, S. A., Griffit hs, G., 2 0 0 4. 
F usi o n b et w e e n P h a g os o m es, E arl y a n d L at e E n d os o m es: A R ol e f or A cti n i n 
F usi o n b et w e e n L at e, b ut N ot E arl y E n d o c yti c Or g a n ell es. M ol. Bi ol. C ell 1 5, 
3 4 5 – 3 5 8. d oi: 1 0. 1 0 9 1/ m b c. E 0 3 -0 5 -0 3 3 4  

Kj el ds e n, L., Bj err u m, O. W., As k a a, J., B orr e g a ar d, N., 1 9 9 2. S u b c ell ul ar l o c ali z ati o n 
a n d r el e as e of h u m a n n e utr o p hil g el ati n as e, c o nfir mi n g t h e e xist e n c e of s e p ar at e 
g el ati n as e -c o nt ai ni n g gr a n ul es. Bi o c h e m. J. 2 8 7, 6 0 3 – 6 1 0.  

Kl e b a n off, S.J., V a d as, M. A., H arl a n, J. M., S p ar ks, L. H., G a m bl e, J. R., A g osti, J. M., 
W alt ers d or p h, A. M., 1 9 8 6. Sti m ul ati o n of n e utr o p hils b y t u m or n e cr osis f a ct or. J. 
I m m u n ol. 1 3 6, 4 2 2 0– 4 2 2 5.  

Kl o nt z, G., W o o d, J., 1 9 7 3. O bs er v ati o ns o n t h e e pi d e mi ol o g y of  f ur u n c ul osis dis e as e i n 
j u v e nil e c o h o s al m o n ( O n c or h y n c h us kis ut c h). EI F A C. 

K n o wl es, R. G., M o n c a d a, S., 1 9 9 4. Nitri c o xi d e s y nt h as es i n m a m m als. Bi o c h e m. J. 2 9 8, 
2 4 9 – 2 5 8.  

K o b a y as hi, I., K u ni y os hi, S., S ait o, K., M orit o m o, T., T a k a h as hi, T., N a k a nis hi, T.,  2 0 0 8. 
L o n g -t er m h e m at o p oi eti c r e c o nstit uti o n b y tr a ns pl a nt ati o n of ki d n e y 
h e m at o p oi eti c st e m c ells i n l et h all y irr a di at e d cl o n al gi n b u n a cr u ci a n c ar p 
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d oi: 1 0. 1 1 1 1/j. 1 3 6 5 -2 7 6 1. 1 9 9 2.t b 0 0 6 8 0. x  

Li n, H. -J., H u a n g, T. -C., M ut h us a m y, S., L e e, J. -F., D u a n n, Y. -F., Li n, C. -H., 2 0 1 2. 
Pis ci di n -1, a n A nti mi cr o bi al P e pti d e fr o m Fis h ( H y bri d Stri p e d B ass M or o n e 
s a x atilis  x M. c hr ys o ps  ), I n d u c es A p o ptoti c a n d N e cr oti c A cti vit y i n H T 1 0 8 0 
C ells. Z o ol o g. S ci. 2 9, 3 2 7 – 3 3 2. d oi: 1 0. 2 1 0 8/ zsj. 2 9. 3 2 7  

Li n, M., C arls o n, E., Di a c o n u, E., P e arl m a n, E., 2 0 0 6. C X C L 1/ K C a n d C X C L 5/ LI X ar e 
s el e cti v el y pr o d u c e d b y c or n e al fi br o bl asts a n d m e di at e n e utr o p hil i nfiltr ati o n t o 
t h e c or n e al str o m a i n L P S k er atitis. J. L e u k o c. Bi ol. 8 1, 7 8 6– 7 9 2. 
d oi: 1 0. 1 1 8 9/jl b. 0 8 0 6 5 0 2  

Li o n g u e, C., H all, C.J., O’ C o n n ell, B. A., Cr osi er, P., W ar d, A. C., 2 0 0 9. Z e br afis h 
gr a n ul o c yt e c ol o n y -sti m ul ati n g f a ct or r e c e pt or si g n ali n g pr o m ot es m y el o p oi esis 
a n d m y el oi d c ell mi gr ati o n. Bl o o d 1 1 3, 2 5 3 5 – 2 5 4 6. d oi: 1 0. 1 1 8 2/ bl o o d -2 0 0 8 -0 7 -
1 7 1 9 6 7  

Littl e, R., W hit e, M. R., H arts h or n, K. L., 1 9 9 4. I nt erf er o n -α  E n h a n c es N e utr o p hil 
R es pir at or y B urst R es p o ns es T o Sti m ul ati o n Wit h I nfl u e n z a A Vir us A n d F ml p. 
J. I nf e ct. Dis. 1 7 0, 8 0 2 – 8 1 0. d oi: 1 0. 1 0 9 3/i nf dis/ 1 7 0. 4. 8 0 2  

Li u, F., W u, H. Y., W ess els c h mi dt, R., K or n a g a, T., Li n k, D. C., 1 9 9 6. I m p air e d 
Pr o d u cti o n a n d I n cr e as e d A p o pt osis of N e utr o p hils i n Gr a n ul o c yt e C ol o n y -
Sti m ul ati n g F a ct or R e c e pt or – D efi ci e nt Mi c e. I m m u nit y 5, 4 9 1 – 5 0 1.  
d oi: 1 0. 1 0 1 6/ S 1 0 7 4 -7 6 1 3( 0 0) 8 0 5 0 4 -X  

Li u, Y., W ei, S. H., H o, A. S., M al ef yt, R. d e W., M o or e, K. W., 1 9 9 4. E x pr essi o n cl o ni n g 
a n d c h ar a ct eri z ati o n of a h u m a n I L -1 0 r e c e pt or. J. I m m u n ol. 1 5 2, 1 8 2 1 – 1 8 2 9.  

L or d, B.I., M oli n e u x, G., P oj d a, Z., S o u z a, L. M., M er m o d, J.J., D e xt er, T. M., 1 9 9 1. 
M y el oi d c ell ki n eti cs i n mi c e tr e at e d wit h r e c o m bi n a nt i nt erl e u ki n -3, gr a n ul o c yt e 
c ol o n y -sti m ul ati n g f a ct or ( C S F), or gr a n ul o c yt e -m a cr o p h a g e C S F i n vi v o. Bl o o d 
7 7, 2 1 5 4 – 2 1 5 9.  

L o w e, D. M., R e df or d, P. S., Wil ki ns o n, R.J., O’ G arr a, A., M arti n e a u, A. R., 2 0 1 2. 
N e utr o p hils i n t u b er c ul osis: fri e n d or f o e ? Tr e n ds I m m u n ol. 3 3, 1 4 – 2 5. 
d oi: 1 0. 1 0 1 6/j.it. 2 0 1 1. 1 0. 0 0 3  

L o wr y, R., B al b o a, S., P ar k er, J. L., S h a w, J. G., 2 0 1 4. C h a pt er Fi v e - A er o m o n as Fl a g ell a 
a n d C ol o nis ati o n M e c h a nis ms, i n: P o ol e, R. K. ( E d.), A d v a n c es i n Mi cr o bi al 
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P h ysi ol o g y, A d v a n c es i n B a ct eri al P at h o g e n Bi ol o g y. A c a d e mi c Pr ess, p p. 2 0 3 –
2 5 6.  

L u c as, S. B., 1 9 8 8. Hist o p at h ol o g y of l e pr os y a n d t u b er c ul osis — a n o v er vi e w. Br. M e d. 
B ull. 4 4, 5 8 4 – 5 9 9.  

L u o, H. R., L ois o n, F., 2 0 0 8. C o nstit ut i v e n e utr o p hil a p o pt osis: M e c h a nis ms a n d 
r e g ul ati o n. A m. J. H e m at ol. 8 3, 2 8 8– 2 9 5. d oi: 1 0. 1 0 0 2/ aj h. 2 1 0 7 8  

L u o, Y., L a ni n g, J., D e vi, S., M a k, J., S c h all, T.J., D orf, M. E., 1 9 9 4. Bi ol o gi c a cti viti es 
of t h e m uri n e b et a -c h e m o ki n e T C A 3. J. I m m u n ol. 1 5 3, 4 6 1 6 – 4 6 2 4.  

M a c Mi c ki n g, J., Xi e, Q., N at h a n, C., 1 9 9 7. Nitri c O xi d e a n d M a cr o p h a g e F u n cti o n. 
A n n u. R e v. I m m u n ol. 1 5, 3 2 3 – 3 5 0. d oi: 1 0. 1 1 4 6/ a n n ur e v.i m m u n ol. 1 5. 1. 3 2 3  

M a d er n a, P., G o ds o n, C., 2 0 0 3. P h a g o c yt osis of a p o pt oti c c ells a n d t h e r es ol uti o n of 
i nfl a m m ati o n. Bi oc hi m. Bi o p h ys. A ct a B B A - M ol. B asis Dis. 1 6 3 9, 1 4 1 – 1 5 1. 
d oi: 1 0. 1 0 1 6/j. b b a dis. 2 0 0 3. 0 9. 0 0 4  

M a g e z, S., Stijl e m a ns, B., C alj o n, G., E u gst er, H. -P., D e B a ets eli er, P., 2 0 0 2. C o ntr ol of 
E x p eri m e nt al Tr y p a n os o m a br u c ei I nf e cti o ns O c c urs I n d e p e n d e ntl y of 
L y m p h ot o xi n -α  I n d u cti o n. I nf e ct. I m m u n. 7 0, 1 3 4 2– 1 3 5 1. 
d oi: 1 0. 1 1 2 8/I AI. 7 0. 3. 1 3 4 2 -1 3 5 1. 2 0 0 2  

M a ki n os hi m a, H., Gli c k m a n, M. S., 2 0 0 5. R e g ul ati o n of M. t u b er c ul osis c ell e n v el o p e 
c o m p ositi o n a n d vir ul e n c e b y R e g ul at e d I ntr a m e m br a n e Pr ot e ol ysis. N at ur e 4 3 6, 
4 0 6 – 4 0 9. d oi : 1 0. 1 0 3 8/ n at ur e 0 3 7 1 3 

M al m g a ar d, L., 2 0 0 4. I n d u cti o n a n d R e g ul ati o n of I F Ns D uri n g Vir al I nf e cti o ns. J. 
I nt erf er o n C yt o ki n e R es. 2 4, 4 3 9– 4 5 4. d oi: 1 0. 1 0 8 9/ 1 0 7 9 9 9 0 0 4 1 6 8 9 6 6 5  

M alt z, M., Gr af, J., 2 0 1 1. T h e T y p e II S e cr eti o n S yst e m Is Ess e nti al f or Er yt hr o c yt e 
L ysis a n d G ut C ol o ni z ati o n b y t h e L e e c h Di g esti v e Tr a ct S y m bi o nt A er o m o n as 
v er o nii. A p pl. E n vir o n. Mi cr o bi ol. 7 7, 5 9 7 – 6 0 3. d oi: 1 0. 1 1 2 8/ A E M. 0 1 6 2 1 -1 0  

M a n a k a, J., K ur ais hi, T., S hir ats u c hi, A., N a k ai, Y., Hi g as hi d a, H., H e ns o n, P., 
N a k a nis hi, Y., 2 0 0 4. Dr a p er -m e di at e d a n d P h os p h ati d yls eri n e -i n d e p e n d e nt 
P h a g o c yt osis of A p o pt oti c C ells b y Dr os o p hil a H e m o c yt es/ M a cr o p h a g es. J. Bi ol. 
C h e m. 2 7 9, 4 8 4 6 6 – 4 8 4 7 6. d oi: 1 0. 1 0 7 4/j b c. M 4 0 8 5 9 7 2 0 0  

M arti n, E., N at h a n, C., Xi e, Q. W., 1 9 9 4. R ol e of i nt erf er o n r e g ul at or y f a ct or 1 i n 
i n d u cti o n of nitri c o xi d e s y nt h as e. J. E x p. M e d. 1 8 0, 9 7 7– 9 8 4. 
d oi: 1 0. 1 0 8 4/j e m. 1 8 0. 3. 9 7 7  

M arti n e a u, A. R., N e wt o n, S. M., Wil ki ns o n, K. A., K a m p m a n n, B., H all, B. M., N a wr ol y, 
N., P a c k e, G. E., D a vi ds o n, R. N., Griffit hs, C.J., Wil ki ns o n, R.J., 2 0 0 7. 
N e utr o p hil -m e di at e d i n n at e i m m u n e r esist a n c e t o m y c o b a ct eri a. J. Cli n. I n v est. 
1 1 7, 1 9 8 8 – 1 9 9 4. d oi: 1 0. 1 1 7 2/J CI 3 1 0 9 7  

M arti n e z, F. O., G or d o n, S., 2 0 1 4. T h e M 1 a n d M 2 p ar a di g m of m a cr o p h a g e a cti v ati o n: 
ti m e f or r e ass ess m e nt. F 1 0 0 0 Pri m e R e p. 6. d oi: 1 0. 1 2 7 0 3/ P 6-1 3  

M artí n e z, M.J., Si m o n -p uj ol, D., C o n gr e g a d o, F., M eri n o, S., R u bir es, X., T o m ás, J. M., 
1 9 9 5. T h e pr es e n c e of c a ps ul ar p ol ys a c c h ari d e i n m es o p hili c A er o m o n as 
h y dr o p hil a s er ot y p es O: 1 1 a n d O: 3 4. F E M S Mi cr o bi ol. L ett. 1 2 8, 6 9 – 7 3. 
d oi: 1 0. 1 1 1 1/j. 1 5 7 4 -6 9 6 8. 1 9 9 5.t b 0 7 5 0 2 . x 

M ass a g u é, J., 1 9 9 8. T G F -β  SI G N A L T R A N S D U C TI O N. A n n u. R e v. Bi o c h e m. 6 7, 7 5 3–
7 9 1. d oi: 1 0. 1 1 4 6/ a n n ur e v. bi o c h e m. 6 7. 1. 7 5 3  

M ast ers, S. L., A n n a Si m o n, I v o n a A ks e ntij e vi c h, K ast n er, D. L., 2 0 0 9. H orr or 
A ut oi nfl a m m ati c us: T h e M ol e c ul ar P at h o p h ysi ol o g y of A ut oi nfl a m m at or y 
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Dis e as e. A n n u. R e v. I m m u n ol. 2 7, 6 2 1 – 6 6 8. 
d oi: 1 0. 1 1 4 6/ a n n ur e v.i m m u n ol. 2 5. 0 2 2 1 0 6. 1 4 1 6 2 7  

M at hi as, J. R., P erri n, B.J., Li u, T. -X., K a n ki, J., L o o k, A. T., H utt e nl o c h er, A., 2 0 0 6. 
R es ol uti o n of i nfl a m m ati o n b y r etr o gr a d e c h e m ot a xis of n e utr o p hils i n tr a ns g e ni c 
z e br afis h. J. L e u k o c. Bi ol. 8 0, 1 2 8 1 – 1 2 8 8. d oi: 1 0. 1 1 8 9/jl b. 0 5 0 6 3 4 6  

M at zi n g er, P., 2 0 0 7. Fri e n dl y a n d d a n g er o us si g n als: is t h e tiss u e i n c o ntr ol ? N at. 
I m m u n ol. 8, 1 1– 1 3. d oi: 1 0. 1 0 3 8/ ni 0 1 0 7 -1 1  

M at zi n g er, P., 2 0 0 2. T h e D a n g er M o d el: A R e n e w e d S e ns e of S elf. S ci e n c e 2 9 6, 3 0 1 –
3 0 5. d oi: 1 0. 1 1 2 6/s ci e n c e. 1 0 7 1 0 5 9  

M at zi n g er, P., 1 9 9 8. A n i n n at e s e ns e of d a n g er. S e mi n. I m m u n ol. 1 0, 3 9 9 – 4 1 5. 
d oi: 1 0. 1 0 0 6/s mi m. 1 9 9 8. 0 1 4 3  

M a w d esl e y -T h o m as, L. E., 1 9 6 9. F ur u n c ul osis i n t h e G ol dfis h C ar assi us a ur at us ( L.). J. 
Fis h Bi ol. 1, 1 9 – 2 3. d oi: 1 0. 1 1 1 1/j. 1 0 9 5 -8 6 4 9. 1 9 6 9.t b 0 3 8 4 0. x  

M a y u mi, M., T a k e d a, Y., H os hi k o, M., S er a d a, K., M ur at a, M., M orit o m o, T., T a ki z a w a, 
F., K o b a y as hi, I., Ar a ki, K., N a k a nis hi, T., S u mi m ot o, H., 2 0 0 8. C h ar a ct eri z ati o n 
of t el e ost p h a g o c yt e N A D P H o xi d as e: M ol e c ul ar cl o ni n g a n d e x pr essi o n a n al ysis 
of c ar p ( C y pri n us c ar pi o) p h a g o c yt e N A D P H o xi d as e. M ol. I m m u n ol. 4 5, 1 7 2 0 –
1 7 3 1. d oi: 1 0. 1 0 1 6/j. m oli m m. 2 0 0 7. 0 9. 0 2 8  

M c C art h y, C. T. R., 1 9 7 5. T h e R a pi d S er ol o gi c al Di a g n osis of Fis h F ur u n c ul osis C a us e d 
b y S m o ot h a n d R o u g h Str ai ns of A er o m o n as S al m o ni ci d a. J. G e n. Mi cr o bi ol. 8 6, 
1 8 5 – 7. d oi: 1 0. 1 0 9 9/ 0 0 2 2 1 2 8 7 -8 6 -1 -1 8 5  

M c C art h y, N., 2 0 1 5. I nfl a m m ati o n: A n i n n at e r es p o ns e. N at. R e v. C a n c er 1 5, 1 9 7 – 1 9 7. 
d oi: 1 0. 1 0 3 8/ nr c 3 9 2 7  

M c C art n e y -Fr a n cis, N., Mi z el, D., W o n g, H., W a hl, L., W a hl, S., 1 9 9 0. T G F -β  R e g ul at es 
Pr o d u cti o n of Gr o wt h F a ct ors a n d T G F -β  b y H u m a n P eri p h er al Bl o o d 
M o n o c yt es. Gr o wt h F a ct ors 4, 2 7 – 3 5. d oi: 1 0. 3 1 0 9/ 0 8 9 7 7 1 9 9 0 0 9 0 1 1 0 0 7  

M c C o y, A.J., K oi z u mi, Y., T o m a, C., Hi g a, N., Di xit, V., T a ni g u c hi, S. ’i c hir o, Ts c h o p p, 
J., Su z u ki, T., 2 0 1 0. C yt ot o xi ns of t h e h u m a n p at h o g e n A er o m o n as h y dr o p hil a 
tri g g er, vi a t h e N L R P 3 i nfl a m m as o m e, c as p as e-1 a cti v ati o n i n m a cr o p h a g es. E ur. 
J. I m m u n ol. 4 0, 2 7 9 7 – 2 8 0 3. d oi: 1 0. 1 0 0 2/ eji. 2 0 1 0 4 0 4 9 0  

M c D o n al d, B., Pitt m a n, K., M e n e z es, G. B., Hir ot a, S. A., Sl a b a, I., W at er h o us e, C. C. M., 
B e c k, P. L., M ur u v e, D. A., K u b es, P., 2 0 1 0. I ntr a v as c ul ar D a n g er Si g n als G ui d e 
N e utr o p hils t o Sit es of St eril e I nfl a m m ati o n. S ci e n c e 3 3 0, 3 6 2 – 3 6 6. 
d oi: 1 0. 1 1 2 6/s ci e n c e. 1 1 9 5 4 9 1  

M c D o n o u g h, K. A., Kr ess, Y., Bl o o m, B. R., 1 9 9 3 . P at h o g e n esis of t u b er c ul osis: 
i nt er a cti o n of M y c o b a ct eri u m t u b er c ul osis wit h m a cr o p h a g es. I nf e ct. I m m u n. 6 1, 
2 7 6 3 – 2 7 7 3.  

M c Ki n n e y, J. D., z u B e ntr u p, K. H., M u ñ o z -Elí as, E.J., Mi c z a k, A., C h e n, B., C h a n, W. -
T., S w e ns o n, D., S a c c h etti ni, J. C., J a c o bs, W. R., R uss ell, D. G., 2 0 0 0. P ersist e n c e 
of M y c o b a ct eri u m t u b er c ul osis i n m a cr o p h a g es a n d mi c e r e q uir es t h e gl y o x yl at e 
s h u nt e n z y m e is o citr at e l y as e. N at ur e 4 0 6, 7 3 5 – 7 3 8. d oi: 1 0. 1 0 3 8/ 3 5 0 2 1 0 7 4  

M c M a h o n, B., G o ds o n, C., 2 0 0 4. Li p o xi ns: e n d o g e n o us r e g ul at ors of i nfl a m m ati o n. A m. 
J. P h ysi ol. - R e n. P h ysi ol. 2 8 6, F 1 8 9 – F 2 0 1. d oi: 1 0. 1 1 5 2/ aj pr e n al. 0 0 2 2 4. 2 0 0 3  

M c M a h o n, B., Mit c h ell, S., Br a d y, H. R., G o ds o n, C., 2 0 0 1. Li p o xi ns: r e v el ati o ns o n 
r es ol uti o n. Tr e n ds P h ar m a c ol. S ci. 2 2, 3 9 1– 3 9 5. d oi: 1 0. 1 0 1 6/ S 0 1 6 5 -
6 1 4 7( 0 0) 0 1 7 7 1 -5  
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M e d z hit o v, R., 2 0 0 7. R e c o g niti o n of mi cr o or g a nis ms a n d a cti v ati o n of t h e i m m u n e 
r es p o ns e. N at ur e 4 4 9, 8 1 9– 8 2 6. d oi: 1 0. 1 0 3 8/ n at ur e 0 6 2 4 6  

M e d z hit o v, R., O ki n, D., 2 0 1 2. E v ol uti o n of I nfl a m m at or y Dis e as es. C ell 2 2, R 7 3 3 –
R 7 4 0.  

M e e n a, L. S., R aj ni, 2 0 1 0. S ur vi v al m e c h a nis ms of p at h o g e ni c M y c o b a ct eri u m 
t u b er c ul osis H 3 7 R v. F E B S J. 2 7 7, 2 4 1 6– 2 4 2 7. d oi: 1 0. 1 1 1 1/j. 1 7 4 2 -
4 6 5 8. 2 0 1 0. 0 7 6 6 6. x  

M e ht a, P. K., Ki n g, C. H., W hit e, E. H., M urt a g h, J.J., Q ui n n, F. D., 1 9 9 6. C o m p aris o n of i n 
vitr o m o d els f or t h e st u d y of M y c o b a ct eri u m t u b er c ul osis i n v asi o n a n d 
i ntr a c ell ul ar r e pli c ati o n. I nf e ct. I m m u n. 6 4, 2 6 7 3– 2 6 7 9.  

M eij er, A. H., 2 0 1 5. Pr ot e cti o n a n d p at h ol o g y i n T B: l e ar ni n g fr o m t h e z e br afis h m o d el. 
S e mi n. I m m u n o p at h ol. 3 8, 2 6 1 – 2 7 3. d oi: 1 0. 1 0 0 7/s 0 0 2 8 1 -0 1 5 -0 5 2 2 -4  

M eij er, A. H., v a n d er S ar, A. M., C u n h a, C., L a m ers, G. E. M., L a pl a nt e, M. A., Ki k ut a, H., 
Bitt er, W., B e c k er, T. S., S p ai n k, H. P., 2 0 0 8. I d e ntifi c ati o n a n d r e al -ti m e i m a gi n g 
of a m y c -e x pr essi n g n e utr o p hil p o p ul ati o n i n v ol v e d i n i nfl a m m ati o n a n d 
m y c o b a ct eri al gr a n ul o m a f or m ati o n i n z e br afis h. D e v. C o m p. I m m u n ol. 3 2, 3 6 –
4 9. d oi: 1 0. 1 0 1 6/j. d ci. 2 0 0 7. 0 4. 0 0 3  

M eri n o, S., C a m pr u bí, S., T o m ás, J. M., 1 9 9 2. Eff e ct of gr o wt h t e m p er at ur e o n o ut er 
m e m br a n e c o m p o n e nts a n d vir ul e n c e of A er o m o n as h y dr o p hil a str ai ns of 
s er ot y p e O: 3 4. I nf e ct. I m m u n. 6 0, 4 3 4 3 – 4 3 4 9.  

M eri n o, S., R u bir es, X., A g uil ar, A., Al b ertí, S., H er n a n d e z -All és, S., B e n e dí, V.J., 
T o m as, J. M., 1 9 9 6. M es o p hili c A er o m o n as s p. s er o gr o u p O: 1 1 r esist a n c e t o 
c o m pl e m e nt -m e di at e d killi n g. I nf e ct. I m m u n. 6 4, 5 3 0 2 – 5 3 0 9.  

M eri n o, S., R u bir es, X., K n ø c h el, S., T o m ás, J. M., 1 9 9 5. E m er gi n g p at h o g e ns: 
A er o m o n as s p p. I nt. J. F o o d Mi cr o bi ol., P h ysi ol o g y of F o o d P ois o ni n g 
Mi cr o or g a nis ms, A AI R C o n c ert e d A cti o n P L 9 2 0 6 3 0 2 8, 1 5 7 – 1 6 8. 
d oi: 1 0. 1 0 1 6/ 0 1 6 8 -1 6 0 5( 9 5) 0 0 0 5 4 -2  

M eri n o, S., T o m ás, J. M., 2 0 1 5. B a ct eri al C a ps u l es a n d E v asi o n of I m m u n e R es p o ns es, 
i n: J o h n Wil e y & S o ns Lt d ( E d.), e L S. J o h n Wil e y & S o ns, Lt d, C hi c h est er, U K, 
p p. 1 – 1 0.  

M eri n o, S., Vil c h es, S., C a n als, R., R a mir e z, S., T o m ás, J. M., 2 0 0 5. A C 1 q -bi n di n g 4 0 
k D a p ori n fr o m A er o m o n as s al m o ni ci d a: Cl o ni n g , s e q u e n ci n g, r ol e i n s er u m 
s us c e pti bilit y a n d fis h i m m u n o pr ot e cti o n. Mi cr o b. P at h o g. 3 8, 2 2 7 – 2 3 7. 
d oi: 1 0. 1 0 1 6/j. mi c p at h. 2 0 0 5. 0 2. 0 0 6  

M es e g u er, J., L ó p e z -R ui z, A., Est e b a n, M. A., 1 9 9 4. C yt o c h e mi c al c h ar a ct eri z ati o n of 
l e u c o c yt es fr o m t h e s e a w at er t el e ost, gilt h e a d s e a br e a m ( S p ar us a ur at a L.). 
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Ø v erl a n d, H. S., P ett ers e n, E. F., R ø n n es et h, A., W er g el a n d, H.I., 2 0 1 0.  P h a g o c yt osis b y 
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M y c o b a ct eri al I nf e cti o ns of t h e S ki n 1 3, 2 0 7 – 2 2 2. d oi: 1 0. 1 0 1 6/ 0 7 3 8 -
0 8 1 X( 9 5) 0 0 0 0 4 -Y  

P o ur a h m a d, F., N e m ati, M., Ri c h ar ds, R. H., 2 0 1 4. C o m p aris o n of t hr e e m et h o ds f or 
d et e cti o n of M y c o b a ct eri u m m ari n u m i n g ol dfis h ( C ar assi us a ur at us). 
A q u a c ult ur e 4 2 2 – 4 2 3, 4 2 – 4 6. d oi: 1 0. 1 0 1 6/j. a q u a c ult ur e. 2 0 1 3. 1 1. 0 2 6  

Pr o k o p o wi c z, Z., M ar ci n ki e wi c z, J., K at z, D. R., C h ai n, B. M., 2 0 1 2. N e utr o p hil 
M y el o p e r o xi d as e: S ol di er a n d St at es m a n. Ar c h. I m m u n ol. T h er. E x p. ( W ars z.) 
6 0, 4 3 – 5 4. d oi: 1 0. 1 0 0 7/s 0 0 0 0 5 -0 1 1 -0 1 5 6 -8  

Q ui n n, D. M., At ki ns o n, H. M., Br et a g, A. H., T est er, M., Tr ust, T.J., W o n g, C. Y., Fl o w er, 
R. L., 1 9 9 4. C ar b o h y dr at e -r e a cti v e, p or e-f or mi n g o ut er m e m bra n e pr ot ei ns of 
A er o m o n as h y dr o p hil a. I nf e ct. I m m u n. 6 2, 4 0 5 4 – 4 0 5 8.  
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R P H e dri c k, T. M., 1 9 8 7. M y c o b a ct eri osis i n c ult ur e d stri p e d b ass fr o m C alif or ni a U S A. 
J. Wil dl. Dis. 2 3, 3 9 1 – 5. d oi: 1 0. 7 5 8 9/ 0 0 9 0 -3 5 5 8 -2 3. 3. 3 9 1  

R a m a kris h n a n, L., 2 0 1 3. L o o ki n g Wit hi n t h e Z e br afis h t o U n d erst a n d t h e T u b er c ul o us 
Gr a n ul o m a, i n: Di v a n g a hi, M. ( E d.), T h e N e w P ar a di g m of I m m u nit y t o 
T u b er c ul osis, A d v a n c es i n E x p eri m e nt al M e di ci n e a n d Bi ol o g y. S pri n g er N e w 
Y or k, p p. 2 5 1 – 2 6 6. d oi: 1 0. 1 0 0 7/ 9 7 8 -1 -4 6 1 4 -6 1 1 1 -1 _ 1 3  

R a m a kris h n a n, L., F e d e rs pi el, N. A., F al k o w, S., 2 0 0 0. Gr a n ul o m a-S p e cifi c E x pr essi o n of 
M y c o b a ct eri u m Vir ul e n c e Pr ot ei ns fr o m t h e Gl y ci n e -Ri c h P E -P G R S F a mil y. 
S ci e n c e 2 8 8, 1 4 3 6 – 1 4 3 9. d oi: 1 0. 1 1 2 6/s ci e n c e. 2 8 8. 5 4 7 0. 1 4 3 6  

R a m as a m y H ari kris h n a n, B al as u n d ar a m, C., M a n -C h ul Ki m, M o o n -s o o H e o, 2 0 0 9. 
Eff e cti v e a d mi nistr ati o n r o ut e of a z a dir a c hti n a n d its i m p a ct o n h a e m at ol o gi c al 
a n d bi o c h e mi c al p ar a m et ers i n g ol dfis h ( C ar assi us a ur at us) i nf e ct e d wit h 
A er o m o n as h y dr o p hil a. B ull V et I nst P ul a w y 5 3, 6 1 3 – 6 1 9.  

R a n gr e z, A. Y., D a y a n a n d a, K. M., At a n ur, S., J os hi, R., P at ol e, M. S., S h o u c h e, Y. S., 
2 0 0 6. D et e cti o n of C o nj u g ati o n R el at e d T y p e F o ur S e cr eti o n M a c hi n er y i n 
A er o m o n as c uli ci c ol a. P L O S O N E 1, e 1 1 5. d oi: 1 0. 1 3 7 1/j o ur n al. p o n e. 0 0 0 0 1 1 5  

R a n ki n, S. M., 2 0 1 0. T h e b o n e m arr o w: a sit e of n e utr o p hil cl e ar a n c e. J. L e u k o c. Bi ol. 8 8, 
2 4 1 – 2 5 1. d oi: 1 0. 1 1 8 9/jl b. 0 2 1 0 1 1 2  

R e c ks ei dl er -Z e nt e n o, S., 2 0 1 2. C a ps ul ar P ol ys a c c h ari d es Pr o d u c e d b y t h e B a ct eri al 
P at h o g e n B ur k h ol d eri a ps e u d o m all ei, i n: K ar u n ar at n e, D. N. ( E d.), T h e C o m pl e x 
W orl d of P ol ys a c c h ari d es. I n T e c h.  

R e d di e n, P. W., H or vit z, H. R., 2 0 0 4. T h e E n g ulf m e nt Pr o c ess of Pr o gr a m m e d C ell D e at h 
i n C a e n or h a b ditis El e g a ns. A n n u. R e v. C ell D e v. Bi ol. 2 0, 1 9 3– 2 2 1. 
d oi: 1 0. 1 1 4 6/ a n n ur e v. c ell bi o. 2 0. 0 2 2 0 0 3. 1 1 4 6 1 9  

R e e d, S. G., Br o w n ell, C. E., R uss o, D. M., Sil v a, J. S., Gr a bst e i n, K. H., M orriss e y, P.J., 
1 9 9 4. I L -1 0 m e di at es s us c e pti bilit y t o Tr y p a n os o m a cr u zi i nf e cti o n. J. I m m u n ol. 
1 5 3, 3 1 3 5 – 3 1 4 0.  

R eit h, M. E., Si n g h, R. K., C urtis, B., B o y d, J. M., B o u e vit c h, A., Ki m b all, J., M u n h oll a n d, 
J., M ur p h y, C., S art y, D., Willi a ms, J., N a s h, J. H., J o h ns o n, S. C., Br o w n, L. L., 
2 0 0 8. T h e g e n o m e of A er o m o n as s al m o ni ci d a s u bs p. s al m o ni ci d a A 4 4 9: i nsi g hts 
i nt o t h e e v ol uti o n of a fis h p at h o g e n. B M C G e n o mi cs 9, 4 2 7. d oi: 1 0. 1 1 8 6/ 1 4 7 1-
2 1 6 4 -9 -4 2 7  

R e n ni c k, D. M., F ort, M. M., 2 0 0 0. XII. I L -1 0 -d efi ci e nt (I L-1 0 −  / − ) mi c e a n d i nt esti n al 
i nfl a m m ati o n. A m. J. P h ysi ol. - G astr oi nt est. Li v er P h ysi ol. 2 7 8, G 8 2 9 – G 8 3 3.  

R e n ni c k, D. M., F ort, M. M., D a vi ds o n, N.J., 1 9 9 7. St u di es wit h I L -1 0 -/- mi c e: a n 
o v er vi e w. J. L e u k o c. Bi ol. 6 1, 3 8 9 – 3 9 6.  

R e ns h a w, P. S., Li g ht b o d y, K. L., V e v er k a, V., M us k ett, F. W., K ell y, G., Fr e n ki el, T. A., 
G or d o n, S. V., H e wi ns o n, R. G., B ur k e, B., N or m a n, J., Willi a ms o n, R. A., C arr, 
M. D., 2 0 0 5. Str u ct ur e a n d f u n cti o n of t h e c o m pl e x f or m e d b y t h e t u b er c ul osis 
vir ul e n c e f a ct ors C F P -1 0 a n d E S A T -6. E M B O  J. 2 4, 2 4 9 1 – 2 4 9 8. 
d oi: 1 0. 1 0 3 8/sj. e m b oj. 7 6 0 0 7 3 2  

R e ns h a w, S. A., L o y n es, C. A., Tr us h ell, D. M.I., El w ort h y, S., I n g h a m, P. W., W h yt e, 
M. K. B., 2 0 0 6. A tr a ns g e ni c z e br afis h m o d el of n e utr o p hili c i nfl a m m ati o n. Bl o o d 
1 0 8, 3 9 7 6 – 3 9 7 8. d oi: 1 0. 1 1 8 2/ bl o o d -2 0 0 6 -0 5 -0 2 4 0 7 5  

R e ns h a w, S. A., P ar m ar, J. S., Si n gl et o n, V., R o w e, S.J., D o c kr ell, D. H., D o w er, S. K., 
Bi n gl e, C. D., C hil v ers, E. R., W h yt e, M. K. B., 2 0 0 3. A c c el er ati o n of H u m a n 
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N e utr o p hil A p o pt osis b y T R AI L. J. I m m u n ol. 1 7 0, 1 0 2 7 – 1 0 3 3. 
d oi: 1 0. 4 0 4 9/ji m m u n ol. 1 7 0. 2. 1 0 2 7  

R e y V á z q u e z, G., G u err er o, G. A., 2 0 0 7. C h ar a ct eri z ati o n of bl o o d c ells a n d 
h e m at ol o gi c al p ar a m et ers i n Ci c hl as o m a di m er us ( T el e ost ei, P er cif or m es). Tiss u e 
C ell 3 9, 1 5 1 – 1 6 0. d oi: 1 0. 1 0 1 6/j.ti c e. 2 0 0 7. 0 2. 0 0 4  

R e y es -R u v al c a b a, D., G o n z ál e z -C ort és, C., Ri v er o -L e z c a n o,  O. M., 2 0 0 8. H u m a n 
p h a g o c yt es l a c k t h e a bilit y t o kill M y c o b a ct eri u m g or d o n a e, a n o n -p at h o g e ni c 
m y c o b a ct eri a. I m m u n ol. L ett. 1 1 6, 7 2 – 7 8. d oi: 1 0. 1 0 1 6/j.i ml et. 2 0 0 7. 1 1. 0 1 0  

Ri e g er, A., B ar -Or, A., 2 0 0 8. B -c ell -d eri v e d i nt erl e u ki n -1 0 i n a ut oi m m u n e dis e as e: 
r e g ul ati n g t h e r e g ul at ors. N at. R e v. I m m u n ol. 8, 4 8 6– 4 8 7. d oi: 1 0. 1 0 3 8/ nri 2 3 1 5 -c 1  

Ri e g er, A. M., B arr e d a, D. R., 2 0 1 1. A nti mi cr o bi al m e c h a nis ms of fis h l e u k o c yt es. D e v. 
C o m p. I m m u n ol., S p e ci al iss u e o n T el e ost Fis h I m m u n ol o g y 3 5, 1 2 3 8 – 1 2 4 5. 
d oi: 1 0. 1 0 1 6/j. d ci. 2 0 1 1 . 0 3. 0 0 9 

Ri e g er, A. M., H all, B. E., L u o n g, L. T., S c h a n g, L. M., B arr e d a, D. R., 2 0 1 0. C o n v e nti o n al 
a p o pt osis ass a ys usi n g pr o pi di u m i o di d e g e n er at e a si g nifi c a nt n u m b er of f als e 
p ositi v es t h at pr e v e nt a c c ur at e ass ess m e nt of c ell d e at h. J. I m m u n ol. M et h o ds 
3 5 8,  8 1 – 9 2. d oi: 1 0. 1 0 1 6/j.ji m. 2 0 1 0. 0 3. 0 1 9  

Ri e g er, A. M., K o n o w al c h u k, J. D., Gr a yf er, L., K at z e n b a c k, B. A., H a vi x b e c k, J.J., 
Ki e m el e, M. D., B el os e vi c, M., B arr e d a, D. R., 2 0 1 2. Fis h a n d M a m m ali a n 
P h a g o c yt es Diff er e nti all y R e g ul at e Pr o -I nfl a m m at or y a n d H o m e ost ati c R es p o ns es 
I n Vi v o. P L o S O N E 7. d oi: 1 0. 1 3 7 1/j o ur n al. p o n e. 0 0 4 7 0 7 0 

Ri e g er, A. M., K o n o w al c h u k, J. D., H a vi x b e c k, J.J., R o b bi ns, J. S., S mit h, M. K., L u n d, 
J. M., B arr e d a, D. R., 2 0 1 3. A s ol u bl e f or m of t h e C S F -1 r e c e pt or c o ntri b ut es t o 
t h e i n hi biti o n of i nfl a m m atio n i n a t el e ost fis h. D e v. C o m p. I m m u n ol. 3 9, 4 3 8 –
4 4 6. d oi: 1 0. 1 0 1 6/j. d ci. 2 0 1 2. 1 2. 0 0 1  

Ri e g er, M. A., H o p p e, P. S., S m ej k al, B. M., Eit el h u b er, A. C., S c hr o e d er, T., 2 0 0 9. 
H e m at o p oi eti c C yt o ki n es C a n I nstr u ct Li n e a g e C h oi c e. S ci e n c e 3 2 5, 2 1 7 – 2 1 8. 
d oi: 1 0. 1 1 2 6/s ci e n c e. 1 1 7 1 4 6 1  

Ri o, R. V. M., A n d er e g g, M., Gr af, J., 2 0 0 7. C h ar a ct eri z ati o n of a c at al as e g e n e fr o m 
A er o m o n as v er o nii, t h e di g esti v e -tr a ct s y m bi o nt of t h e m e di ci n al l e e c h. 
Mi cr o bi ol o g y 1 5 3, 1 8 9 7 – 1 9 0 6. d oi: 1 0. 1 0 9 9/ mi c. 0. 2 0 0 6/ 0 0 3 0 2 0 -0  

R o b b, L., L y o ns, I., Li, R ., H artl e y, L., K ö nt g e n, F., H ar v e y, R. P., M et c alf, D., B e gl e y, 
C. G., 1 9 9 5. A bs e n c e of y ol k s a c h e m at o p oi esis fr o m mi c e wit h a t ar g et e d 
disr u pti o n of t h e s cl g e n e. Pr o c. N atl. A c a d. S ci. 9 2, 7 0 7 5 – 7 0 7 9.  

R o bi ns o n, N., W ol k e, M., Er n est us, K., Pl u m, G., 2 0 0 7.  A M y c o b a ct eri al G e n e I n v ol v e d 
i n S y nt h esis of a n O ut er C ell E n v el o p e Li pi d Is a K e y F a ct or i n Pr e v e nti o n of 
P h a g os o m e M at ur ati o n. I nf e ct. I m m u n. 7 5, 5 8 1 – 5 9 1. d oi: 1 0. 1 1 2 8/I AI. 0 0 9 9 7 -0 6  

R O G A L L, T., W O L T E R S, J., F L O H R, T., B Ö T T G E R, E. C., 1 9 9 0. T o w ar ds a 
P h yl o g e n y a n d D efi niti o n of S p e ci es at t h e M ol e c ul ar L e v el wit hi n t h e G e n us 
M y c o b a ct eri u m. I nt. J. S yst. E v ol. Mi cr o bi ol. 4 0, 3 2 3 – 3 3 0. 
d oi: 1 0. 1 0 9 9/ 0 0 2 0 7 7 1 3 -4 0 -4 -3 2 3  

R o o k, A. H., K e hrl, J. H., W a k efi el d, L. M., R o b erts, A. B., S p or n, M. B., B urli n gt o n, D. B., 
L a n e, H. C., F a u ci, A. S., 1 9 8 6. Eff e cts of tr a nsf or mi n g gr o wt h f a ct or b et a o n t h e 
f u n cti o ns of n at ur al kill er c ells: d e pr ess e d c yt ol yti c a cti vit y a n d bl u nti n g of 
i nt erf er o n r es p o nsi v e n ess. J. I m m u n ol. 1 3 6, 3 9 1 6– 3 9 2 0.  
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R o os, R. S., L o ets c h er, M., L e gl er, D. F., Cl ar k -L e wis, I., B a g gi oli ni, M., M os er, B., 1 9 9 7. 
I d e ntifi c ati o n of C C R 8, t h e R e c e pt or f or t h e H u m a n C C C h e m o ki n e I-3 0 9. J. 
Bi ol. C h e m. 2 7 2, 1 7 2 5 1 – 1 7 2 5 4. d oi: 1 0. 1 0 7 4/j b c. 2 7 2. 2 8. 1 7 2 5 1  

R o q u e, S., N o br e g a, C., A p p el b er g, R., C orr ei a -N e v es, M., 2 0 0 7. I L -1 0 U n d erli es 
Disti n ct S us c e pti bilit y of B A L B/ c a n d C 5 7 B L/ 6 Mi c e t o M y c o b a ct eri u m a vi u m 
I nf e cti o n a n d I nfl u e n c es Effi c a c y of A nti bi oti c T h er a p y. J. I m m u n ol. 1 7 8, 8 0 2 8–
8 0 3 5. d oi: 1 0. 4 0 4 9/ji m m u n ol. 1 7 8. 1 2. 8 0 2 8  

R os e n z w ei g, J. A., C h o pr a, A. K., 2 0 1 3. M o d ul ati o n of h ost i m m u n e d ef e ns es b y 
A er o m o n as a n d Y ersi ni a s p e ci es: c o n v er g e n c e o n t o xi ns s e cr et e d b y v ari o us 
s e cr eti o n s yst e ms. Fr o nt. C ell. I nf e ct. Mi cr o bi ol. 3. 
d oi: 1 0. 3 3 8 9/f ci m b. 2 0 1 3. 0 0 0 7 0  

R os m ari n, A. G., Y a n g, Z., R es e n d es, K. K., 2 0 0 5. Tr a ns cri pti o n al r e g ul ati o n i n 
m y el o p oi e sis: H e m at o p oi eti c f at e c h oi c e, m y el oi d diff er e nti ati o n, a n d 
l e u k e m o g e n esis. E x p. H e m at ol. 3 3, 1 3 1– 1 4 3. d oi: 1 0. 1 0 1 6/j. e x p h e m. 2 0 0 4. 0 8. 0 1 5  

R o wl e y, A. F., 1 9 9 1. Li p o xi n f or m ati o n i n fis h l e u c o c yt es. Bi o c hi m. Bi o p h ys. A ct a B B A 
- Li pi ds Li pi d M et a b. 1 0 8 4, 3 0 3 – 3 0 6. d oi: 1 0. 1 0 1 6/ 0 0 0 5 -2 7 6 0( 9 1) 9 0 0 7 3 -Q  

R ü c k erl, D., All e n, J. E., 2 0 1 4. M a cr o p h a g e pr olif er ati o n, pr o v e n a n c e, a n d pl asti cit y i n 
m a cr o p ar asit e i nf e cti o n. I m m u n ol. R e v. 2 6 2, 1 1 3 – 1 3 3. d oi: 1 0. 1 1 1 1/i mr. 1 2 2 2 1  

R y c y z y n, M. a, Wils o n, M. R., B e n gt é n, E., W arr, G. W., Cl e m, L. W., Mill er, N. W., 1 9 9 8. 
Mit o g e n a n d gr o wt h f a ct or -i n d u c e d a cti v ati o n of a S T A T-li k e m ol e c ul e i n 
c h a n n el c atfis h l y m p h oi d c ellsf n 2. M ol. I m m u n ol. 3 5, 1 2 7 – 1 3 6. 
d oi: 1 0. 1 0 1 6/ S 0 1 6 1 -5 8 9 0( 9 8) 0 0 0 0 6 -6  

S a d, S., M ar c ott e, R., M os m a n n, T. R., 1 9 9 5. C yt o ki n e -i n d u c ed diff er e nti ati o n of 
pr e c urs or m o us e C D 8 + T c ells i nt o c yt ot o xi c C D 8 + T c ells s e cr eti n g T h 1 or T h 2 
c yt o ki n es. I m m u nit y 2, 2 7 1 – 2 7 9. d oi: 1 0. 1 0 1 6/ 1 0 7 4 -7 6 1 3( 9 5) 9 0 0 5 1 -9  

S a di k, C. D., Ki m, N. D., L ust er, A. D., 2 0 1 1. N e utr o p hils c as c a di n g t h eir w a y t o 
i nfl a m m ati o n. Tr e n ds I m m u n ol. 3 2, 4 5 2 – 4 6 0. d oi: 1 0. 1 0 1 6/j.it. 2 0 1 1. 0 6. 0 0 8  

S a eij, J. P.J., St et, R.J. M., d e Vri es, B.J., v a n M uis wi n k el, W. B., Wi e g ertj es, G. F., 2 0 0 3. 
M ol e c ul ar a n d f u n cti o n al c h ar a ct eri z ati o n of c ar p T N F: a li n k b et w e e n T N F 
p ol y m or p his m a n d tr y p a n ot ol er a n c e ? D e v. C o m p. I m m u n ol. 2 7, 2 9 – 4 1. 
d oi: 1 0. 1 0 1 6/ S 0 1 4 5 -3 0 5 X( 0 2) 0 0 0 6 4 -2  

S a eij, J. P.J., St et, R.J. M., Gr o e n e v el d, A., K e m e n a d e, L. B. M. V., M uis wi n k el, W. B. v a n, 
Wi e g ertj es, G. F., 2 0 0 0. M ol e c ul ar a n d f u n cti o n al c h ar a ct eri z ati o n of a fis h 
i n d u ci bl e-t y p e nitri c o xid e s y nt h as e. I m m u n o g e n eti cs 5 1, 3 3 9 – 3 4 6. 
d oi: 1 0. 1 0 0 7/s 0 0 2 5 1 0 0 5 0 6 2 8  

S a eij, J. P.J., v a n M uis wi n k el, W. B., v a n d e M e e nt, M., A m ar al, C., Wi e g ertj es, G. F., 
2 0 0 3. Diff er e nt c a p a citi es of c ar p l e u k o c yt es t o e n c o u nt er nitri c o xi d e -m e di at e d 
str ess: a r ol e f or t h e i ntr a c ell ul ar r e d u c e d gl ut at hi o n e p o ol. D e v. C o m p. I m m u n ol. 
2 7, 5 5 5 – 5 6 8. d oi: 1 0. 1 0 1 6/ S 0 1 4 5 -3 0 5 X( 0 2) 0 0 1 5 8 -1  

S a h o o, M., C e b all os -Ol v er a, I., d el B arri o, L., R e, F., 2 0 1 1. R ol e of t h e I nfl a m m as o m e, 
I L-1 β , a n d I L-1 8 i n B a ct eri al I nf e cti o ns. S ci e ntifi c W orl dJ o ur n al 1 1, 2 0 3 7 – 2 0 5 0. 
d oi: 1 0. 1 1 0 0/ 2 0 1 1/ 2 1 2 6 8 0  

S a k a z a ki, R., S hi m a d a, T., 1 9 8 4. O -S E R O G R O U PI N G S C H E M E F O R M E S O P HI LI C 
A E R O M O N A S S T R AI N S. J p n. J. M e d. S ci. Bi ol. 3 7, 2 4 7 – 2 5 5. 
d oi: 1 0. 7 8 8 3/ y o k e n 1 9 5 2. 3 7. 2 4 7  
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S al m o n, J. A., Hi g gs, G. A., 1 9 8 7. Pr ost a gl a n di ns a n d l e u k ot ri e n es as i nfl a m m at or y 
m e di at ors. Br. M e d. B ull. 4 3, 2 8 5 – 2 9 6.  

S a m u el, C. E., 2 0 0 1. A nti vir al A cti o ns of I nt erf er o ns. Cli n. Mi cr o bi ol. R e v. 1 4, 7 7 8 – 8 0 9. 
d oi: 1 0. 1 1 2 8/ C M R. 1 4. 4. 7 7 8 -8 0 9. 2 0 0 1  

S a n d h u, G. K., 2 0 1 1. T u b er c ul osis: C urr e nt Sit u ati o n, C h all e n g es a n d O v e r vi e w of its 
C o ntr ol Pr o gr a ms i n I n di a. J. Gl o b. I nf e ct. Dis. 3, 1 4 3 – 1 5 0. d oi: 1 0. 4 1 0 3/ 0 9 7 4 -
7 7 7 X. 8 1 6 9 1  

S a nt os, M. D., Y as ui k e, M., Hir o n o, I., A o ki, T., 2 0 0 6. T h e gr a n ul o c yt e c ol o n y -
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C h a n g, P. -Y., S u, L. -H., K u o, A. -J., C hi a, J. -H., L u, C. -C., L ai, H. -C., 2 0 1 2. Fis h 
T a n k Gr a n ul o m a C a us e d b y M y c o b a ct eri u m m ari n u m. P L O S O N E 7, e 4 1 2 9 6. 
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Y os hi m ur a, T., M ats us hi m a, K., T a n a k a, S., R o bi ns o n , E. A., A p p ell a, E., O p p e n h ei m, 
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E n vir o n m e nt al, a n d P h ysi ol o gi c al C u es a n d E v e nts, a n d T h eir P ot e nti al 
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A p p e n di x I . M ulti -p a r a m et ri c a n al ysis of 

p h a g o c yt e a nti mi c r o bi al r es p o ns es usi n g i m a gi n g 

fl o w c yt o m et r y1  

 

AI. 1  I nt r o d u cti o n  

 P h a g o c yt osis is a w ell c o ns er v e d c ell ul ar m e c h a nis m, w hi c h s er v es as a 

first li n e of d ef e ns e a g ai nst i n v a di n g p at h o g e ns a n d f urt h er c o ntri b ut es t o t h e r e g ul ati o n 

of d o w nstr e a m eff e ct or a n d r e g ul at or y m e c h a nis ms of i m m u nit y ( U n d er hill a n d O zi ns k y, 

2 0 0 2) . P arti cl e i nt er n ali z ati o n m ar ks t h e s u c c essf ul tr a nsiti o n t hr o u g h t h e t hr es h ol d of 

p h a g o c yt e a cti v ati o n a n d pr o m ot es t h e i n d u cti o n of d o w nstr e a m pr o c ess es. T his i n cl u d es 

t h e a cti v ati o n of i nfl a m m at or y pr o gr a ms ( U n d er hill a n d O zi ns k y, 2 0 0 2),  pr o d u cti o n of 

a nti mi cr o bi al r e a cti v e o x y g e n a n d nitr o g e n s p e ci es ( B o g d a n et al., 2 0 0 0; R o bi ns o n, 

2 0 0 8) , a n d i n d u cti o n of tr a ns cri pti o n f a ct or a cti vit y r es ulti n g i n t ar g et e d e x pr essi o n of 

c yt o ki n e g e n es ( M c D o n al d a n d C ass at ell a, 1 9 9 7; S c ull et al., 2 0 1 0). Gi v e n t h e 

h et er o g e n eit y a m o n g i n di vi d u al p h a g o c yt e r es p o ns es at t h e i nfl a m m at or y sit e, m u c h c a n 

																																																								
1 	A p orti o n of t his c h a pt er h as b e e n pr e vi o usl y p u blis h e d i n:  

H a vi x b e c k  JJ,  W o n g  M E,  M or e  B a y o n a  J A,  a n d  B arr e d a  D R  ( 2 0 1 5)  M ulti -p ar a m etri c 

a n al ysis of p h a g o c yt e a nti mi cr o bi al r es p o ns es usi n g i m a gi n g fl o w c yt o m etr y . J o ur n al of 

I m m u n ol o gi c al M et h o ds 4 2 3: 8 5-9 2.  
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b e g ai n e d fr o m m ulti -p ar a m etri c a n al ys es t h at all o w d e e p er c h ar a ct eri z ati o n of disti n ct 

p h e n ot y p es a n d t h eir c o ntri b uti o ns t o t h e i n d u cti o n a n d r e g ul ati o n of i nfl a m m ati o n.  

O v er t h e y e ars, a n u m b er of m ol e c ul ar a n d c ell -b as e d str at e gi es h a v e b e e n a p pli e d 

t o t h e st u d y of p h a g o c yt osis ( Dr e v ets a n d C a m p b ell, 1 9 9 1; Ri e g er et al., 2 0 1 0 a; R ossi 

a n d L or d, 2 0 1 3; Si n g b o ottr a et al., 2 0 1 0) . Of t h es e, t hr e e c o m m o n a p pr o a c h es ar e b as e d 

o n li g ht mi cr os c o p y, fl u or es c e n c e mi cr os c o p y, a n d fl o w c yt o m etr y t e c h ni q u es. E a c h 

all o ws f or t h e d et e cti o n of p h a g o c yt osis wit h v ar yi n g l e v els of s p e cifi cit y b ut als o 

dis pl a ys i m p ort a nt li mit ati o ns t h at r estri ct t h eir o v er all c o ntri b uti o ns. Mi cr os c o p y -b as e d 

a p pr o a c h es ( b ot h li g ht a n d fl u or es c e nt) all o w t h e us er t o dir e ctl y vis u ali z e c ells, off eri n g 

t h e s p ati al r es ol uti o n r e q uir e d t o dis c er n p arti cl e a n d/ or st ai ni n g l o c ali z ati o n. H o w e v er, 

mi cr os c o p y -b as e d ass a ys s uff er fr o m ti m e c o nstr ai nts a n d l o w e v e nt c o u nts, w hi c h 

pr e cl u d e st atisti c all y r o b ust a n al ys es. Fl o w c yt o m etr y -b as e d ass a ys i n cr e as e t h e st atisti c al 

r o b ust n ess t hro u g h e x a mi n ati o n of t h o us a n ds of c ells i n a s h ort p eri o d of ti m e. I n 

a d diti o n, p ar all el a n al ysis of c ell ul ar p h e n ot y p es b as e d o n s urf a c e m ar k er e x pr essi o n m a y 

pr o vi d e i n cr e as e d r es ol uti o n w h e n mi x e d p o p ul ati o ns ar e a n al y z e d. Fl o w c yt o m etr y, 

h o w e v er, l a c ks t h e s p ati al r es ol uti o n of mi cr os c o p y-b as e d ass a ys, w hi c h pr e v e nts t h e 

dis cri mi n ati o n b et w e e n b o u n d a n d i nt er n ali z e d p arti cl es a n d t h e a n al ysis of d o w nstr e a m 

r es p o ns es t h at ar e n ot d e p e n d e nt s ol el y o n c h a n g es i n fl u or es c e n c e l e v el, s u c h as n u cl e ar 

tr a nsl o c ati o n of N F-κ B. T h e I m a g e Str e a m m ultis p e ctr al i m a gi n g fl o w c yt o m etr y pl atf or m 

off ers a d d e d r es ol uti o n b y c o m bi ni n g t h e t hr o u g h p ut a n d m ulti -c h a n n el c a p a biliti es of 

fl o w c yt o m etr y wit h t h e s p ati al l o c ali z ati o n of fl u or es c e nt mi cr os c o p y. P h a g o c yt osis 

ass a ys a r e p arti c ul arl y e n h a n c e d t hr o u g h t h e a bilit y t o e x a mi n e c ells i n t h e X, Y, a n d Z 

pl a n e, w hi c h all o ws t h e us er t o a n al y z e c ells i n all 3 di m e nsi o ns a n d t h er ef or e disti n g uis h 
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b et w e e n s urf a c e -b o u n d a n d i nt er n ali z e d p arti cl es ( Ri e g er et al., 2 0 1 0 a). I m p ort a ntl y, t his 

pl atf or m is als o a m e n a bl e t o m ulti -p ar a m etri c a n al ys es of c ell ul ar r es p o ns es a m o n g 

disti n ct s u bs ets i n a p o p ul ati o n. T h e pr es e nt st u d y t o o k a d v a nt a g e of t h es e c a p a biliti es f or 

i n vitr o  e v al u ati o n of p h a g o c yt e a nti mi cr o bi al r es p o ns es a g ai nst A er o m o n as  v er o nii. T his 

p at h o g e n  h as pr e vi o usl y b e e n s h o w n t o i n d u c e a p o pt osis of e pit h eli al c ells t hr o u g h 

mit o c h o n dri al d e p ol ari z ati o n a n d o xi d ati v e str ess ( Kr z y miń s k a et al., 2 0 1 1) . Pr e vi o us 

st u di es s u g g est t h at r esi d e nt m a cr o p h a g es, ar e c e ntr al c o ntri b ut ors t o t h e i n d u cti o n a n d 

r e g ul ati o n of a nti mi cr o bi al r es p o ns es a g ai nst t his p at h o g e n (J o h n et al., 2 0 0 2)( S h ar p a n d 

S e c o m b es, 1 9 9 3) . H o w e v er, t h e d et ails of t his m a cr o p h a g e-A er o m o n as  i nt er a cti o n r e m ai n 

ill d efi n e d.   

 W e r e p or t h er e, t h at b ot h li v e a n d h e at-kill e d f or ms of A er o m o n as v er o nii  

a cti v at e d m uri n e R A W 2 6 4. 7 m a cr o p h a g es a n d i n d u c e N F -κ B n u cl e ar tr a nsl o c ati o n. 

U nli k e t h eir c o ntri b uti o n t o e pit h eli al c ell a p o pt osis,  A er o m o n as di d n ot i n d u c e 

si g nifi c a nt l e v els of m a cr o p h a g e a p o pt osis. H o w e v er, t h e n u m b er of a cti v el y pr olif er ati n g 

m a cr o p h a g es d e cr e as e d u p o n A. v er o nii  c h all e n g e . T h e p h a g o c yti c c a p a cit y of  R A W 

m a cr o p h a g es i nt er n ali zi n g A. v er o nii  als o i n cr e as e d i n a ti m e d e p e n d e nt  m a n n er. 

I nt er esti n gl y, usi n g a m ulti-p ar a m etri c a p pr o a c h, w e f o u n d t h at t h e d e gr e e of i nt er a cti o n 

b et w e e n t h es e p h a g o c yt es a n d A. v er o nii  pl a y e d a m aj or r ol e o n t h eir a nti mi cr o bi al 

pr ofil e. I n s h ort, A v er o nii  i n hi bit e d r es pir at or y b urst r es p o ns es i n  m a cr o p h a g es t h at h a d 

p h a g o c yt os e d t h e p at h o g e n t o a gr e at er e xt e nt t h a n t h os e t h at h a d si m pl y b o u n d t his 

b a ct eri u m, a n d t o a m u c h f urt h er d e gr e e t h a n t h os e t h at w er e n ot p h ysi c all y ass o ci at e d 

wit h A. v er o nii . 
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A I. 2  M at e ri als a n d M et h o d s  

AI. 2. 1  C ell li n e  

R A W 2 6 4. 7 c ells w er e c ult ur e d i n D M E M s u p pl e m e nt e d wit h 1 0 0  U/ m L 

p e ni cilli n, 1 0 0  µ g/ m L str e pt o m y ci n, 1 0 % f et al b o vi n e s er u m. C ells w er e i n c u b at e d at 

3 7  ° C/ 5 % C O 2  a n d p ass a g e d e v er y 2 -3 d a ys.  

 

AI. 2. 2  B a ct e ri al g r o wt h  

A er o m o n as  v er o nii w as gr o w n o v er ni g ht i n tr y pti c as e s o y br ot h  t o a n O D 6 0 0  of 1. 0 

t o 1. 3. H e at-kill e d ( H k) s a m pl es w er e pr e p ar e d b y i n c u b ati n g b a ct eri a at 8 0 ° C f or 6 0 

mi n ut es. Li v e a n d h e at -kill e d A. v er o nii  w er e t h e n w as h e d t wi c e i n 1 × P B S -/- a n d a d d e d t o 

c ult ur es at a 5: 1 ( b a ct eri a: c ells) r ati o.  

 

AI. 2. 3  Fl u o r e s c e nt l a b eli n g  of b a ct e ri a  

F oll o wi n g h e at -killi n g, A. v er o nii  w as w as h e d t wi c e a n d r es us p e n d e d i n 1 × P B S -/-. 

Pr o pi di u m i o di d e ( PI) w as a d d e d t o a fi n al c o n c e ntr ati o n of 4 µ g/ m L a n d i n c u b at e d f or 

6 0 mi n ut es i n t h e d ar k at r o o m t e m p er at ur e wit h c o nti n u al r o c ki n g. B a ct eri a w er e t h e n 

w as h e d t wi c e wit h 1 × P B S -/- t o r e m o v e a n y u n b o u n d PI.  

 

AI. 2. 4  C ell n u cl e a r st ai ni n g  

C ells w er e st ai n e d wit h a 1: 3 0 dil uti o n of D R A Q 5 ( Bi ost at us). C ells w er e 

s u bs e q u e ntl y i n c u b at e d f or a mi ni m u m of 2 mi n ut es pri or t o a c q uisiti o n.  
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AI. 2. 5  N F -κ B n u cl e a r t r a n sl o c a ti o n 

R A W 2 6 4. 7 c ells w er e i n c u b at e d wit h u nl a b ell e d h e at -kill e d or li v e b a ct eri a, f or 

1  h o ur at 3 7  ° C/ 5 % C O 2  wit h c o m pl et e D M E M m e di a i n 5 m L p ol yst yr e n e r o u n d b ott o m 

t u b es ( B D F al c o n). F oll o wi n g p h a g o c yt osis, c ells w er e w as h e d t wi c e wit h 1× P B S − /−  a n d 

t h e n fi x e d wit h 1 % f or m al d e h y d e o v er ni g ht at 4 ° C. C ells w er e t h e n p er m e a bili z e d wit h 

b uff er ( 2 % f et al c alf s er u m s u p pl e m e nt e d wit h 0. 1 % s a p o ni n) f or 1 0 mi n ut es at 4  ° C 

b ef or e b ei n g tr e at e d wit h a nti -N F -κ B p 6 5 r a b bit I g G ( S a nt a Cr u z Bi ot e c h n ol o g y) f o r 3 0 

mi n ut es at 4  ° C, f oll o w e d b y 2 0 mi n ut es at r o o m t e m p er at ur e. C ells w er e t h e n w as h e d 

wit h p er m e a bli z ati o n b uff er a n d tr e at e d wit h FI T C -c o nj u g at e d g o at a nti -r a b bit I g G 

(J a c ks o n I m m u n o R es e ar c h) f or 2 0 mi n ut es at r o o m t e m p er at ur e. D R A Q 5 st ai n w as a d d e d 

i mm e di at el y pri or t o a c q uisiti o n o n a n I m a g e Str e a m M KII ( A m nis; E M D Milli p or e) 

i m a gi n g fl o w c yt o m et er. At l e ast 1 0, 0 0 0 c ells w er e a c q uir e d. 

 

AI. 2. 6  C ell vi a bilit y  

C ell vi a bilit y w as d et er mi n e d as pr e vi o usl y d es cri b e d ( Ri e g er et al., 2 0 1 0 b) wit h 

mi n or m o difi c ati o ns. R A W 2 6 4. 7 c ells w er e i n c u b at e d wit h li v e or h e at -kill e d 

A er o m o n as  f or 1, 2, or 4 h o urs at 3 7  ° C/ 5 % C O 2  wit h c o m pl et e D M E M m e di a i n 5 m L 

p ol yst yr e n e r o u n d b ott o m t u b es ( B D F al c o n). F oll o wi n g i n c u b ati o n, c ells w er e w as h e d 

t wi c e i n A n n e xi n V bi n di n g b uff er ( B D P h ar mi n g e n) a n d r es us p e n d e d i n 1 0 0 µ L 

A n n e xi n V bi n di n g b uff er.  A n n e xi n V FI T C ( e Bi os ci e n c e) w as a d d e d a c c or di n g t o 

m a n uf a ct ur ers pr ot o c ols. Pr o pi di u m i o di d e ( Si g m a) w as a d d e d t o a fi n al c o n c e ntr ati o n of 

4 µ g/ m L. C ells w er e t h e n i n c u b at e d f or a f urt h er 3 0 mi n ut es a n d d at a w as a c q uir e d o n a n 
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I m a g e Str e a m M KII m ulti-s p e ctr al fl o w c yt o m et er ( A m nis; E M D Milli p or e). At l e ast 

1 0, 0 0 0 c ells w er e a c q uir e d.  

 

AI. 2. 7  C ell p r olif e r ati o n  

Fi v e -br o m o -2’ -d e o x y uri di n e ( Br d U) w as us e d i n vitr o t o d et er mi n e m a cr o p h a g e 

pr olif er ati o n. Br d U ( 1 0 µ M) w as all o w e d t o i n c or p or at e i nt o R A W m a cr o p h a g es f or 1 

h o ur. C ells w er e fi x e d i n 1 % f or m al d e h y d e f or a mi ni m u m of 2 4 h o urs i n 5 m L 

p ol yst yr e n e r o u n d b ott o m t u b es ( B D F al c o n). C ells w er e t h e n st ai n e d a c c or di n g t o 

m a n uf a ct ur ers pr ot o c ols. Bri efl y, f oll o wi n g fi x ati o n, c ells w er e w as h e d o n c e i n 1 x P B S -/- 

f oll o w e d b y o n c e i n fl o w c yt o m etr y b uff er ( 2 % F B S i n 1 x P B S-/-). C ells w er e 

r es us p e n d e d i n 1 m L of Br d U st ai ni n g b uff er ( e Bi os ci e n c e), a n d i n c u b at e d at 4 ° C f or 1 

h o ur. F oll o wi n g i n c u b ati o n, c ells w er e r es us p e n d e d i n 1 0 0 µ L fl o w c yt o m etr y st ai ni n g 

b uff er c o nt ai ni n g D N as e I ( 3 0 µ g; Si g m a), a n d i n c u b at e d at 3 7 ° C f or 1 h o ur. C ells w er e 

t h e n w as h e d i n fl o w c yt o m etr y b uff er t o r e m o v e D N as e I. F oll o wi n g c e ntrif u g ati o n, c ells 

w er e r es us p e n d e d i n 1 0 0 µ L fl o w c yt o m etr y st ai ni n g b uff er c o nt ai ni n g a nti -Br d U FI T C 

a nti b o d y, at i n c u b at e d at r o o m t e m p er at ur e f or 1 h o ur. C ells w er e w as h e d t wi c e i n fl o w 

c yt o m etr y st ai ni n g b uff er. I m m e di at el y pri or t o a c q uisiti o n, a 1: 3 0 dil uti o n of D R A Q 5 

w as a d d e d t o all o w f or c ell c y cl e a n al ysis. A n al ysis of m a cr o p h a g e c ell c y cl e w as 

p erf or m e d as pr e vi o usl y d es cri b e d ( A m nis, 2 0 0 7). D at a w as a c q uir e d o n t h e 

I m a g e Str e a m M KII ( A m nis; E M D Milli p or e) a n d a n al y z e d usi n g I D E A S s oft w ar e. A 

mi ni m u m of 5 x 1 0 4  c ells w er e a c q uir e d.  
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AI. 2. 8  P h a g o c yt o sis a n d r e s pi r at o r y b u rst  

R A W 2 6 4. 7 c ells w er e i n c u b at e d wit h h e at -kill e d ( PI l a b ell e d) or li v e b a ct eri a 

( S yt o 9 l a b ell e d) f or 1 h o ur at 3 7  ° C/ 5 % C O 2  wit h c o m pl et e D M E M m e di a i n 5 m L 

p ol yst yr e n e r o u n d b ott o m t u b es ( B D F al c o n). F oll o wi n g p h a g o c yt osis, c ells w er e w as h e d 

t wi c e wit h 1× P B S − /−  a n d t h e n fi x e d wit h 1 % f or m al d e h y d e f or 3 0 mi n ut es o n i c e. D at a 

w as a c q uir e d o n a n I m a g e Str e a m m ulti -s p e ctr al fl o w c yt o m et er ( A m nis; E M D 

Milli p or e). At l e ast 1 0, 0 0 0 c ells w er e a c q uir e d.  

 T o e v al u at e p h a g o c yt osis a n d t h e r es pir at or y b urst i n t h e s a m e c ells, R A W 2 6 4. 7 

m a cr o p h a g es w er e i n c u b at e d wit h PI l a b ell e d h e at -kill e d A. v er o nii  f or 1 h o ur at 

3 7  ° C/ 5 % C O 2  wit h c o m pl et e D M E M m e di a i n 5 m L p ol yst yr e n e r o u n d b ott o m t u b es ( B D 

F al c o n). F oll o wi n g p h a g o c yt osis, c ells w er e w as h e d t wi c e wit h 1 × P B S − /−  t h e n 

r es us p e n d e d i n 1 0 0 µ L 1 × P B S − /− . Di h y dr or h o d a mi n e ( D H R, M ol e c ul ar Pr o b es) w as 

a d d e d t o c ells at a fi n al c o n c e ntr ati o n of 1 0  µ M a n d i n c u b at e d f or 5  mi n ut es t o all o w c ells 

t o t a k e u p t h e D H R. P h or b ol 1 2 -m yrist at e 1 3 -a c et at e ( P M A; Si g m a) w as t h e n a d d e d at a 

fi n al c o n c e ntr ati o n of 1 0 0 n g/ m L. C ells w er e i n c u b at e d f or a f urt h er 3 0  mi n ut es t o all o w 

o xi d ati o n of D H R. All s a m pl es w er e pr o p erl y st a g g er e d wit h r es p e ct t o ti mi n g t o 

a c c o m m o d at e f or t h e tr a nsi e nt st at e of o xi di z e d D H R fl u or es c e n c e. D at a w as a c q uir e d o n 

a n I m a g e Str e a m M KII ( A m nis; E M D Milli p or e) i m a gi n g fl o w c yt o m et er. D at a w as 

a n al y z e d usi n g I D E A S v 5. 0 s oft w ar e. I n s h ort, w e first s e p ar at e d p h a g o c yti c fr o m n o n -

p h a g o c yti c c ells ( n -P h). P h a g o c yti c c ells w er e g at e d f urt h er i nt o t w o p o p ul ati o ns - c ells 

wit h s urf a c e b o u n d A er o m o n as ( S B) a n d c ells wit h i nt er n ali z e d A er o m o n as (I nt). All 

t hr e e p o p ul ati o ns ( n-P h, I nt, a n d S B) w er e t h e n a n al y z e d f or D H R fl u or es c e n c e.  
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AI. 2. 9  Fl o w c yt o m et r y a c q uisiti o n a n d a n al y sis  

 Fl o w c yt o m etr y d at a w as a c q uir e d o n a n I m a g e Str e a m M KII ( A m nis) a n d 

a n al y z e d usi n g I D E A S s oft w ar e. C ell ul ar d e bris w as d efi n e d b as e d o n i nt er n al 

c o m pl e xit y, si z e, a n d n u cl e ar c ell st ai ni n g, a n d eli mi n at e d fr o m s u bs e q u e nt a n al ys es.  

 

AI. 2. 1 0  St atisti c s  

Gr a p h P a d Pris m s oft w ar e w as us e d t o d et er mi n e t h e si g nifi c a n c e b et w e e n c o ntr ol 

a n d e x p eri m e nt al gr o u ps b y p air e d St u d e nt's T -t est. Pr o b a bilit y l e v el of p < 0. 0 5 w as 

c o nsi d er e d si g nifi c a nt.  

 

 

A I. 3  R e s ult s  

AI. 3. 1  A er o m o n as v er o nii  i n d u c es N F-κ B t r a nsl o c ati o n i n R A W 2 6 4. 7 m a c r o p h a g es   

A er o m o n as  v er o nii is k n o w n t o i n d u c e i nfl a m m at or y r es p o ns es u p o n i nf e cti o n i n 

a r a n g e of e v ol uti o n aril y -dist a nt s p e ci es, i n cl u di n g art hr o p o ds, m oll us cs, fis h, r e ptil es, 

a n d m a m m als (J a n d a a n d A b b ott, 2 0 1 0, 1 9 9 8). Pr e vi o us st u di es s u g g est t h at resi d e nt 

m a cr o p h a g es, ar e c e ntr al c o ntri b ut ors t o t h e i n d u cti o n a n d r e g ul ati o n of a nti mi cr o bi al 

r es p o ns es a g ai nst t his p at h o g e n (J o h n et al., 2 0 0 2) ( S h ar p a n d S e c o m b es, 1 9 9 3). H o w e v er, 

t h eir e arl y r es p o ns es a g ai nst A er o m o n as  r e m ai n p o orl y d efi n e d. As a first st e p i n t h e 

c h ar a ct eri z ati o n of t h es e r es p o ns es, w e e x a mi n e d t h e c o ntri b uti o n of A. v er o nii  t o t h e 

i n d u cti o n of e arl y p h a g o c yt e i nfl a m m at or y pr o c ess es i n R A W 2 6 4. 7 m urin e m a cr o p h a g es 

i n vitr o. W e f o u n d t h at t his p at h o g e n, i n b ot h li v e a n d h e at -kill e d f or ms, i n d u c e d si mil ar 

l e v els of N F -κ B tr a nsl o c ati o n. I n e a c h c as e, n u cl e ar tr a nsl o c ati o n of N F -κ B i n cr e as e d 
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n e arl y 7 -f ol d, fr o m a p pr o xi m at el y 1 2 % i n u nsti m ul at e d m a cr o p h a g es t o 8 0 % i n 

sti m ul at e d c ells ( Fi g ur e A I. 1). O ur r es ults i n di c at e t h at e n g a g e m e nt of A er o m o n as 

v er o nii , r e g ar dl ess of its vi a bilit y st at e, is s uffi ci e nt t o i n d u c e r o b ust a cti v ati o n of t his 

m uri n e c ell li n e.   

 

AI. 3. 2  R A W 2 6 4. 7 m a c r o p h a g es m ai nt ai n vi a bilit y b ut d e c r e as e p r olif e r ati o n 

f oll o wi n g i n c u b ati o n wit h A er o m o n as v er o nii  

A er o m o n as is k n o w n t o c o ntri b ut e t o i nfl a m m ati o n, i n p art, t hr o u g h i n d u cti o n of 

e pit h eli al a n d i m m u n e c ell d e at h wit hi n 2 4 t o 4 8 h o urs of i nf e ct i o n ( Kr z y miń s k a et al ., 

2 0 1 1, 2 0 0 9; M c C o y et al., 2 0 1 0) .  W e w er e c uri o us t o d et er mi n e w h et h er t his pr o c ess 

i n cl u d es a dir e ct eff e ct o n m a cr o p h a g e vi a bilit y. R A W 2 6 4. 7 m uri n e m a cr o p h a g es w er e 

c h all e n g e d wit h li v e or h e at kill e d A. v er o nii  f or 1, 2, 4, or 2 4 h o urs a n d t h e n st ai n e d wit h 

PI, A n n e xi n V FI T C, a n d D R A Q 5 ( Ri e g er et al., 2 0 1 0 b). W e f o u n d t h at a hi g h l e v el of 

vi a bilit y ( a b o v e 8 0 %) w as m ai nt ai n e d f or  t h e first 4 h o urs i n all m a cr o p h a g es e x a mi n e d 

r e g ar dl ess of w h et h er li v e or h e at-kill e d A er o m o n as  w er e us e d ( Fi g ur e AI .2 B). H o w e v er, 

m a cr o p h a g e vi a bilit y d e cr e as e d t o b el o w 4 0 % at 2 4 h o urs i n t h e pr es e n c e of eit h er li v e or 

h e at -kill e d b a ct eri a ( Fi g ur e AI .2 B). F urt h er, t h e d e cr e as e i n vi a bilit y r es ult e d i n a 

pr o p orti o n al i n cr e as e i n a p o pt osis ( Fi g ur e AI .2 C). E v al u ati o n of c ell m or p h ol o g y a n d 

fl u or es c e nt st ai ni n g c o nfir m e d cl assi c al f e at ur es of li v e ( A n n V-PI -), e arl y a p o pt oti c 

( A n n V+ PI -), l at e a p o pt oti c/ n e croti c ( A n n V + PI + ), a n d n e cr oti c ( A n n V-PI + ) c ells ( Fi g ur e 

AI .2 D). Gi v e n t h at li v e a n d h e at -kill e d f or ms of A er o m o n as  s h o w e d e q ui v al e nt i m p a ct o n 

R A W 2 6 4. 7 m uri n e m a cr o p h a g e vi a bilit y a n d a cti v ati o n, w e f o c us e d s u bs e q u e nt a n al ys es 
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o n h e at -kill e d A. v er o nii  t o pr e v e nt v ari a bilit y a m o n g m a cr o p h a g e r es p o ns es b e c a us e of 

diff er e nti al b a ct eri al gr o wt h a n d f u n cti o n.  

D es pit e t h e a bs e n c e of a n i m p a ct t o m a cr o p h a g e vi a bilit y, t his A. v er o nii  

c h all e n g e w as c orr el at e d wit h a d e cr e as e i n m a cr o p h a g e pr olif er ati o n.  N o c h a n g e w as 

o bs er v e d i n t h e distri b uti o n of m a cr o p h a g es i n s u b -G 0 a n d G 0/ 1 p h as e of t h e c ell c y cl e, 

b ut w e i d e ntifi e d a d e cr e as e i n t h e pr o p orti o n of mit oti c ( G 2/ M) m a cr o p h a g es w h e n 

c o m p ar e d t o u nsti m ul at e d gr o u p ( 3. 7 % vs 6. 6 %, r es p e cti v el y; Fi g ur e AI .3 B). T o 

d et er mi n e if t h e d e cr e as e d pr o p orti o n of G 2/ M e v e nts tr a nsl at e d i nt o d e cr e as e d 

pr olif er ati o n, w e e x a mi n e d t h e i m p a ct of A er o m o n as o n t h e i n c or p or ati o n of Br d U b y 

t h es e m a cr o p h a g es. A si g nifi c a nt d e cr e as e ( ~ 2 5 %) i n m a cr o p h a g e pr olif er ati o n w as 

d et e c t e d ( Fi g ur e AI .3 B).  

 

AI. 3. 3  A. v er o nii  c h all e n g e p r o m ot es R A W 2 6 4. 7 m a c r o p h a g e p h a g o c yt osis b ut 

i n hi bits i nt r a c ell ul a r R O S p r o d u cti o n 

T h e c o ntri b uti o ns of p h a g o c yt es at a n i nf e cti o n sit e ar e dri v e n i n p art b y t h e l e v el 

of i nt er a cti o n wit h i nfiltr ati n g p at h o g e ns. Usi n g a n i m a gi n g fl o w c yt o m etr y -b as e d 

a p pr o a c h w e e x a mi n e d m a cr o p h a g es t h at i nt er a ct e d dir e ctl y wit h A. v er o nii  as w ell as 

t h os e t h at h a d n ot, t o ass ess t h e p ot e nti al f or diff er e nti al c o ntri b uti o ns fr o m p h a g o c yti c 

a n d n o n -p h a g o c yti c e v e nts ( H a vi x b e c k et al., 2 0 1 4; Ri e g er et al., 2 0 1 2, 2 0 1 0 a). Usi n g 

I D E A S s oft w ar e w e s e p ar at e d t hr e e disti n ct s u bs ets of m a cr o p h a g es: ( 1) n o n-p h a g o c yti c, 

( 2) t h os e wit h s urf a c e b o u n d A. v er o nii , a n d ( 3) t h os e t h at h a d i nt er n ali z e d A er o m o n as . 

As e x p e ct e d, w e f o u n d t h at t h e i nt er n ali z ati o n of h e at -kill e d A er o m o n as  i n cr e as e d i n a 

ti m e d e p e n d e nt m a n n er, n e arl y d o u bli n g fr o m 1 t o 4 h o urs ( 8 % vs. 1 4 %, r es p e cti v el y; 
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Fi g ur e AI .4 A). H o w e v er, n o c h a n g e w a s o bs er v e d i n t h e d e gr e e of A. v er o nii  s urf a c e 

bi n di n g. F urt h er, t h e i n cr e as e i n p h a g o c yt osis w as n ot c o u pl e d wit h a n i n cr e as e i n t h e 

p h a g o c yti c i n d e x ( n u m b er of i nt er n ali z e d p arti cl es p er p h a g o c yti c m a cr o p h a g e; d at a n ot 

s h o w n).  

T h e a nti mi cr o bi al d ef e n c e m e c h a nis ms i n m a m m ali a n p h a g o c yt es r el y o n t h e 

pr o d u cti o n of l ar g e q u a ntiti es of r e a cti v e o x y g e n s p e ci es ( R O S), r e a cti v e nitr o g e n s p e ci es 

( R N S) a n d a nti mi cr o bi al e n z y m es (i. e. l ys o z y m e) t o d ef e n d a g ai nst b ot h i ntr a c ell ul ar a n d 

e xtr a c ell ul ar p at h o g e ns ( B el a a o u aj, 2 0 0 2; C a m p b ell et al., 1 9 8 9; H ysl o p et al., 1 9 9 5). T o 

e v al u at e R O S pr o d u cti o n a m o n g p h a g o c yti c a n d n o n -p h a g o c yti c R A W 2 6 4. 7 

m a cr o p h a g es, t h es e m uri n e c ells w er e c h all e n g e d wit h h e at -kill e d PI -l a b ell e d A. v er o nii  

a n d s u bs e q u e ntl y st ai n e d wit h di h y dr or h o d a mi n e ( D H R) t o m e as ur e R O S pr o d u cti o n. As 

e x p e ct e d, w e f o u n d a si g nifi c a nt i n cr e as e i n t h e t ot al n u m b er of m a cr o p h a g es pr o d u ci n g 

R O S f oll o wi n g a h e at -kill e d A er o m o n as  c h all e n g e ( 2 7 % at all ti m e p oi nts c o m p ar e d t o 

1 0 % i n u nsti m ul at e d m a cr o p h a g es; Fi g ur e AI .5 A). H o w e v er, m ulti -p ar a m etri c a n al ysis of 

p h a g o c yt osis a n d R O S pr o d u cti o n hi g hli g ht e d m ar k e d diff er e n c es a m o n g n o n -p h a g o c yti c 

c ells, t h os e t h at h a d b o u n d A. v er o nii , a n d t h os e t h at h a d i nt er n ali z e d t his p at h o g e n. At all 

ti m e p oi nts e x a mi n e d, n o n-p h a g o c yti c c ells pr o d u c e d t h e m aj orit y of R O S at 2 7 -2 9 % 

( Fi g ur e AI .5 B). I n c o ntr ast, aft er 1 h of i n c u b ati o n R O S pr o d u cti o n d e cr e as e d t o 1 7 % 

f oll o wi n g bi n di n g of A. v er o nii, a n d f urt h er d e cr e as e d t o 3 % u p o n i nt er n ali z ati o n of t his 

gr a m -n e g ati v e b a ct eri u m ( Fi g ur e AI .5 B). H o w e v er, a m ar k e d i n cr e as e i n t h e pr o d u cti o n 

of R O S fr o m t h es e t w o s u bs ets w as o bs er v e d i n a ti m e d e p e n d e nt m a n n e r. Aft er 2 or 4 

h o urs of c o -i n c u b ati o n wit h h e at-kill e d A er o m o n as,  m a cr o p h a g es o v er c a m e t h e i niti al 

i n hi biti o n, r es ulti n g i n r es pir at or y b urst r es p o ns es si mil ar t o t h at of sti m ul at e d n o n-
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p h a g o c yti c c ells. H o w e v er, t h e p ot e nti al d o es e xist f or diff er e nti al eff e cts of li v e v ers us 

h e at -kill e d b a ct eri a o n p h a g o c yt osis a n d R O S pr o d u cti o n . 

 

A I. 4  Dis c u s si o n  

P h a g o c yt osis is a n i m p ort a nt, e v ol uti o n aril y c o ns er v e d m e c h a nis m i nt e gr al t o h ost 

d ef e ns es a g ai nst i n v a di n g mi cr o or g a nis ms. P at h o g e n e n g a g e m e nt of t h e r e c e pt or 

r e p ert oir e o n t h e s urf a c e of p h a g o c yt es a n d s u c c essf ul tr a nsiti o n t hr o u g h t h e t hr es h ol d of 

a cti v ati o n l e a ds t o p h a g o c yti c u pt a k e, t h e r a pi d i n d u cti o n of i nfl a m m at or y c as c a d es, a n d 

t h e a cti v ati o n of p ot e nt a nti mi cr o bi al m e c h a nis ms. I n t his r e p ort, w e us e d a n i m a gi n g 

fl o w c yt o m etr y-b as e d m ulti -p ar a m etri c a p pr o a c h t o ass ess t h e diff er e nti al c o ntri b uti o n s 

of p h a g o c yt e s u bs ets t o a nti mi cr o bi al R O S pr o d u cti o n i n t h e f a c e of a n A er o m o n as 

v er o nii  c h all e n g e. Of t h e A er o m o n as s p p. c h ar a ct eri z e d t o d at e , A er o m o n as v er o nii 

dis pl a ys vir ul e n c e i n t h e gr e at est r a n g e of h osts, i n cl u di n g h u m a ns, w h er e it c a n c a us e 

w o u n d i nf e cti o ns, di arr h e a, a n d s e pti c e mi a ( Sil v er et al., 2 0 1 1). Hi g h l e v els of e n d ot o xi ns 

h a v e pr e vi o usl y b e e n s h o w n t o i n d u c e a p o pt osis i n e pit h eli al c ells ( Kr z y miń s k a et al., 

2 0 1 1) , a n d m uri n e m a cr o p h a g es ( Kr z y miń s k a et al., 2 0 0 9) . T h us, m u c h i nt er est r e m ai ns 

r e g ar di n g t h e e arly r es p o ns es fr o m r esi d e nt m a cr o p h a g es t o t his p at h o g e n.  

A er o m o n as  is k n o w n t o us e a n u m b er of m e c h a nis ms t o m o d ul at e i m m u n e 

d ef e ns es, i n cl u di n g t h e disr u pti o n of i ntr a c ell ul ar si g n alli n g ( R os e n z w ei g a n d C h o pr a, 

2 0 1 3) , t h e i n d u cti o n of a p o pt osis ( Kr z ymi ń s k a et al., 2 0 1 1, 2 0 0 9) , a n d t h e d e gr a d ati o n of 

r e a cti v e o x y g e n s p e ci es ( Ri o et al., 2 0 0 7). W hil e pr e vi o us st u di es h a v e e x a mi n e d ti m e 

p oi nts aft er a n e x p os ur e of 2 4 h o urs or l o n g er ( Kr z y miń s k a et al., 2 0 1 1, 2 0 0 9) , littl e w or k 

h as b e e n d o n e t o e x a mi n e p h a g o c yt e -A er o m o n as  i nt er a cti o ns at e arli er ti m e p oi nts. W e 
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f o u n d t h at wit hi n t h e first 4 h o urs f oll o wi n g e x p os ur e, t h er e w as n o i n d u cti o n of 

a p o pt osis as d et e ct e d b y A n n e xi n V. P h os p h ati d yls eri n e m o v e m e nt t o t h e o ut er l e afl et of 

t h e pl as m a m e m br a n e is o n e of t h e initi al a p o pt oti c e v e nts a n d is d et e ct a bl e b y A n n e xi n 

V d uri n g t h e first h o ur of a p o pt osis ( Br att o n et al., 1 9 9 7). I nt er esti n gl y, t h o u g h w e f o u n d 

n o i n d u cti o n of a p o pt osis at t h es e e arl y ti m e p oi nts, w e  di d fi n d a si g nifi c a nt c h a n g e i n 

b ot h c ell c y cl e pr ofil es a n d pr olif er ati o n. B as e d o n o ur r es ults w e fi n d t h at A er o m o n as 

v er o nii  h as a n i n hi bit or y eff e ct o n m a cr o p h a g e pr olif er ati o n as e arl y as o n e h o ur aft er t h e 

i niti al sti m ul us. I n c o ntr ast, w e i d e ntifi e d n o si g nifi c a nt i m p a ct t o m a cr o p h a g e vi a bilit y 

u ntil aft er 2 4 h o urs o n c o -i n c u b ati o n i n vitr o. Gi v e n t h e i m p ort a n c e r e c e ntl y attri b ut e d t o 

l o c al b ursts of m a cr o p h a g e pr olif er ati o n t o i nfl a m m at or y r es p o ns es a g ai nst i n v a di n g 

p at h o g e ns ( D a vi es et al., 2 0 1 3, 2 0 1 1) , it m a y b e p ossi bl e t h at t his e arl y i n hi biti o n of 

m a cr o p h a g e pr olif er ati o n m a y c o nf er a n a d v a nt a g e t o t his p at h o g e n u p o n i nf e cti o n.  

M ulti -p ar a m etri c a n al ysis of p h a g o c yt osis a n d R O S pr o d u cti o n hi g hli g ht e d 

m ar k e d diff er e n c es a m o n g n o n -p h a g o c yti c c ells, t h os e t h at h a d b o u n d A. v er o nii , a n d 

t h os e t h at h a d i nt er n ali z e d t h e p at h o g e n. T h e i n cr e as e d i nt er a cti o n of A. v er o nii  wit h 

p h a g o c yti c m a cr o p h a g es l e d t o si g nifi c a nt i n hi biti o n of R O S pr o d u cti o n at e arl y ti m e -

p oi nts ( 1 h). Alt h o u g h diff er e n c es w er e still o bs er v e d aft er l o n g er i n c u b ati o ns ( 2 a n d 4 h), 

R A W 2 6 4. 7 m a cr o p h a g es a p p e ar t o o v er c o m e t h e i niti al i n hi biti o n of R O S pr o d u cti o n. 

K at A, a n a nti o xi d a nt e n z y m e c at al as e h as pr e vi o usl y b e e n i m pli c at e d wit h a n i m pr o v e d 

c a p a cit y t o f ost er A er o m o n as v er o nii s ur vi v al u n d er o xi d ati v e str ess c o n diti o ns ( Ri o et 

al., 2 0 0 7) , an d t h us m a y c o ntri b ut e t o A er o m o n as  s ur vi v al a n d i n hi biti o n of R O S 

pr o d u cti o n d uri n g i nf e cti o n. F urt h er m or e, A. v er o nii  h as a c at al as e -i n d e p e n d e nt d ef e nsi v e 

m e c h a nis m a g ai nst e x o g e n o us H 2 O 2  d uri n g st ati o n ar y -p h as e gr o wt h ( Ri o et al., 2 0 0 7), 
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w hi c h s u g g ests a n a d diti o n m e c h a nis m b y w hi c h A er o m o n as is pr ot e ct e d fr o m h ost 

d ef e ns es. W hil e t his h as n ot b e e n pr e vi o usl y r e p ort e d f or A er o m o n as , it is a c o m m o n tr ait 

a m o n g ot h er i ntr a c ell ul ar b a ct eri a i n cl u di n g A n a pl as m a p h a g o c yt o p hili u m , w hi c h h as 

b e e n s h o w n t o alt er t h e n or m al pr o c ess es of h u m a n n e utr o p hils b y d o w n -r e g ul ati n g R O S 

pr o d u cti o n a n d pr e v e nti n g a p o pt osis ( B orj ess o n et al., 2 0 0 5). It will b e i nt er esti n g t o 

d et er mi n e if t his m e c h a nis m all o ws f or c o nti n u e d A er o m o n as  s ur vi v al i nsi d e 

m a cr o p h a g es w hil e f ost eri n g c o nti n u e d e x p a nsi o n of h ost c ell d e at h, tiss u e d a m a g e, a n d 

i nfl a m m ati o n t h at c o ntri b ut e t o s u bs e q u e nt s yst e mi c e x p a nsi o n of A er o m o n as  i nf e cti o n 

b e y o n d t h e ori gi n al sit e of i nf e cti o n.  

I n t his r e p ort w e us e d a m ulti-p ar a m etri c a p pr o a c h t o e x a mi n e s e v er al disti n ct 

bi ol o gi c al f u n cti o ns c o n c o mit a ntl y. T hr o u g h  usi n g t his a p pr o a c h w e w er e a bl e t o i d e ntif y 

pr e vi o usl y u nr e p ort e d a cti o ns of A er o m o n as  o n m uri n e m a cr o p h a g e pr olif er ati o n, c ell 

c y cl e, a n d pr o d u cti o n of r e a cti v e i nt er m e di at es wit hi n t h e c o nt e xt of m a cr o p h a g e 

p h a g o c yti c r es p o ns es. T h e pr o c e d ur es a n d r e a g e nts f or e a c h of t h e ass a ys d es cri b e d i n 

t his m a n us cri pt pr o vi d e t h e p ot e nti al f or i nt e gr ati o n a n d d et ail e d m ulti-p ar a m etri c 

a n al ysis of u ni q u e s u bs ets. T h es e a n al ys es m a y pr o vi d e d et ail e d i nf or m ati o n a m o n gst 

mi x e d c ell ul ar p o p ul ati o ns a n d pr o vi d e n e w i nsi g hts f or c o m pr e h e nsi v e a n al ysis of t h e 

i ntr a c ell ul ar e v e nts t h at o c c ur f oll o wi n g p h a g o c yt osis. 
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Fi g u r e A I.1.  A er o m o n as  v er o nii  i n d u c es N F -κ B t r a nsl o c ati o n i n m u ri n e 
m a c r o p h a g es.  
 
R A W 2 6 4. 7 m a cr o p h a g es w er e i n c u b at e d wit h li v e or h e at -kill e d A. v er o nii  f or 1 h o ur. 
C ells w er e fi x e d, p er m e a bili z e d, a n d st ai n e d f or N F -κ B as a m ar k er of c ell a cti v ati o n. ( A) 
Tr a nsl o c ati o n of t his tr a ns cri pti o n f a ct or i n cr e as e d i n m a cr o p h a g es f oll o wi n g i n c u b ati o n 
wit h li v e or h e at -kill e d A er o m o n as. ( B) R e pr es e nt ati v e i m a g es hi g hli g ht m a cr o p h a g es 
wit h u ntr a nsl o c at e d a n d tr a nsl o c at e d N F - κ B.  n = 4; * * p < 0. 0 1; err or b ars c orr es p o n d t o 
S E M.  
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Fi g u r e AI .2. Eff e ct of A. v er o nii  o n t h e vi a bilit y of m u ri n e m a c r o p h a g es.  
 
R A W 2 6 4. 7 m a cr o p h a g es w er e i n c u b at e d wit h li v e or h e at -kill e d A. v er o nii  f or 1, 2, 4 , or 
2 4  h o urs a n d st ai n e d wit h A n n e xi n V FI T C a n d PI.  ( A) D ot pl ot s h o ws vi a bl e, e arl y 
a p o pt oti c, l at e a p o pt oti c/ n e cr oti c a n d n e cr oti c c ell p o p ul ati o ns ( A n n V -/ PI-, , A n n V+ PI -, , 
A n n V -/ PI+ , a n d A n n V+ PI + , r es p e cti v el y). ( B)  P er c e nt vi a bilit y of c ells f oll o wi n g 1, 2 , 4 , 
or 2 4 h o ur  c h all e n g e wit h eit h er li v e or h e at -kill e d A er o m o n as.  ( C) P er c e nt a p o pt oti c 
( A n n V+ ) m a cr o p h a g es at 2 4 h o urs.  (D ) R e pr es e nt ati v e i m a g es of e a c h disti n ct c ell ul ar 
s u bs et.  n = 4;  * * p < 0. 0 1 ; err or b ars c orr es p o n d t o S E M.  
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Fi g u r e A I.3. A . v er o nii  d e c r e as es t h e p r olif e r ati v e c a p a cit y of m u ri n e m a c r o p h a g es  
 
R A W 2 6 4. 7 m a cr o p h a g es w er e i n c u b at e d wit h h e at -kill e d A. v er o nii a n d 1 0 µ M Br d U f or 
1 h o ur, fi x e d wit h 1 % f or m al d e h y d e, a n d st ai n e d wit h a n a nti -Br d U FI T C a nti b o d y t o 
i d e ntif y pr olif er ati n g c ells. D R A Q 5 w as als o a d d e d t o f a cilit at e c ell c y cl e a n al ysis. ( A) 
C ell c y cl e o v erl a y of R A W m a cr o p h a g es ( bl a c k) vs. R A W m a cr o p h a g e s c h all e n g e d wit h 
h e at -kill e d A. v er o nii  (r e d). ( B) Pr o p orti o n of pr olif er ati n g m a cr o p h a g es i n u nsti m ul at e d 
c ult ur es a n d t h os e c h all e n g e d wit h h e at -kill e d A. v er o nii . n = 4; * p < 0. 0 5; err or b ars 
c orr es p o n d t o S E M.  
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Fi g u r e AI. 4. I nt e r n ali z ati o n of A er o m o n as  b y m u ri n e m a c r o p h a g es i n c r e as es i n a 
ti m e- d e p e n d e nt m a n n e r. 
 
R A W 2 6 4. 7 m a cr o p h a g es w er e i n c u b at e d wit h pr o pi di u m i o di d e-l a b el e d h e at- kill e d A. 
v er o nii  f or 1, 2 or 4 h o urs. ( A) Pr o p orti o n of p h a g o c yti c m a cr o p h a g es at e a c h ti m e p oi nt. 
Bl a c k b ars c orr es p o n d t o i nt er n ali z ati o n e v e nts, w hil e h at c h e d w hit e b ars c orr es p o n d t o 
s urf a c e b o u n d e v e nts. ( B) R e pr es e nt ati v e i m a g es hi g hli g ht s urf a c e b o u n d a n d i nt er n ali z e d 
A. v er o nii . n = 4; err or b ars c orr es p o n d t o S E M.  
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Fi g u r e AI .5. M u ri n e m a c r o p h a g e r es pi r at o r y b u rst killi n g r es p o ns es d e c r e as e 
f oll o wi n g bi n di n g o r i nt e r n ali z ati o n of A. v er o nii.  
 
( A) R A W 2 6 4. 7 m a cr o p h a g es w er e i n c u b at e d wit h pr o pi di u m i o di d e-l a b el e d h e at-kill e d 
A. v er o nii  f or 1, 2 or 4 h o ur s a n d e v al u at e d f or t h e pr o d u cti o n of r e a cti v e o x y g e n s p e ci es 
usi n g D H R. ( B) E v al u ati o n of r es pir at or y b urst r es p o ns es a m o n g n o n -p h a g o c yti c 
m a cr o p h a g es ( n o n -P h), as w ell as t h os e t h at h a d b o u n d ( S B) or i nt er n ali z e d (I nt) A. 
v er o nii  usi n g D H R. n = 4; * p < 0. 0 5, * * p < 0. 0 1 as c o m p ar e d t o n -P h gr o u p; err or b ars 
c orr es p o n d t o S E M.  
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