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ABSTRACT	  
	  

Cells	  of	  the	  innate	  immune	  system	  have	  the	  ability	  to	  rapidly	  detect	  and	  eliminate	  

pathogens	  using	  surface-‐expressed	  immunoregulatory	  receptors	  that	  translate	  

extracellular	  binding	  into	  effector	  functions	  such	  as	  degranulation,	  cytokine	  secretion,	  

cell-‐mediated	  cytotoxicity,	  and	  phagocytosis.	  Teleost	  leukocyte	  immune-‐type	  receptors	  

(LITRs)	  are	  a	  family	  of	  immunoregulatory	  receptors	  capable	  of	  inducing	  effector	  

responses	  when	  heterologously	  expressed	  in	  mammalian	  immune	  cells.	  The	  

mechanisms	  by	  which	  these	  receptors	  induce	  effector	  responses	  remain	  unknown;	  

however,	  these	  effector	  responses	  are	  all	  dependent	  on	  cytoskeletal	  rearrangements.	  

Many	  of	  the	  intracellular	  signaling	  components	  that	  facilitate	  cytoskeleton	  remodelling	  

are	  conserved	  through	  evolution	  due	  to	  the	  ubiquitous	  requirement	  for	  cells	  to	  change	  

shape	  or	  move.	  The	  main	  objective	  of	  my	  thesis	  was	  to	  develop	  imaging-‐based	  assays	  to	  

examine	  LITR-‐induced	  signaling	  activities	  that	  culminate	  in	  effector	  responses	  such	  as	  

phagocytosis.	  Using	  the	  phagocytic	  process	  as	  a	  bioassay,	  I	  developed	  experimental	  

strategies	  employing	  cellular	  transfections,	  imaging	  flow	  cytometry,	  and	  confocal	  

microscopy	  to	  monitor	  the	  LITR-‐mediated	  phagocytic	  process	  and	  associated	  signaling.	  I	  

showed	  that	  two	  LITR-‐types	  induced	  very	  distinct	  cytoskeletal	  remodelling	  patterns	  to	  

induce	  a	  phagocytic	  response.	  Additionally,	  cytoskeletal	  remodelling	  was	  mirrored	  by	  

the	  distribution	  of	  a	  phospholipid	  species	  known	  to	  participate	  in	  the	  induction	  of	  

filamentous	  actin	  (the	  main	  cytoskeletal	  component)	  polymerization.	  Overall,	  my	  work	  

set	  the	  stage	  for	  testing	  potential	  signaling	  activities	  that	  IpLITRs	  are	  believed	  to	  induce.	   	  



	   iii	  

ACKNOWLEDGEMENTS	  

I	  would	  first	  like	  to	  thank	  my	  supervisor	  Dr.	  James	  Stafford	  for	  your	  technical	  expertise,	  

invaluable	  advice,	  constant	  encouragement	  but	  most	  of	  all	  patience.	  I	  appreciate	  all	  of	  

the	  hard	  work	  and	  effort	  you	  have	  put	  in	  to	  ensure	  I	  succeeded	  in	  my	  graduate	  studies.	  	  	  

	  

Thank	  you	  to	  my	  supervisory	  committee,	  Dr.	  Kathy	  Magor,	  Dr.	  Nicolas	  Touret	  and	  Dr.	  

Debbie	  McKenzie.	  Thank	  you	  Dr.	  Magor	  for	  your	  career	  advice,	  allowing	  me	  to	  use	  your	  

equipment	  and	  the	  opportunity	  to	  be	  a	  teaching	  assistant	  for	  IMIN200.	  Thank	  you	  Dr.	  

Touret	  for	  all	  of	  your	  technical	  expertise	  regarding	  confocal	  imaging,	  kindly	  providing	  

many	  of	  the	  reagents	  I	  used	  for	  this	  thesis,	  and	  for	  the	  opportunity	  to	  use	  your	  

microscopy	  equipment.	  Thank	  you	  Dr.	  McKenzie	  for	  accepting	  to	  be	  my	  external	  

examiner.	  

	  

Thank	  you	  to	  all	  of	  the	  members	  of	  the	  Stafford	  lab,	  Chenjie	  (Harry),	  Li,	  Myron	  and	  

Dustin	  for	  your	  help	  with	  my	  experiments,	  constant	  encouragement	  and	  making	  my	  

overall	  lab	  experience	  superb.	  Thank	  you	  to	  Dr.	  Debby	  Burshtyn	  and	  lab	  for	  your	  advice	  

and	  support	  throughout	  the	  years.	  A	  special	  thank	  you	  to	  Ximena	  Fleming-‐Canepa	  and	  Li	  

Fu	  for	  your	  friendship,	  sharing	  funny	  mom	  stories	  and	  inspiring	  me	  as	  a	  parent.	  	  

	  

A	  heartfelt	  Thank	  You	  to	  my	  wonderful	  husband	  (Greg)	  and	  son	  (Akira)	  for	  your	  

unconditional	  love	  and	  support	  –	  I	  love	  you	  both	  with	  all	  of	  my	  heart.	  	   	  



	   iv	  

	  
TABLE	  OF	  CONTENTS	  

	  
	  

CHAPTER	  ONE:	  INTRODUCTION	  
1.1 Introduction	   	   	   	   	   	   	   	   	   1	  
1.2 Objectives	  of	  this	  thesis	   	   	   	   	   	   	   2	  
1.3 Outline	  of	  this	  thesis	   	   	   	   	   	   	   	   3	  
	  
CHAPTER	  TWO:	  LITERATURE	  REVIEW	  
2.1	   Overview	   	   	   	   	   	   	   	   	   5	  
2.2	   Innate	  Immunity	   	   	   	   	   	   	   	   7	  
	   2.2.1	  	   Immunoregulatory	  receptors	  in	  mammals	  and	  other	  vertebrates	   8	  
	   2.2.2	  	   Tyrosine-‐based	  stimulatory	  signaling	  	   	   	   	   14	  

2.2.3	  	   Tyrosine-‐based	  inhibitory	  signaling	   	   	   	   	   16	  
2.3	  	   Innate	  immunity	  in	  teleost	  (bony	  fishes)	   	   	   	   	   17	  

2.3.1	  	   Innate	  immune	  cell	  effector	  functions	  in	  teleost	   	   	   17	  
2.3.2	  	   Novel	  immune-‐type	  receptors	   	   	   	   	   21	  
2.3.3	  	   Novel	  immunoglobulin-‐like	  transcripts	   	   	   	   23	  
2.3.4	  	   Teleost	  receptors	  that	  bind	  immunoglobulins	   	   	   24	  

2.4	  	   Channel	  Catfish	  as	  a	  model	  organism	  for	  understanding	  	   	   	   26	  
teleost	  immunity	   	  

2.5	  	   Channel	  catfish	  leukocyte	  immune-‐type	  receptors	   	   	   	   28	  
2.5.1	  	   Discovery	  of	  a	  polymorphic	  and	  polygenic	  receptor	  	  	   	   28	  

family	  in	  teleost	   	   	  
2.6	  	   Examination	  of	  stimulatory	  IpLITR-‐types	   	   	   	   	   31	  

2.6.1	  	   Stimulatory	  IpLITRs	  associate	  with	  intracellular	  	   	   	   31	  
signaling	  adaptors	   	   	  

2.7	  	   Examination	  of	  putative	  inhibitory	  IpLITR-‐types	   	   	   	   35	  
2.7.1	   IpLITR	  abrogation	  of	  NK	  cell-‐mediated	  killing	  	   	   	   35	  
2.7.2	  	   IpLITR	  1.1b-‐mediated	  induction	  of	  phagocytosis	  	   	   	   37	  
2.7.3	  	   Pharmacological	  and	  phenotypic	  profile	  of	  IpLITR	  1.1b	   	   38	  

-‐mediated	  phagocytosis	  
2.7.4	  	   Models	  for	  potential	  IpLITR	  1.1b-‐induced	  signaling	   	   	   41	  
2.7.5	  	   Testing	  proposed	  models	  for	  IpLITR	  1.1b-‐induced	  	   	   	   44	  

signaling	  networks	  
2.8	   Conclusions	   	   	   	   	   	   	   	   	   47	  
	  
CHAPTER	  THREE:	  MATERIALS	  AND	  METHODS	   	   	   	   	   49	   	  
3.1	   Cell	  lines	   	   	   	   	   	   	   	   	   49	   	  
3.2	   Cell	  culture	   	   	   	   	   	   	   	   	   49	   	  
3.3	   Freezing	  and	  thawing	  of	  cells	  	   	   	   	   	   	   50	  
3.4	   Antibodies	   	   	   	   	   	   	   	   	   51	  
3.5	   Generation	  of	  AD293	  cell	  lines	  with	  stable	  surface	  expression	  	   	   51	  



	   v	  

N-‐terminal	  HA-‐tagged	  IpLITR	  1.1b/ITAM	  and	  IpLITR	  1.1b/WT	  	  
3.6	  	   Green	  fluorescent	  protein	  (GFP)-‐tagged	  constructs	  used	  in	  this	  thesis	   52	  
3.7	  	   Cellular	  transfections	  with	  GFP-‐tagged	  chimeric	  constructs	  	   	   53	  
3.8	  	   Imaging	  flow	  cytometry-‐based	  analysis	  of	  IpLITR	  and	  	   	   	   53	  

GFP	  co-‐expression	   	   	  
3.9	  	   Preparation	  of	  phagocytic	  targets	   	   	   	   	   	   54	  
3.10	  	   Imaging	  flow	  cytometry-‐based	  phagocytosis	  assay	   	   	   	   55	  
3.11	  	   Immunofluorescence	  assay	  to	  discriminate	  bead	  position	   	   	   57	  
3.12	  	   Confocal	  microscopy-‐based	  phagocytosis	  assay	   	   	   	   58	  
3.13	  	   Generation	  of	  EGFP-‐tagged	  signaling	  molecules	   	   	   	   59	  
	  
CHAPTER	  FOUR:	  Development	  of	  an	  imaging-‐based	  assay	  to	  monitor	  teleost	  leukocyte	  
immune-‐type	  receptor-‐mediated	  phagocytosis	  
4.1	   Introduction	   	   	   	   	   	   	   	   	   66	  
4.2	  	   Results	  	   	   	   	   	   	   	   	   	   72	  

4.2.1	   Confocal	  microscopy	  examination	  of	  surface	  bound,	  partially	  	   72	  
engulfed	  and	  fully	  internalized	  targets	  using	  IpLITR	  and	  	  
Lifeact-‐GFP	  co-‐expressing	  AD293	  cells	  

4.2.2	   Imaging	  flow	  cytometric	  examination	  of	  surface	  bound,	  	   	   74	  
partially	  engulfed	  and	  fully	  internalized	  targets	  using	  IpLITR	  	  
and	  Lifeact-‐GFP	  co-‐expressing	  AD293	  cells	  	  

4.2.3	   Confocal	  microscopy-‐based	  examination	  of	  actin	  distribution	  	   77	  
in	  AD293	  cells	  stably	  expressing	  IpLITR	  1.1b/ITAM	  during	  the	  	  
phagocytic	  process	  	  

4.2.4	   Confocal	  microscopy-‐based	  examination	  of	  actin	  distribution	  in	  	   78	  
AD293	  cells	  stably	  expressing	  IpLITR	  1.1b/WT	  during	  the	  	  
phagocytic	  process	  	  

4.3	   Discussion	  and	  conclusions	   	   	   	   	   	   	   80	  
	  
CHAPTER	  FIVE:	  Development	  of	  an	  imaging-‐based	  platform	  to	  study	  IpLITR-‐mediated	  
recruitment	  of	  phosphoinositides	  and	  other	  signaling	  molecules	  during	  the	  phagocytic	  
process	  
5.1	  	   Introduction	   	   	   	   	   	   	   	   	   114	  
5.2	  	   Results	  	   	   	   	   	   	   	   	   	   120	  

5.2.1	  	   Examination	  of	  the	  distribution	  of	  phosphatidylinositol	  4,5-‐	  	   120	  
bisphosphate	  during	  IpLITR	  1.1b/ITAM	  and	  1.1b/WT	  	  
–mediated	  phagocytosis	  using	  PH-‐PLCδ1-‐GFP	  

5.2.1.1	  Imaging	  flow	  cytometry-‐based	  validation	  of	  IpLITR	  	   	   	   120	  
phagocytic	  phenotypes	  after	  AD293	  co-‐transfections	  	  
with	  PH-‐PLCδ1-‐GFP	  

5.2.1.2	  Confocal	  microscopy-‐based	  examination	  of	  the	  	   	   	   121	  
PH-‐PLCδ1-‐GFP	  distribution	  during	  IpLITR	  1.1b/ITAM	  	  
–mediated	  phagocytosis	  

5.2.1.3	  Confocal	  microscopy-‐based	  examination	  of	  the	  	   	   	   122	  



	   vi	  

PH-‐PLCδ1-‐GFP	  distribution	  during	  IpLITR	  1.1b/WT	  	  
–mediated	  phagocytosis	  

5.2.2	  	   Examination	  of	  the	  phosphatidylinositol	  3-‐phosphate	  	   	   123	  
distribution	  during	  IpLITR	  1.1b/ITAM	  and	  1.1b/WT	  	  
–mediated	  phagocytosis	  using	  2xFYVE-‐GFP	  

5.2.2.1	  Imaging	  flow	  cytometry-‐based	  validation	  of	  IpLITR	  	   	   	   123	  
phagocytic	  phenotypes	  after	  AD293	  co-‐transfections	  	  
with	  2xFYVE-‐GFP	  

5.2.2.2	  Confocal	  microscopy-‐based	  examination	  of	  the	  2xFYVE-‐GFP	  	   124	  
distribution	  during	  IpLITR	  1.1b/ITAM	  –mediated	  phagocytosis	  

	  
5.2.2.3	  Confocal	  microscopy-‐based	  examination	  of	  the	  2xFYVE-‐GFP	  	   125	  

distribution	  during	  IpLITR	  1.1b/WT	  –mediated	  phagocytosis	  
	  
5.2.3	  	   Examination	  of	  spleen	  tyrosine	  kinase	  (Syk)	  distribution	  during	  	   126	  

IpLITR	  1.1b/ITAM–mediated	  phagocytosis	  using	  GFP-‐conjugated	  Syk	  
	  

5.2.3.1	  Imaging	  flow	  cytometry-‐based	  validation	  of	  IpLITR	  phagocytic	  	   126	  
phenotypes	  after	  AD293	  co-‐transfections	  with	  Syk-‐GFP	  

	   	  
5.2.3.2	  Confocal	  microscopy-‐based	  examination	  of	  the	  Syk-‐GFP	  	   	   127	  

localization	  to	  the	  phagocytic	  cup	  during	  IpLITR	  1.1b/ITAM	  	  
–mediated	  phagocytosis	  

5.3	   Discussion	  and	  conclusions	   	   	   	   	   	   	   128	  
	  
CHAPTER	  SIX:	  GENERAL	  DISCUSSION	  AND	  CONCLUSIONS	  
6.1	   Summary	  of	  findings	   	   	   	   	   	   	   	   179	  
	   6.1.1	   Development	  of	  imaging	  based-‐assays	  to	  the	  monitor	  	   	   181	  

IpLITR-‐mediated	  phagocytic	  process	  using	  F-‐actin	  as	  a	  	  
surrogate	  for	  location	  of	  signal	  transduction	  

	  
6.1.2	   Imaging-‐based	  examination	  of	  phosphoinositides	  during	  	   	   185	  

IpLITR-‐mediated	  phagocytosis	  
	   6.1.3	   Phagocytosis	  as	  a	  bioassay	  to	  map	  IpLITR-‐mediated	  signal	  	   	   187	  

transduction	  	   	   	   	   	   	   	   	   	  
6.2	   Future	  Directions	   	   	   	   	   	   	   	   189	  
	  
CHAPTER	  SEVEN:	  REFERENCES	   	   	   	   	   	   	   196	  
	  
APPENDIX	   	   	   	   	   	   	   	   	   	   212	  
	   	  



	   vii	  

LIST	  OF	  TABLES	  
	  
	  
Table	  3.1	   Transient	  co-‐transfection	  conditions	  of	  AD293	  cells	  with	  GFP-‐

chimeric	  constructs	  
62	  

Table	  3.2	   List	  of	  primers	  and	  restriction	  enzyme	  combinations	  used	  in	  this	  
thesis	  to	  generate	  EGFP-‐tagged	  signaling	  proteins.	  

65	  

	   	   	  
	   	   	  
	   	   	  
	   	   	  
	   	   	  
	   	   	  
	   	   	  
	   	   	  
	   	   	  
	   	   	  
	   	   	  
	   	   	  
	   	   	  
	   	   	  
	   	   	  
	   	  



	   viii	  

	  
LIST	  OF	  FIGURES	  

	  
	  
Figure	  3.1	   Structural	  schematic	  of	  IpLITR	  constructs	  used	  in	  this	  thesis	   61	  
	   	   	  
Figure	  3.2	   Gating	  strategy	  used	  to	  analyze	  IpLITR-‐mediated	  phagocytosis	  using	  

the	  Amnis	  ImageStream	  and	  Imaris	  software	  
63	  

	  
	  

Figure	  4.1	   IpLITR	  constructs	  and	  probes	  used	  in	  this	  chapter	   90	  
	  

Figure	  4.2	   Phagocytic	  targets	  can	  be	  differentially	  stained	  based	  on	  their	  
position	  relative	  to	  the	  plasma	  membrane	  
	  

92	  

Figure	  4.3	   Imaging	  flow	  cytometry-‐based	  co-‐expression	  analysis	  of	  Lifeact-‐GFP	  
and	  IpLITR	  1.1b/ITAM	  in	  AD293	  cells	  
	  

95	  

Figure	  4.4	   Imaging	  flow	  cytometry-‐based	  co-‐expression	  analysis	  of	  Lifeact-‐GFP	  
and	  IpLITR	  1.1b/WT	  in	  AD293	  cells.	  
	  

97	  

Figure	  4.5	   Gating	  and	  component	  masking	  strategy	  for	  imaging	  flow	  
cytometry-‐based	  analysis	  of	  IpLITR	  1.1b/ITAM	  and	  1.1b/WT	  –
mediated	  target	  capture	  and	  engulfment.	  

99	  

	   	   	  
Figure	  4.6	   IpLITR	  1.1b/ITAM	  and	  1.1b/WT	  retain	  their	  phagocytic	  phenotype	  

after	  co-‐transfection	  with	  Lifeact-‐GFP.	  
102	  

	  
	  

Figure	  4.7	   Expected	  and	  observed	  actin	  distribution	  during	  IpLITR	  1.1b/ITAM-‐
mediated	  phagocytosis.	  

104	  
	  
	  

Figure	  4.8	   Confocal	  microscopic	  visualization	  of	  Lifeact-‐GFP	  distribution	  at	  the	  
phagocytic	  cup	  during	  IpLITR	  1.1b/ITAM	  –mediated	  phagocytosis.	  	  	  

105	  
	  
	  

Figure	  4.9	   Expected	  and	  observed	  actin	  distribution	  during	  IpLITR	  1.1b/WT	  –
mediated	  phagocytosis.	  

109	  
	  
	  

Figure	  4.10	   Confocal	  microscopic	  visualization	  of	  Lifeact-‐GFP	  distribution	  at	  the	  
phagocytic	  cup	  during	  IpLITR	  1.1b/WT	  –mediated	  phagocytosis.	  	  	  

110	  
	  
	  

Figure	  5.1	   Phosphoinositide	  species	  found	  in	  the	  cytoplasmic	  leaflet	  of	  
eukaryotic	  cellular	  membranes.	  

136	  
	  
	  

Figure	  5.2	   Probes	  used	  in	  this	  thesis.	   137	  
	   	   	  



	   ix	  

Figure	  5.3	   Imaging	  flow	  cytometry-‐based	  co-‐expression	  analysis	  of	  PH-‐PLCδ1-‐
GFP	  and	  IpLITR	  1.1b/ITAM	  in	  AD293	  cells.	  

138	  

	   	   	  
Figure	  5.4	   Imaging	  flow	  cytometry-‐based	  co-‐expression	  analysis	  of	  PH-‐PLCδ1-‐

GFP	  and	  IpLITR	  1.1b/WT	  in	  AD293	  cells.	  
140	  

	  
	  

Figure	  5.5	   IpLITR	  1.1b/ITAM	  and	  1.1b/WT	  retain	  their	  phagocytic	  phenotype	  
after	  co-‐transfection	  with	  PH-‐PLCδ1-‐GFP.	  

142	  
	  
	  

Figure	  5.6	   Expected	  and	  observed	  phosphatidylinositol	  (4,5)-‐bisphosphate	  
(PI[4,5]P2)	  distribution	  during	  IpLITR	  1.1b	  /TAM	  –mediated	  
phagocytosis.	  

144	  

	  
Figure	  5.7	   Confocal	  microscopic	  visualization	  of	  phosphatidylinositol	  4,5-‐

bisphosphate	  [PI(4,5)P2]	  distribution	  at	  the	  phagocytic	  cup	  during	  
IpLITR	  1.1b/ITAM	  –mediated	  phagocytosis.	  	  	  

146	  
	  
	  
	  

Figure	  5.8	   Expected	  and	  observed	  phosphatidylinositol	  (4,5)-‐bisphosphate	  
(PI([4,5]P2)	  distribution	  during	  IpLITR	  1.1b	  /WT	  –mediated	  
phagocytosis.	  

150	  
	  
	  
	  

Figure	  5.9	   Confocal	  microscopic	  visualization	  of	  phosphatidylinositol	  (4,5)-‐
bisphosphate	  (PI[4,5]P2)	  distribution	  at	  the	  phagocytic	  cup	  during	  
IpLITR	  1.1b/WT	  –mediated	  phagocytosis.	  
	  

152	  
	  
	  

Figure	  5.10	   Imaging	  flow	  cytometry-‐based	  co-‐expression	  analysis	  of	  2xFYVE-‐GFP	  
and	  IpLITR	  1.1b/ITAM	  in	  AD293	  cells.	  

156	  
	  
	  

Figure	  5.11	   Imaging	  flow	  cytometry-‐based	  co-‐expression	  analysis	  of	  2xFYVE-‐GFP	  
and	  IpLITR	  1.1b/WT	  in	  AD293	  cells.	  

158	  
	  
	  

Figure	  5.12	   IpLITR	  1.1b/ITAM	  and	  1.1b/WT	  retain	  their	  phagocytic	  phenotype	  
after	  co-‐transfection	  with	  2xFYVE-‐GFP.	  

160	  
	  
	  

Figure	  5.13	   Expected	  and	  observed	  phosphatidylinositol	  (3)-‐phosphate	  (PI[3]P)	  
distribution	  during	  IpLITR	  1.1b	  /TAM	  –mediated	  phagocytosis.	  

162	  
	  
	  

Figure	  5.14	   Confocal	  microscopic	  visualization	  of	  phosphatidylinositol	  3-‐
phosphate	  [PI(3)P]	  maturing	  phagosomes	  during	  IpLITR	  1.1b/ITAM–
mediated	  phagocytosis.	  	  	  

164	  
	  
	  
	  

Figure	  5.15	   Expected	  and	  observed	  phosphatidylinositol	  (3)-‐phosphate	  (PI[3]P)	  
distribution	  during	  IpLITR	  1.1b/WT	  –mediated	  phagocytosis.	  

167	  
	  
	  



	   x	  

Figure	  5.16	   Confocal	  microscopic	  visualization	  of	  phosphatidylinositol	  3-‐
phosphate	  distribution	  on	  maturing	  phagosomes	  during	  IpLITR	  
1.1b/WT–mediated	  phagocytosis.	  	  	  

169	  
	  
	  
	  

Figure	  5.17	   Imaging	  flow	  cytometry-‐based	  co-‐expression	  analysis	  of	  Syk-‐GFP	  
and	  IpLITR	  1.1b/ITAM	  in	  AD293	  cells.	  

172	  
	  
	  

Figure	  5.18	   IpLITR	  1.1b/ITAM	  retains	  its	  phagocytic	  phenotype	  after	  co-‐
transfection	  with	  Syk-‐GFP.	  

174	  
	  
	  

Figure	  5.19	   Confocal	  microscopy	  visualization	  of	  IpLITR	  1.1b/ITAM-‐mediated	  
changes	  in	  SykGFP	  distribution	  during	  internalization.	  

175	  
	  
	  

Figure	  5.20	   Proposed	  model	  for	  the	  distribution	  of	  actin,	  PI(4,5)P2,	  and	  PI(3)P	  
during	  IpLITR	  –mediated	  phagocytosis.	  

177	  
	  
	  

Figure	  A1	   Representative	  imaging	  flow-‐cytometry	  based	  dot	  plots	  of	  IpLITR	  
1.1b/ITAM	  stable	  expression	  in	  AD293	  cells.	  

212	  
	  
	  

Figure	  A2	   Imaging	  flow	  cytometry-‐based	  co-‐expression	  analysis	  of	  Lifeact-‐GFP	  
and	  IpLITR	  1.1b/ITAM	  in	  AD293	  cells.	  

213	  
	  
	  

Figure	  A3	   Imaging	  flow	  cytometry-‐based	  co-‐expression	  analysis	  of	  PH-‐PLCδ1-‐
GFP	  and	  IpLITR	  1.1b/ITAM	  in	  AD293	  cells.	  

214	  
	  
	  

Figure	  A4	   Imaging	  flow	  cytometry-‐based	  co-‐expression	  analysis	  of	  2xFYVE-‐GFP	  
and	  IpLITR	  1.1b/ITAM	  in	  AD293	  cells.	  

215	  
	  
	  

Figure	  A5	   Imaging	  flow	  cytometry-‐based	  co-‐expression	  analysis	  of	  Syk-‐GFP	  
and	  IpLITR	  1.1b/ITAM	  in	  AD293	  cells.	  

216	  

	  
Figure	  A6	   Representative	  imaging	  flow-‐cytometry	  based	  dot	  plots	  of	  IpLITR	  

1.1b/WT	  stable	  expression	  in	  AD293	  cells.	  
217	  

	  
	  

Figure	  A7	   Imaging	  flow	  cytometry-‐based	  co-‐expression	  analysis	  of	  Lifeact-‐GFP	  
and	  IpLITR	  1.1b/WT	  in	  AD293	  cells.	  

218	  
	  
	  

Figure	  A8	   Imaging	  flow	  cytometry-‐based	  co-‐expression	  analysis	  of	  PH-‐PLCδ1-‐
GFP	  and	  IpLITR	  1.1b/WT	  in	  AD293	  cells.	  

219	  

	   	   	  
Figure	  A9	   Imaging	  flow	  cytometry-‐based	  co-‐expression	  analysis	  of	  2xFYVE-‐GFP	  

and	  IpLITR	  1.1b/WT	  in	  AD293	  cells.	  
220	  

	  
	   	  



	   xi	  

LIST	  OF	  ABBREVIATIONS	  
	  
	  

Abp	   Actin	  binding	  protein	  
AD293	   Semi-‐adherent	  derivative	  of	  HEK293	  cells	  
ADCC	   Antibody-‐dependent	  cellular	  cytotoxicity	  
AF647	   Fluorophore	  with	  650/665nm	  excitation/emission	  peaks	  
AKT	   Protein	  kinase	  B,	  serine/threonine-‐specific	  protein	  kinase	  
BB	   Fluoresbrite®	  carboxy	  Bright	  Blue	  4.5	  μm	  microspheres	  	  
BLASTp	   Protein	  basic	  local	  alignment	  search	  tool	  
C57BL/6	   Inbred	  strain	  of	  laboratory	  mouse	  
CD150	   Signaling	  lymphocytic	  activation	  molecule	  1	  
CD3ζ-‐L	  	   CD3	  zeta-‐like	  subunit	  	  
CD94/NKG2	   Family	  of	  C-‐type	  lectin	  receptors	  on	  NK	  cells	  
cDNA	   Complementary	  deoxyribonucleic	  acid	  
CEACAM	   Carcinoembryonic	  antigen-‐related	  cell	  adhesion	  molecules	  
CR3	   Complement	  receptor	  3	  
CSF	   Colony	  stimulating	  factors	  
Csk	   C-‐terminal	  Src	  kinase	  
Cy5	   Indodicarbocyanine	  fluorohore,	  650/670nm	  excitation/emission	  peaks	  
D-‐PBS	   Dulbecco’s	  phosphate	  buffered	  saline	  
D1-‐D5	   Immunoglobulin	  domain	  1-‐5	  
DAP12	   ITAM-‐containing	  intracellular	  adapter	  molecule	  
DMEM	   Dulbecco’s	  modified	  Eagle	  medium	  	  
DMSO	   Dimethyl	  sulfoxide	  
EDTA	   Ethylenediaminetetraacetic	  acid	  
EGFP	   Enhanced	  green	  fluorescent	  protein	  
ERK	   Extracellular	  signal-‐regulated	  kinase	  
EST	   Expressed	  sequence	  tag	  
FYVE	   Zinc-‐binding	  domain	  specific	  for	  PI(3)P	  
FBS	   Heat-‐inactivated	  fetal	  bovine	  serum	  	  
Fc	   Fragment	  crystallizable	  
FcR	   Fragment	  crystallizable	  receptor	  
FCRL	   Fc	  receptor-‐like	  
FcRγ	   FcR	  γ-‐chain	  
FcRγ-‐L	  	   FcR	  γ-‐chain-‐like	  
Fcγ	   Fragment	  crystallizable	  portion	  of	  Igγ	  
Fcε	  	   Fragment	  crystallizable	  portion	  of	  Igε	  
FcεRI	   High-‐affinity	  Fc	  receptor	  for	  IgE	  
FcμR	   Fc	  receptor	  for	  IgM	  
FLAG	   Epitope	  tag	  encoding	  amino	  acid	  residues	  DYKDDDDK	  
Gab2	   Grb2-‐associated	  binder	  
GFP	   Green	  fluorescent	  protein	  



	   xii	  

GST	   Glutathione	  S-‐transferase	  	  
GαM	  Cy5	   Cy5-‐conjugated	  antibody	  raised	  in	  goat	  against	  mouse	  Ig	  
GαM	  PE	   Phycoerythrin-‐conjugated	  antibody	  raised	  in	  goat	  against	  mouse	  Ig	  
H	  +	  L	   Heavy	  and	  light	  chain	  
HA	   Hemagglutinin	  epitope	  tag	  
HEK-‐293	   Human	  embryonic	  kidney	  cells	  
HLA	   Human	  leukocyte	  antigen	  
IFN	   Interferon	  
Ig	   Immunoglobulin	  
IgA	   Immunoglobulin	  A	  
IgD	   Immunoglobulin	  D	  
IgM	   Immunoglobulin	  M	  
IgSF	   Immunoglobulin	  Superfamily	  
IgT/IgZ	   Teleost-‐specific	  immunoglobulin	  (T	  or	  Z	  in	  depends	  on	  teleost	  species)	  
IL	   Interleukin	  
IL-‐1β	  	   Interleukin	  1	  beta	  
IpLITR	   Ictalurus	  punctatus	  leukocyte	  immune-‐type	  receptors	  
ITAM	   Immunoreceptor	  tyrosine-‐based	  activation	  motif	  
ITIM	   Immunoreceptor	  tyrosine-‐based	  inhibitory	  motif	  
itim	   ITIM-‐related	  sequence	  
ITSM	   Immunoreceptor	  tyrosine-‐based	  switch	  motif	  
KIR	   Killer	  immunoglobulin-‐like	  receptor	  
LAT	   Linker	  of	  activated	  T	  cells	  
LB	   Luria-‐Bertani	  or	  Lysogeny	  broth	  
LILRs	   Leukocyte	  immunoglobulin-‐like	  receptors	  
LITR	   Leukocyte	  immune-‐type	  receptors	  
LRC	   Leukocyte	  receptor	  complex	  
Ly49D	   Mouse	  NK	  cell	  receptor	  with	  ITAMs	  
Ly49H	   Mouse	  NK	  cell	  receptor	  with	  ITAMs	  
mAb	   Monoclonal	  antibody	  
MAPK	   Mitogen-‐activated	  protein	  kinase	  
MEK	   Mitogen-‐activated	  protein	  kinase	  kinase	  
MHC	   Major	  histocompatibility	  complex	  
MLC	   Mixed	  leykocyte	  culture	  
mRNA	   Messenger	  ribonucleic	  acid	  
NCC	   Nonspecific	  cytotoxic	  cells	  
Nck1	   Non-‐catalytic	  region	  of	  tyrosine	  kinase	  adaptor	  protein	  1	  
nIL-‐1Fm	   Novel	  IL-‐1	  family	  member	  
NILT	   Novel	  immunoglobulin-‐like	  transcript	  
NITR	   Novel	  immune-‐type	  receptor	  
NITR11	   Novel	  immune-‐type	  receptor	  11	  
Nitr3.1	   Novel	  immune-‐type	  receptor	  3.1	  
Nitr9L	   Novel	  immune-‐type	  receptor	  9	  long	  transcript	  



	   xiii	  

NK	   Natural	  Killer	  cell	  
NK-‐92	   Human	  NK	  cell	  line	  
NKG2C	   C-‐type	  lectin,	  activating	  natural	  killer	  cell	  receptor	  
NKp44	   Human	  NK	  cell-‐specific	  receptor	  
nm	   Nanometers	  
pAb	   Polyclonal	  antibody	  
PBL	   Peripheral	  blood	  leukocyte	  
PCR	   Polymerase	  chain	  reaction	  
PDK1	   Phosphoinositide-‐dependent	  kinase	  1	  
PECAM-‐1	   Human	  platelet	  endothelial	  cell	  adhesion	  molecule	  
PH	   Pleckstrin	  homology	  
PI	   Phosphatidylinositol	  
PI(3,4,5,)P3	   Phosphatidylinositol	  3,4,5-‐trisphosphate	  
PI(3,4)P2	   Phosphatidylinositol	  3,4-‐bisphosphate	  	  
PI(3,5)P2	   Phosphatidylinositol	  3,5-‐bisphosphate	  	  
PI(3)P	   Phosphatidylinositol	  3-‐phosphate	  	  
PI(4,5)P2	   Phosphatidylinositol	  4,5-‐bisphosphate	  	  
PI(4)P	   Phosphatidylinositol	  4-‐phosphate	  
PI(5)P	   Phosphatidylinositol	  5-‐phosphate	  	  
PI3K	   Phosphatidylinositol	  3-‐kinase	  
pIgA	   Polymeric	  immunoglobulin	  receptor	  for	  IgA	  
PIGRL/pIgRs	   Polymeric	  immunoglobulin	  receptor-‐like	  proteins	  
PKC	   Protein	  kinase	  C	  
PLC	   Phospholipase	  
RBL-‐2H3	   Rat	  basophil	  leukemia	  cells	  
rcf	   Relative	  centrifugal	  force	  
RαM	  AF647	   Alexa	  Fluor®	  647-‐conjugated	  antibody	  raised	  in	  rabbit	  against	  mouse	  Ig	  	  
SH2	   Src	  homology	  2	  
SH2D1A	   SH2-‐containing	  adaptor	  protein	  1A	  
SHIP	  1	   SH2-‐containing	  inositol-‐5’-‐phosphatase	  1	  
SHIP2	   SH2-‐containing	  inositol-‐5’-‐phosphatase	  2	  
SHP-‐1	   SH2	  domain-‐containing	  phosphatase	  1	  
SHP-‐2	   SH2	  domain-‐containing	  phosphatase	  2	  
Siglecs	   Sialic	  acid-‐binding	  Ig-‐type	  lectins	  
Syk	   Spleen	  tyrosine	  kinase	  
TAE	   Tris	  base,	  acetic	  acid,	  EDTA	  
TCR	   T	  cell	  receptor	  
TGF	   Transforming	  growth	  factor	  
TKB1	  	   Escherichia	  coli	  strain	  with	  inducible	  tyrosine	  kinase	  gene	  
TM	   Transmembrane	  
TNF	   Tumor	  necrosis	  factor	  
TREM	   Triggering	  receptor	  expressed	  on	  myeloid	  cells	  



	   xiv	  

v/v	   Volume	  to	  volume	  
w/v	   Mass	  to	  volume	  
WASP	   Wiskott-‐Aldrich	  syndrome	  protein	  	  
WAVE	   WASP-‐family	  verpolin-‐homologous	  protein	  	  
WT	   Wild	  type	  (or	  full-‐length)	  
αHA	   Anti-‐hemagglutinin	  tag	  
	   	  
	  



	   1	  

CHAPTER	  1	  

	  

Introduction	  

	  
1.1 Introduction	  

The	  innate	  immune	  system	  is	  the	  first	  line	  of	  defense	  against	  infection	  in	  all	  animals.	  

Cells	  of	  the	  innate	  immune	  system	  are	  found	  ubiquitously	  throughout	  the	  body	  to	  serve	  

as	  first	  responders.	  Using	  germline-‐encoded	  genes,	  innate	  immune	  cells	  are	  capable	  of	  

rapidly	  detecting	  and	  eliminating	  foreign	  invaders	  by	  inducing	  effector	  responses	  such	  

as	  degranulation	  (release	  of	  granules	  containing	  potent	  antimicrobial	  factors);	  

phagocytosis	  (internalization	  of	  large	  particles,	  such	  as	  pathogens,	  followed	  by	  their	  

intracellular	  destruction);	  cellular	  cytotoxicity	  (direct	  killing	  of	  virally	  infected,	  sick,	  or	  

transformed	  host	  cells);	  and	  secretion	  of	  cytokines	  (soluble	  proteins	  used	  for	  immune	  

cell	  communication).	  Innate	  immune	  cells	  express	  immunoregulatory	  receptors	  on	  their	  

cell	  surface	  that	  allow	  them	  to	  sense	  their	  environment	  and	  induce	  effector	  responses.	  

In	  addition,	  there	  are	  subsets	  of	  immunoregulatory	  receptors	  that	  inhibit	  effector	  

responses.	  The	  precise	  balance	  between	  activating	  and	  inhibiting	  signals	  allows	  innate	  

immune	  cells	  to	  provide	  protection	  from	  invaders	  while	  also	  sparing	  host	  tissues.	  

Immunoregulatory	  receptors	  bind	  a	  variety	  of	  different	  ligands;	  therefore	  they	  are	  

highly	  diversified	  within	  a	  species	  or	  between	  species.	  As	  a	  result,	  there	  are	  many	  

different	  types	  or	  families	  of	  immunoregulatory	  receptors	  identified	  to	  date.	  However,	  

they	  all	  share	  in	  common	  the	  ability	  to	  detect	  their	  extracellular	  ligands	  and	  translate	  

binding	  into	  potent	  effector	  responses.	  
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Leukocyte-‐immune	  type	  receptors	  (LITRs)	  were	  discovered	  in	  channel	  catfish	  

(Ictalurus	  punctatus)	  immune	  cells	  and	  belong	  to	  a	  large	  family	  of	  receptors	  that	  are	  

related	  to	  many	  mammalian	  immunoregulatory	  receptors.	  Like	  many	  teleost	  

immunoregulatory	  receptor	  families,	  the	  ligands	  to	  these	  receptors	  remain	  unknown;	  

therefore	  characterization	  of	  these	  receptors	  has	  relied	  largely	  on	  heterologous	  

expression	  in	  mammalian	  cells.	  The	  serendipitous	  discovery	  that	  certain	  LITR	  types	  have	  

the	  ability	  to	  translate	  target	  binding	  into	  engulfment	  (i.e.	  phagocytosis)	  has	  provided	  a	  

useful	  platform	  to	  examine	  aspects	  of	  LITR-‐mediated	  signal	  transduction	  (Cortes	  et	  al,	  

2012,	  and	  2014).	  Target	  engulfment	  requires	  cytoskeletal	  rearrangement,	  which	  is	  a	  

process	  that	  relies	  on	  highly	  conserved	  signaling	  networks.	  Therefore	  by	  studying	  the	  

ability	  of	  LITR-‐expressing	  cells	  to	  internalize	  targets,	  we	  can	  gain	  insight	  into	  the	  

mechanisms	  by	  which	  these	  receptors	  promote	  cytoskeletal	  rearrangements.	  

	  

1.2	  Objectives	  of	  this	  thesis	  

The	  main	  objective	  of	  my	  research	  was	  to	  develop	  imaging-‐based	  bioassays	  to	  examine	  

signal	  transduction	  that	  is	  induced	  by	  two	  IpLITR-‐types	  during	  the	  process	  of	  

internalization	  of	  targets.	  The	  specific	  aims	  of	  my	  thesis	  are:	  

1) To	  establish	  procedures	  for	  the	  discrimination	  of	  surface-‐bound,	  partially	  

engulfed	  and	  fully	  internalized	  IpLITR	  targets	  

2) To	  develop	  co-‐transfection	  and	  imaging-‐based	  strategies	  to	  monitor	  

cytoskeletal	  changes	  that	  are	  induced	  by	  IpLITRs	  
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3) To	  use	  confocal	  microscopy	  to	  examine	  the	  distribution	  of	  phosphoinositide	  

species	  during	  the	  IpLITR-‐mediated	  phagocytic	  process	  

	  

1.3	  Outline	  of	  the	  thesis	  

In	  the	  second	  chapter	  of	  my	  thesis,	  I	  review	  innate	  immunity	  in	  bony	  fish	  with	  specific	  

emphasis	  on	  innate	  immune	  cellular	  functions	  and	  immunoregulatory	  receptor	  families	  

that	  have	  been	  identified	  in	  fish.	  In	  the	  same	  chapter,	  I	  will	  discuss	  channel	  catfish	  as	  an	  

alternative	  model	  organism	  for	  immunological	  studies	  and	  review	  literature	  on	  IpLITRs.	  

The	  methods	  and	  materials	  I	  used	  in	  my	  studies	  are	  detailed	  in	  Chapter	  3.	  In	  Chapter	  4,	  I	  

will	  discuss	  the	  development	  of	  imaging	  flow	  cytometry	  and	  confocal	  microscopy	  –

based	  techniques	  to	  examine	  the	  cellular	  cytoskeleton	  during	  IpLITR-‐induced	  

phagocytosis.	  I	  show	  that	  the	  ability	  of	  IpLITR	  1.1b/ITAM	  and	  IpLITR	  1.1b/WT	  to	  capture	  

and	  engulf	  targets	  in	  rat	  mast	  cells	  (RBL-‐2H3)	  is	  conserved	  when	  these	  proteins	  are	  

expressed	  in	  a	  human	  epithelioid	  cell	  (AD293)	  (Lillico	  et	  al,	  2015).	  I	  show	  that	  AD293	  

cells	  stably	  expressing	  IpLITRs	  can	  be	  subsequently	  co-‐transfected	  with	  fluorophore-‐

tagged	  probes	  without	  significantly	  altering	  the	  surface	  expression	  of	  the	  receptors	  or	  

the	  ability	  of	  these	  receptors	  to	  induce	  the	  phagocytic	  process.	  Lastly,	  I	  found	  that	  two	  

IpLITR-‐types	  induced	  very	  distinct	  patterns	  of	  cytoskeleton	  remodelling	  which	  is	  likely	  

due	  to	  the	  differential	  nature	  of	  the	  signaling	  pathways	  the	  two	  receptors	  activate.	  In	  

Chapter	  5,	  I	  apply	  the	  experimental	  strategy	  used	  in	  Chapter	  4	  to	  monitor	  the	  

phosphoinositide	  distribution	  during	  the	  IpLITR-‐induced	  phagocytic	  process.	  I	  found	  the	  

re-‐distribution	  of	  phosphatidylinositol	  4,5-‐bisphosphate	  that	  is	  induced	  by	  the	  two	  
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IpLITR-‐types	  mirrored	  the	  distinct	  patterns	  of	  cytoskeletal	  remodelling	  that	  each	  

receptor	  induced	  in	  Chapter	  4.	  In	  addition,	  I	  show	  that	  IpLITR	  targets	  are	  internalized	  

into	  a	  phagosome	  that	  gains	  phosphatidylinositol	  3-‐phosphate	  identity	  during	  the	  early	  

stages	  of	  phagosome	  maturation.	  In	  Chapter	  6,	  I	  will	  summarize	  my	  results	  and	  discuss	  

the	  value	  of	  using	  a	  combination	  of	  phagocytosis	  and	  confocal	  microscopy	  to	  monitor	  

IpLITR-‐mediated	  phagocytosis	  and	  to	  test	  the	  IpLITR-‐induced	  recruitment	  of	  candidate	  

signaling	  molecules	  to	  the	  site	  of	  phagocytosis.	  	  
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CHAPTER	  2	  

	  

Literature	  Review	  

2.1	  Overview	  

In	  all	  animals	  (vertebrates	  and	  invertebrates	  alike),	  innate	  immunity	  represents	  a	  vital	  

first	  line	  of	  protection	  from	  invading	  pathogens,	  and	  promotes	  the	  destruction	  of	  

foreign	  invaders	  while	  mitigating	  substantial	  damage	  to	  host	  cells	  and	  tissues.	  

Anatomical	  barriers	  such	  as	  skin,	  tegument,	  scales	  and	  mucous	  membranes	  shield	  

animals	  from	  invading	  pathogens.	  However,	  when	  these	  innate	  barriers	  are	  breached,	  

cells	  of	  the	  innate	  immune	  system	  are	  the	  first	  to	  encounter	  pathogens	  in	  the	  periphery.	  

Cells	  of	  the	  innate	  immune	  system	  use	  potent	  antimicrobial	  strategies	  to	  effectively	  

recognize	  and	  destroy	  pathogens	  within	  minutes	  to	  hours	  after	  pathogen	  encounter.	  

This	  recognition	  is	  mediated	  in	  part	  by	  germline-‐encoded	  surface-‐expressed,	  

immunoregulatory	  receptor	  proteins	  that	  translate	  extracellular	  binding	  into	  cellular	  

effector	  functions.	  In	  addition	  to	  activating	  immune	  responses	  against	  pathogens,	  

immunoregulatory	  receptors	  also	  control	  the	  suppression	  of	  immunity	  to	  promote	  

resolution	  of	  innate	  immune	  cell	  actions.	  The	  balance	  between	  stimulatory	  and	  

inhibitory	  responses	  is	  critical	  for	  the	  initiation,	  control,	  and	  termination	  of	  immune	  

responses	  to	  prevent	  host	  damage	  and	  promote	  tissue	  repair.	  In	  addition	  to	  the	  

germline-‐encoded	  innate	  responses,	  vertebrates	  also	  have	  adaptive	  immune	  responses	  

that	  provide	  more	  specificity	  and	  long-‐lasting	  immunity	  when	  ‘instructed’	  to	  do	  so	  by	  

the	  innate	  response.	  However,	  adaptive	  immunity	  takes	  time	  to	  generate	  and	  relies	  on	  
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activation	  that	  is	  mediated	  by	  the	  innate	  immune	  response.	  As	  a	  result,	  all	  animals	  

primarily	  rely	  on	  innate	  immunity	  as	  a	  first	  line	  of	  defense.	  	  

Teleosts	  (bony	  fish)	  are	  a	  large	  group	  of	  ectothermic	  vertebrates	  (>20,000	  

species)	  that	  diverged	  from	  mammals	  ~450	  million	  years	  ago.	  Aquatic	  habitats	  place	  

teleosts	  in	  intimate	  contact	  with	  potential	  pathogens,	  therefore,	  teleosts	  have	  

developed	  robust	  innate	  immune	  defense	  strategies	  to	  rapidly	  detect	  invaders.	  Many	  of	  

the	  fundamental	  components	  known	  to	  be	  important	  for	  immunity	  in	  mammals	  are	  also	  

present	  in	  teleost	  fishes	  including	  effector	  cells	  that	  mediate	  immunity,	  as	  well	  as	  

dedicated	  tissues	  and	  organs	  for	  the	  organization	  of	  immune	  cells.	  However,	  the	  

receptors	  that	  control	  innate	  immunity	  (i.e.	  immunoregulatory	  receptors)	  in	  teleosts	  

and	  their	  associated	  mechanisms	  of	  inducing	  function	  are	  not	  well	  understood.	  In	  recent	  

years,	  the	  increased	  the	  availability	  of	  fish	  genomic	  databases	  as	  well	  as	  expressed	  tag	  

sequence	  (EST)	  libraries	  developed	  from	  the	  cDNA	  of	  teleost	  immune	  tissues	  and	  cells	  

has	  made	  it	  possible	  to	  identify	  teleost	  immunoregulatory	  receptor	  families.	  Potential	  

functions	  for	  these	  receptor	  families	  have	  been	  predicted	  based	  on	  indirect	  

examinations	  such	  as	  phylogenetic	  resemblance	  with	  mammalian	  receptor	  families	  

(Rodriguez-‐Nunez	  2014;	  Yoder	  Litman	  2011;	  Montgomery	  2011;	  Fei	  et	  al	  2016);	  

nevertheless,	  the	  exact	  roles	  these	  proteins	  play	  in	  the	  innate	  immune	  response	  of	  fish	  

remains	  to	  be	  determined.	  	  

In	  this	  review,	  I	  will	  provide	  a	  brief	  overview	  of	  mammalian	  innate	  immunity	  to	  

establish	  a	  comparative	  framework	  for	  my	  studies	  regarding	  teleost	  immunity.	  

Subsequently,	  I	  will	  introduce	  teleost	  immunoreceptor	  families	  that	  are	  thought	  to	  be	  
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involved	  in	  regulating	  teleost	  innate	  immune	  functions.	  Next	  I	  will	  discuss	  the	  channel	  

catfish	  (Ictalurus	  punctatus)	  as	  a	  valuable	  model	  for	  studying	  teleost	  immunity	  and	  

review	  the	  channel	  catfish	  leukocyte	  immune-‐type	  receptor	  family	  (IpLITRs).	  

	  

2.2	  Innate	  immunity	  

In	  mammals,	  two	  major	  groups	  of	  cells	  mediate	  immunity:	  myeloid	  and	  lymphoid	  cells.	  

Representative	  myeloid	  cells	  include	  macrophages,	  dendritic	  cells	  and	  granulocytes	  

(neutrophils,	  eosinophils/mast	  cells,	  and	  basophils).	  Myeloid	  cells	  generally	  differentiate	  

into	  innate	  immune	  cells	  that	  have	  the	  ability	  to	  engulf	  and	  destroy	  pathogens	  

(phagocytosis),	  release	  granules	  containing	  potent	  microbicidal	  activities	  

(degranulation),	  and	  release	  cellular	  communication	  molecules	  to	  promote	  and	  

coordinate	  immune	  responses	  (cytokine	  secretion)	  (Reviewed	  by	  Beutler,	  2004).	  

Myeloid	  cells	  include	  macrophages,	  dendritic	  cells,	  basophils,	  eosinophils	  and	  

neutrophils.	  Although	  lymphoid	  cells	  generally	  differentiate	  into	  cells	  of	  the	  adaptive	  

immune	  response,	  natural	  killer	  (NK)	  cells	  are	  a	  specialized	  lymphocyte	  with	  the	  innate	  

ability	  to	  recognize	  and	  destroy	  infected	  (eg.	  viruses),	  damaged/stressed,	  or	  

transformed	  (eg.	  cancer)	  cells.	  NK	  cells	  also	  secrete	  many	  immunoregulatory	  cytokines	  

and	  they	  are	  generally	  considered	  to	  be	  a	  part	  of	  the	  innate	  immune	  response.	  	  Innate	  

immune	  cells	  generally	  rely	  on	  sophisticated,	  germline-‐encoded	  sensing	  systems	  to	  

recognize	  specific	  molecules	  that	  are	  often	  exclusive	  to	  pathogens.	  This	  recognition	  can	  

be	  direct	  (i.e.	  direct	  binding	  to	  pathogen)	  or	  indirect	  through	  recognition	  of	  host-‐
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produced	  molecules	  that	  specifically	  bind	  to	  pathogens	  (opsonisation)	  to	  promote	  their	  

recognition.	  	  

	   Cells	  that	  mediate	  innate	  immune-‐like	  functions	  observed	  in	  mammals	  have	  also	  

been	  described	  in	  other	  vertebrates	  including	  birds,	  frogs,	  and	  fish	  (examples:	  Gobel	  et	  

al,	  1994;	  Goyos	  &	  Robert,	  2009;	  Horton	  et	  al,	  1996;	  Rogers	  et	  al,	  2008;	  Shen	  et	  al,	  2004;	  

Stuge	  et	  al,	  1997;	  Yoder,	  2004).	  However,	  limited	  information	  is	  known	  about	  the	  

immunoregulatory	  receptors	  and	  mechanisms	  that	  control	  these	  cellular	  functions	  in	  

non-‐mammalian	  vertebrates.	  In	  this	  section,	  I	  will	  introduce	  genomic	  regions	  that	  

encode	  many	  human	  immunoregulatory	  receptor	  families	  and	  their	  appearance	  through	  

evolution	  to	  set	  a	  comparative	  stage	  for	  studying	  innate	  immunity	  in	  bony	  fish.	  	  

	  

2.2.1	  Immunoregulatory	  receptors	  in	  mammals	  and	  other	  vertebrates	  

Immunoregulatory	  receptors	  are	  proteins	  that	  control	  many	  aspects	  of	  innate	  

immune	  cell	  effector	  responses.	  Structurally,	  immunoregulatory	  receptors	  are	  

composed	  of	  an	  extracellular	  target-‐binding	  region,	  a	  transmembrane	  anchoring	  

domain,	  followed	  by	  a	  cytoplasmic	  tail.	  Target-‐binding	  regions	  allow	  for	  the	  specific	  

recognition	  of	  a	  very	  diverse	  array	  of	  ligands	  present	  on	  pathogens,	  and	  dead,	  dying,	  or	  

transformed	  host	  cells.	  Structurally,	  the	  extracellular	  binding	  regions	  of	  most	  

immunoregulatory	  receptors	  belong	  to	  either	  the	  C-‐type	  lectin-‐like	  family	  or	  the	  

immunoglobulin	  superfamily	  (IgSF);	  here,	  I	  will	  focus	  on	  immunoregulatory	  receptor-‐

types	  that	  contain	  one	  or	  more	  Ig-‐like	  folds	  in	  their	  extracellular	  regions.	  

Transmembrane	  anchoring	  regions	  facilitate	  the	  expression	  of	  immunoregulatory	  
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receptors	  on	  the	  surface	  of	  cells	  while	  cytoplasmic	  domains	  translate	  extracellular	  

binding	  into	  intracellular	  signaling	  cascades	  that	  result	  in	  innate	  immune	  effector	  

responses.	  The	  cytoplasmic	  region	  of	  immunoregulatory	  receptors	  controls	  their	  ability	  

to	  stimulate	  or	  inhibit	  responses.	  A	  variety	  of	  immunoregulatory	  receptor	  families	  have	  

been	  described	  and	  well	  characterized	  in	  mammals.	  In	  humans,	  two	  major	  genomic	  

regions	  encode	  receptor	  families	  with	  extracellular	  Ig-‐like	  domains.	  Human	  

chromosome	  1q21-‐23	  encodes	  the	  fragment	  crystallisable	  receptors	  (FcRs;	  reviewed	  by	  

Takai,	  2005;	  Nimmerjahn	  &	  Ravetch,	  2008)	  and	  Fc	  receptor-‐like	  (FcRLs;	  reviewed	  by	  

Davis,	  2007).	  The	  human	  leukocyte	  receptor	  complex	  (LRC)	  on	  chromosome	  19q13	  

encodes	  polymorphic	  receptor	  families	  such	  as	  the	  human	  killer	  cell	  Ig-‐like	  receptors	  

(KIRs;	  reviewed	  by	  Carrillo-‐Bustamante	  et	  al,	  2016;	  Trowsdale,	  2001).	  One	  common	  

feature	  amongst	  these	  immunoregulatory	  receptor	  families	  is	  that	  they	  are	  composed	  

of	  both	  stimulatory	  and	  inhibitory	  types	  that	  are	  co-‐expressed	  on	  various	  innate	  

immune	  cell-‐types.	  Stimulatory	  and	  inhibitory	  signaling	  networks	  precisely	  control	  the	  

activation,	  execution,	  and	  suppression	  of	  innate	  immune	  responses	  to	  promote	  

pathogen	  destruction	  while	  sparing	  the	  host.	  Although	  understanding	  of	  

immunoregulatory	  receptors	  and	  their	  associated	  mechanisms	  in	  non-‐mammalian	  

vertebrates	  is	  sparse,	  it	  is	  clear	  that	  immunoregulatory	  receptors	  transcend	  through	  

vertebrate	  evolution	  with	  expansion	  and	  contraction	  of	  distinct	  receptor	  families	  based	  

on	  the	  immunological	  needs	  of	  the	  organisms	  (reviewed	  by	  Yoder	  &	  Litman,	  2011).	  	  

In	  mammals,	  FcRs	  are	  immunoregulatory	  receptors	  that	  bind	  the	  fragment	  

crystallisable	  (Fc)	  portion	  of	  immunoglobulins	  (antibodies).	  FcRs	  are	  expressed	  on	  innate	  



	   10	  

immune	  cells	  where	  they	  support	  the	  bridging	  between	  the	  specificity	  of	  antibodies	  

with	  the	  potent	  antimicrobial	  activities	  of	  innate	  immune	  responses	  (i.e.	  phagocytosis,	  

degranulation	  of	  cytotoxic	  granules,	  cytokine	  secretion).	  Stimulatory	  FcRs	  provide	  innate	  

immune	  cells	  with	  the	  ability	  to	  become	  ‘armed’	  with	  exogenously	  derived	  antibodies	  

conferring	  the	  cells	  with	  specific	  antigen	  recognition,	  which	  is	  mediated	  by	  the	  fragment	  

antigen-‐binding	  (Fab)	  portion	  of	  the	  antibody	  protein.	  In	  mice,	  NK	  cells	  express	  the	  

activating	  FcγRIII	  (reviewed	  by	  Nimmerjahn	  &	  Ravetch,	  2008);	  when	  IgG3-‐armed	  FcγRIII	  

becomes	  cross-‐linked	  by	  its	  ligand	  (specified	  by	  the	  antibody),	  intracellular	  signaling	  

induces	  the	  NK	  cell	  to	  kill	  its	  target	  via	  antibody	  dependent	  cellular	  cytotoxicity	  (ADCC).	  

FcRs	  on	  phagocytic	  cells	  can	  also	  facilitate	  internalization	  of	  immune	  complexes	  and	  

antibody-‐opsonized	  pathogens	  (Reviewed	  Nimmerjahn	  &	  Ravetch,	  2006;	  2007;	  2008).	  In	  

addition	  to	  stimulatory	  FcRs,	  there	  are	  inhibitory	  FcRs	  that	  have	  integral	  roles	  in	  

preventing	  aberrant	  immune	  cell	  activity	  (Nimmerjahn	  &	  Ravetch,	  2006;	  2007;	  2008).	  	  

Cataloguing	  of	  immunoregulatory	  gene	  families	  in	  various	  mammalian	  and	  non-‐

mammalian	  species	  has	  demonstrated	  that	  immunoregulatory	  gene	  families	  have	  

appeared,	  expanded	  and	  contracted,	  or	  disappeared	  over	  evolutionary	  time	  as	  a	  result	  

of	  species-‐specific	  host/pathogen	  interactions	  (Akula	  et	  al,	  2014;	  Fayngerts	  et	  al,	  2007;	  

Yoder	  &	  Litman,	  2011).	  	  In	  order	  to	  study	  the	  appearance	  of	  FcRs	  specific	  for	  the	  

expanding	  Ig-‐isotypes	  over	  evolutionary	  time,	  Akula	  et	  al	  (2014)	  used	  a	  bioinformatics	  

approach	  to	  analyze	  the	  presence	  of	  FcR-‐related	  genes	  in	  various	  vertebrate	  genomes	  

ranging	  from	  mammals,	  reptiles	  and	  birds,	  amphibians,	  bony	  fish,	  cartilagous	  fish	  and	  

lamprey.	  These	  studies	  demonstrated	  that	  within	  the	  FcR	  locus,	  poly	  Ig	  receptors	  
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(PIGRs),	  FcRLs	  and	  the	  FcRγ	  chain	  (a	  signalling	  adaptor	  molecule)	  were	  the	  first	  genes	  to	  

appear	  (Akula	  et	  al,	  2014).	  This	  conclusion	  was	  based	  on	  the	  observation	  that	  these	  

genes	  were	  present	  in	  all	  animals	  tested	  from	  mammals	  to	  bony	  fishes	  but	  not	  in	  

cartilagous	  fish	  and	  lamprey.	  In	  bony	  fish	  and	  chicken,	  relatively	  few	  FcRs	  and	  FcRLs	  

were	  identified	  but	  LRC	  genes	  were	  extensively	  expanded	  in	  these	  organisms	  suggesting	  

that	  receptors	  with	  the	  ability	  to	  bind	  the	  Fc	  portion	  of	  antibodies	  may	  be	  encoded	  in	  

the	  LRC	  (Akula	  et	  al,	  2014).	  	  In	  fish,	  there	  is	  functional	  evidence	  for	  FcR-‐mediated	  control	  

of	  innate	  immune	  activities:	  FcR-‐mediated	  control	  of	  NK	  cell	  cytotoxicity,	  FcR-‐mediated	  

degranulation	  of	  mast	  cells,	  and	  FcR-‐mediated	  phagocytosis	  (Shen	  et	  al,	  2003;	  Chen	  et	  

al,	  2009;	  Li	  et	  al,	  2006).	  The	  identity	  of	  these	  FcRs	  remains	  to	  be	  determined	  and	  

candidate	  FcRs	  in	  bony	  fish	  will	  be	  expanded	  on	  later	  in	  this	  section.	  Chicken	  

homologues	  of	  FcR/FcRLs	  are	  represented	  by	  chicken	  Ig-‐like	  receptors	  (CHIRs):	  a	  family	  

of	  polygenic	  and	  polymorphic	  immunoregulatory	  receptors	  encoded	  on	  chicken	  

microchromosome	  31	  (reviewed	  by	  Straub	  et	  al,	  2013).	  CHIR-‐AB1	  is	  a	  receptor	  for	  

chicken	  IgY	  but	  FcRs	  for	  chicken	  IgM	  or	  IgA	  have	  not	  yet	  been	  identified	  (Viertlboeck	  et	  

al,	  2007).	  Akula	  et	  al	  (2014)	  proposed	  that	  FcR	  and	  LRC	  encoded	  genes	  arose	  from	  a	  

common	  ancestor	  since	  genes	  homologous	  to	  human	  FcRs	  and	  LRC-‐encoded	  proteins	  

appeared	  with	  bony	  fish	  and	  are	  present	  in	  birds,	  frogs,	  and	  mammals.	  	  

Humans	  and	  mice	  have	  FcRs	  that	  bind	  specifically	  to	  the	  various	  antibody	  

isotypes;	  for	  example,	  human	  chromosome	  1q21-‐23	  encodes	  four	  classical	  FcRs	  that	  

bind	  the	  four	  isotypes	  of	  IgG	  (i.e.	  FcγRI,	  FcγRII,	  FcγRIII,	  FcγRIV)	  (reviewed	  by	  Nimmerjahn	  

&	  Ravetch,	  2008).	  Also	  encoded	  at	  this	  location	  is	  an	  FcR	  for	  IgE	  (FcεRI),	  an	  FcαμR	  that	  
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binds	  both	  IgM	  and	  IgA,	  and	  an	  IgM-‐binding	  FcμR	  (Shibuya	  et	  al,	  2000).	  All	  of	  these	  

receptors	  are	  structurally	  related	  suggesting	  that	  these	  genetic	  loci	  arose	  from	  gene	  

duplication	  events	  that	  permitted	  the	  expansion	  of	  multiple	  Fc-‐specific	  receptors	  (Davis	  

et	  al,	  2005).	  In	  addition	  to	  classical	  FcRs,	  this	  chromosomal	  region	  encodes	  Fc	  receptor-‐

like	  genes	  (fcrl1-‐6)	  that	  are	  extensively	  expressed	  on	  by	  various	  immune	  cell-‐types	  

(reviewed	  by	  Davis,	  2007).	  Like	  FcRs,	  FcRLs	  are	  type	  I	  transmembrane	  proteins	  with	  

extracellular	  Ig-‐like	  domains	  that	  relay	  signaling	  via	  cytoplasmic	  tyrosine-‐based	  signaling	  

motifs	  (Davis,	  2007).	  FcRL4	  and	  FcRL5	  are	  expressed	  on	  B	  cells	  and	  regulate	  B	  cell	  

antigen	  receptor	  signaling	  by	  binding	  IgA	  and	  IgG	  respectively	  (Wilson	  et	  al,	  2012),	  while	  

FcRL6	  is	  expressed	  on	  NK	  cells	  and	  binds	  MHC	  class	  II	  (Schreeder	  et	  al,	  2010).	  	  

NK	  cells	  detect	  host	  cell	  health	  and	  are	  capable	  of	  killing	  infected	  or	  transformed	  

host	  cells	  without	  requiring	  sensitization.	  In	  mammals,	  NK	  cell	  receptors	  are	  encoded	  in	  

two	  major	  genomic	  regions:	  the	  LRC	  and	  the	  natural	  killer	  cell	  complex	  (NKC)	  

(Trowsdale,	  2001).	  Killer	  Ig-‐like	  receptors	  (KIRs)	  are	  type	  I	  transmembrane	  proteins	  that	  

are	  expressed	  on	  human	  NK	  cells	  where	  they	  regulate	  the	  ability	  of	  these	  cells	  to	  detect	  

and	  kill	  infected	  or	  transformed	  host	  cells.	  The	  extracellular	  Ig	  domains	  of	  KIRs	  mediate	  

NK	  cell	  recognition	  of	  major	  histocompatibility	  complex	  (MHC)	  class	  I	  molecules	  

expressed	  on	  the	  surface	  healthy,	  nucleated	  host	  cells	  (Trowsdale,	  2001).	  MHC	  class	  I	  is	  

polygenic	  and	  polymorphic,	  therefore	  the	  receptor	  families	  that	  detect	  these	  molecules	  

must	  also	  have	  these	  properties.	  Host-‐pathogen	  interactions	  drive	  the	  evolution	  of	  MHC	  

class	  I	  in	  an	  ‘evolutionary	  arms	  race’.	  Therefore,	  unlike	  FcRs,	  distinct	  NK	  cell	  receptor	  

families	  are	  expanded	  in	  different	  vertebrate	  species	  based	  on	  species-‐specific	  MHC	  
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repertoires	  (reviewed	  by	  Yoder	  &	  Litman,	  2011).	  As	  such,	  LRC-‐encoded	  NK	  cell	  receptor	  

families	  are	  not	  necessarily	  expanded	  in	  all	  vertebrates.	  For	  example,	  in	  humans	  LRC-‐

encoded	  KIRs	  mediate	  control	  of	  NK	  cell	  activities	  while	  mice	  use	  the	  natural	  killer	  

complex	  (NKC)–encoded,	  Ly49	  receptor	  family.	  Comparison	  of	  the	  NKC	  and	  LRC	  

between	  mice	  and	  primates	  (lemur,	  orangutan,	  chimpanzee	  and	  human)	  demonstrates	  

the	  following:	  mice	  have	  expanded	  the	  Ly49	  family	  but	  contain	  no	  KIR	  genes	  within	  the	  

LRC;	  lemurs	  lost	  most	  Ly49	  genes	  and	  have	  a	  KIR	  pseudogene;	  the	  Ly49	  gene	  found	  in	  

lemurs	  became	  a	  pseudogene	  in	  orangutan,	  chimpanzee	  and	  humans	  while	  KIRs	  are	  

diversified	  from	  orangutan	  to	  chimpanzee	  and	  humans	  (reviewed	  by	  Carrillo-‐

Bustamante	  et	  al,	  2016).	  This	  demonstrates	  that	  over	  evolutionary	  time,	  distinct	  subsets	  

of	  NK	  receptor	  gene	  families	  have	  been	  expanded	  or	  lost	  within	  the	  short	  period	  of	  time	  

that	  primates	  have	  radiated	  (Yoder	  &	  Litman,	  2011;	  Carrillo-‐Bustamante,	  2016).	  	  

KIRs	  have	  not	  been	  identified	  outside	  of	  mammalian	  species;	  however,	  Ig-‐type	  

receptors	  with	  similar	  characteristics	  to	  mammalian	  LRC-‐encoded	  proteins	  have	  been	  

described	  in	  non-‐mammalian	  vertebrates	  (i.e.	  bird,	  frog	  and	  fish	  species)	  (Yoder	  &	  

Litman,	  2011).	  As	  described	  above,	  CHIRs	  are	  LRC-‐encoded	  proteins	  in	  chickens	  that	  are	  

represented	  by	  stimulatory	  (CHIR-‐A)	  and	  inhibitory	  (CHIR-‐B)	  types	  (Straub	  et	  al,	  2013).	  

CHIR-‐AB	  contains	  both	  stimulatory	  and	  inhibitory	  potential	  since	  it	  encodes	  cytoplasmic	  

inhibitory	  and	  switch	  signaling	  motif	  as	  well	  as	  a	  positively	  charged,	  transmembrane	  

residue	  to	  associate	  with	  activating	  adaptors	  (Straub	  et	  al,	  2013).	  In	  addition	  to	  binding	  

IgY,	  CHIRs	  are	  believed	  to	  be	  functional	  homologs	  of	  KIRs	  due	  to	  their	  polygenicity,	  

polymorphism	  and	  paired	  stimulatory/inhibitory	  co-‐expression	  on	  immune	  cells	  (Straub	  
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et	  al,	  2013).	  Xenopus	  MHC-‐linked	  Ig	  superfamily	  V	  genes	  (XMIV)	  are	  candidate	  Ig-‐type	  

NK	  cell	  receptors	  in	  amphibians;	  XMIVs	  are	  encoded	  by	  six	  genes	  and	  are	  represented	  

by	  both	  putative	  stimulatory	  and	  inhibitory	  types	  (Ohta	  et	  al,	  2006).	  Xenopus	  Ig-‐like	  

receptors	  (xILRs)	  have	  also	  been	  identified	  in	  amphibians	  and	  are	  mostly	  predicted	  to	  

encode	  activating	  receptors	  that	  share	  similarities	  in	  protein	  structure	  with	  KIRs	  and	  

CHIRs	  (Guselnikov	  et	  al,	  2010).	  Bony	  fish	  have	  many	  Ig-‐like,	  polygenic	  and	  polymorphic	  

receptor	  families	  that	  will	  be	  further	  discussed	  in	  section	  2.3.	  There	  are	  many	  

unanswered	  questions	  regarding	  the	  precise	  roles	  that	  these	  non-‐mammalian	  

immunoregulatory	  receptors	  play	  in	  the	  innate	  immunity	  of	  their	  hosts.	  However,	  it	  is	  

evident	  that,	  like	  mammals,	  non-‐mammalian	  vertebrates	  have	  access	  to	  complex	  

immunoregulatory	  systems	  to	  control	  innate	  immune	  functions.	  In	  addition,	  the	  

presence	  of	  canonical	  tyrosine-‐based	  signaling	  motifs	  throughout	  all	  of	  the	  receptor	  

families	  described	  here	  demonstrates	  the	  conserved	  nature	  of	  this	  signal	  transduction	  

mechanism	  and	  thus	  will	  be	  briefly	  described	  below.	  

	   	  	  

2.2.2	  Tyrosine-‐based	  stimulatory	  signaling	  

Stimulatory	  immunoregulatory	  receptors	  relay	  extracellular	  binding	  into	  intracellular	  

signaling	  networks	  through	  cytoplasmic,	  immunoreceptor	  tyrosine-‐based	  activation	  

motifs	  (ITAMs,	  reviewed	  in	  Underhill	  &	  Goodridge,	  2006).	  ITAMs	  can	  be	  found	  either	  

directly	  on	  the	  cytoplasmic	  tail	  of	  receptors	  (e.g.	  cytoplasmic	  tail	  of	  FcγRIIA)	  or	  on	  an	  

intracellular	  adaptor	  molecule	  that	  associates	  with	  surface-‐expressed	  receptors	  upon	  

ligand	  binding	  (e.g.	  Fc	  receptor	  γ-‐chain,	  FcRγ)	  (Hamerman	  et	  al,	  2009).	  When	  an	  ITAM-‐
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containing	  receptor	  binds	  its	  ligand,	  tyrosine	  residues	  within	  the	  ITAM	  consensus	  

sequence	  (YxxI/Lx(6-‐12)YxxI/L)	  become	  phosphorylated	  by	  Src	  family	  kinases.	  Src	  family	  

kinases	  are	  proteins	  with	  N-‐terminal	  acylations	  that	  localize	  them	  to	  the	  plasma	  

membrane	  and	  are	  responsible	  for	  phosphorylating	  tyrosines	  within	  ITAM	  sequences.	  

ITAM	  tyrosine	  phosphorylation	  promotes	  recruitment	  of	  spleen	  tyrosine	  kinase	  (Syk)	  

family	  kinases,	  which	  rely	  on	  dual	  Src	  homology	  2	  (SH2)	  domains	  to	  recognize	  the	  

phospho-‐tyrosines	  within	  ITAMs.	  Syk	  family	  kinases	  relay	  phosphorylation	  and	  activate	  a	  

variety	  of	  downstream	  adaptor	  molecules	  to	  facilitate	  signaling	  through	  many	  pathways.	  

ITAM-‐mediated	  signaling	  is	  known	  to	  trigger	  cellular	  activation	  and	  proliferation	  (e.g.	  T	  

and	  B	  cell	  receptors	  in	  mammals;	  Pitcher	  &	  van	  Oers,	  2003;	  Dal	  Porto	  et	  al,	  2004),	  

phagocytosis	  and	  degranulation	  (FcRs;	  Nimmerjahn	  &	  Ravetch,	  2006;	  Rivera	  and	  

Gilfillan,	  2006),	  and	  NK	  cell-‐mediated	  cytotoxicity	  (e.g.	  NKG2D,	  Moretta	  et	  al,	  2001).	  	  

	   Many	  stimulatory	  immunoregulatory	  receptors	  have	  short	  cytoplasmic	  tails	  that	  

cannot	  transduce	  signaling	  autonomously.	  These	  receptors	  rely	  on	  associations	  with	  

signal	  transduction	  adaptor	  molecules	  containing	  ITAMs	  within	  their	  cytoplasmic	  

domain	  (Reviewed	  in	  Hamerman	  et	  al,	  2009).	  Charged	  amino	  acids	  within	  the	  

transmembrane	  domains	  of	  the	  immunoregulatory	  receptor	  and	  adaptor	  molecule	  

mediate	  their	  association.	  These	  electrostatic	  interactions	  are	  commonly	  mediated	  by	  a	  

negatively	  charged	  aspartic	  acid	  in	  the	  ITAM-‐containing	  adaptor	  and	  positively	  charged	  

lysine	  or	  arginine	  within	  the	  transmembrane	  domain	  of	  the	  ligand-‐binding	  

immunoregulatory	  receptor.	  In	  myeloid	  cells,	  FcRγ	  and	  DAP12	  are	  the	  most	  commonly	  

identified	  adaptors	  (reviewed	  in	  Nimmerjahn	  &	  Ravetch,	  2008;	  Hamerman	  et	  al,	  2009).	  	  
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These	  adaptors	  have	  short	  extracellular	  regions	  with	  a	  cysteine	  residue	  to	  facilitate	  

dimerization	  through	  disulphide	  bonds.	  The	  cytoplasmic	  region	  of	  these	  adaptors	  

encodes	  an	  ITAM-‐consensus	  sequence	  known	  to	  facilitate	  receptor	  signaling.	  DAP12	  is	  

known	  to	  mediate	  NK	  cell-‐mediated	  cytotoxicity	  upon	  ligation	  of	  NK	  cell-‐expressed	  

Ly49D,	  Ly49H	  (mouse)	  and	  CD94/NKG2C	  (humans).	  Through	  its	  association	  with	  Fcγ	  and	  

Fcε	  receptors,	  FcRγ	  mediates	  macrophage,	  neutrophil,	  and	  mast	  cell	  activation	  

(Hamerman	  et	  al,	  2009).	  	  

	  
2.2.3	  Tyrosine-‐based	  inhibitory	  signaling	  

Inhibitory	  signaling	  establishes	  thresholds	  for	  the	  regulation	  of	  cellular	  activation	  to	  

prevent	  overstimulation	  or	  aberrant	  effector	  functions	  (Takai,	  2005).	  Inhibitory	  

receptors	  primarily	  depend	  on	  immunoreceptor	  tyrosine-‐based	  motif	  (ITIM;	  motif	  

sequence:	  S/I/V/LxYxxI/V/L)	  encoded	  within	  the	  cytoplasmic	  region	  of	  receptors	  to	  

promote	  inhibitory	  signaling	  cascades	  (Reviewed	  by	  Daëron	  et	  al,	  2008).	  Receptor	  

triggering	  results	  in	  tyrosine	  phosphorylation	  within	  the	  ITIM	  regions	  that	  promote	  the	  

recruitment	  of	  SH2-‐domain	  containing	  phosphatases.	  Four	  SH2-‐domain	  containing	  

phosphatases	  have	  been	  identified:	  (1)	  SH2-‐containing	  inositol-‐5’-‐phosphatase	  (SHIP)-‐1,	  

(2)	  SHIP-‐2,	  (3)	  SH2	  domain-‐containing	  phosphatase	  (SHP)-‐1	  and	  (4)	  SHP-‐2.	  SHIP-‐1	  and	  

SHP-‐2	  are	  lipid	  phosphatases	  while	  SHP-‐1	  and	  SHP-‐2	  are	  protein	  tyrosine	  kinases.	  

Phosphatases	  inhibit	  cellular	  activation	  by	  removing	  activating	  phosphate	  groups	  on	  

signaling	  molecules	  to	  block	  (or	  attenuate)	  kinase-‐mediated	  signal	  transduction.	  	  

	   Immunoreceptor	  tyrosine-‐based	  motifs	  (ITSM)	  are	  another	  known	  tyrosine-‐

based	  signaling	  motif,	  however,	  they	  are	  less	  understood.	  Evidence	  suggests	  that	  these	  
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motifs	  can	  influence	  both	  activating	  and	  inhibitory	  signaling.	  For	  example,	  an	  ITSM	  motif	  

(TxYxxI/V)	  within	  the	  cytoplasmic	  tail	  of	  CD150	  recruits	  the	  small	  SH2-‐containing	  

adaptor	  protein	  1A	  (SH2D1A)	  that	  regulates	  the	  binding	  of	  SHIP	  versus	  SHP-‐2	  binding	  at	  

this	  site	  (Shlapatska	  et	  al,	  2001).	  Additionally,	  SH2D1A	  has	  been	  demonstrated	  to	  recruit	  

and	  activate	  class	  IA	  phosphatidylinositol	  3-‐kinase	  (PI3K)	  and	  the	  adaptor	  protein	  Nck1;	  

a	  potential	  mechanism	  for	  stimulatory	  signaling	  (Mikhalap	  et	  al,	  1999;	  Aoukaty	  and	  Tan,	  

2002;	  Li	  et	  al,	  2009).	  

	  

2.3	  Innate	  immunity	  in	  teleost	  (bony	  fishes)	  

Teleosts	  have	  adapted	  to	  a	  range	  of	  environmental	  conditions	  that	  are	  imposed	  by	  the	  

aquatic	  nature	  of	  their	  habitats.	  Teleosts	  are	  bathed	  in	  their	  environment	  and	  are	  

constantly	  exposed	  to	  bacterial,	  parasitic	  and	  viral	  pathogens.	  As	  a	  result,	  teleost	  rely	  on	  

strong,	  instantaneous	  innate	  immune	  defense	  mechanisms	  to	  maintain	  homeostatic	  

regulation	  of	  commensal	  organisms	  while	  avoiding	  infection.	  Like	  mammals,	  teleost	  rely	  

on	  cell-‐types	  that	  execute	  the	  same	  innate	  effector	  responses:	  phagocytosis,	  cell-‐

mediated	  cytotoxicity,	  degranulation	  and	  cytokine	  secretion.	  In	  this	  section,	  I	  will	  review	  

teleost	  innate	  immune	  cell	  effector	  functions	  and	  select	  immunoregulatory	  receptor	  

families	  that	  have	  been	  described	  in	  teleost.	  

	  

2.3.1	  Innate	  immune	  cell	  effector	  functions	  in	  teleost	  

Phagocytosis	  is	  an	  ancient	  cellular	  process	  that	  is	  vital	  for	  clearance	  of	  pathogens	  and	  

effete	  (dead	  or	  dying)	  cells	  to	  maintain	  homeostasis	  (Reviewed	  by	  Barreda	  et	  al,	  2016).	  
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Phagocytosis	  is	  defined	  as	  the	  receptor-‐mediated	  capture,	  actin-‐dependent	  engulfment	  

of	  targets	  larger	  than	  0.5	  μm	  in	  size.	  The	  process	  of	  phagocytosis	  has	  been	  described	  

and	  continues	  to	  be	  studied	  in	  teleost	  as	  well	  as	  other	  lower	  vertebrates	  and	  in	  

invertebrates	  (Buchmann,	  2014).	  For	  example,	  in	  sea	  bass	  (Dicentrarchus	  labrax	  L),	  

macrophages	  derived	  from	  peritoneal	  exudate	  demonstrated	  potent	  antimicrobial	  

(Escherichia	  coli)	  phagocytosis	  (Esteban	  &	  Meseguer,	  1997).	  doVale	  et	  al	  (2002)	  

demonstrated	  that	  macrophages	  and	  neutrophils	  were	  the	  main	  phagocytic	  peritoneal	  

leukocytes	  in	  sea	  bass	  by	  assessing	  their	  ability	  to	  phagocytose	  Photobacterium	  

damselae	  subspecies	  piscicida.	  Alfonso	  et	  al	  (1998)	  showed	  that,	  prior	  to	  infection	  with	  

Yersinia	  ruckeri,	  neutrophils	  and	  macrophages	  resided	  in	  different	  compartments:	  

macrophages	  were	  the	  resident	  phagocytes	  in	  the	  peritoneal	  cavity	  of	  trout	  

(Onchorhynchus	  mykiss)	  while	  neutrophils	  only	  infiltrated	  the	  peritoneal	  cavity	  upon	  

infection.	  Interestingly,	  Alfonso	  et	  al	  (1998)	  also	  found	  that,	  once	  at	  the	  site	  of	  infection	  

(i.e.	  the	  peritoneal	  cavity),	  teleost	  neutrophils	  internalized	  more	  bacteria	  than	  

macrophages.	  Pronephric	  (kidney)	  macrophages	  from	  Atlantic	  salmon	  (Salmo	  salar	  L)	  

were	  shown	  to	  recognize	  and	  phagocytose	  yeast	  glucan	  particles	  in	  a	  manner	  

reminiscent	  of	  mammalian	  macrophage-‐recognition	  of	  β-‐glucan	  (Engstad	  &	  Robertsen,	  

1993).	  Neumann	  et	  al	  demonstrated	  that	  goldfish	  macrophages	  were	  a	  source	  of	  

autocrine	  growth	  factors	  that	  promote	  macrophage	  proliferation	  and	  differentiation	  

from	  hematopoietic	  tissues,	  which	  promoted	  the	  establishment	  of	  a	  self-‐propagating	  

macrophage	  cell	  line	  (1998).	  This	  was	  the	  first	  demonstration	  that	  hematopoietic	  

pathways	  of	  fish	  macrophages	  were	  distinct	  from	  mammalian	  macrophages,	  which	  rely	  
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on	  stromal	  cells	  for	  growth	  factors	  (Neumann	  et	  al,	  1998).	  In	  addition,	  these	  cells	  were	  

demonstrated	  to	  mediate	  phagocytosis	  of	  Aeromonas	  salmonicida,	  a	  bacterial	  pathogen	  

of	  fish	  (Neumann	  et	  al,	  1998).	  More	  recently,	  the	  discovery	  that	  B	  lymphocytes	  from	  

rainbow	  trout	  (and	  Xenopus	  laevis)	  had	  potent	  phagocytic	  activity	  (Li	  et	  al,	  2006)	  

resulted	  in	  a	  paradigm	  shift	  away	  from	  the	  traditional	  acceptance	  that	  professional	  

phagocytosis	  was	  limited	  to	  myeloid	  cells	  (i.e.	  macrophages,	  monocytes,	  and	  

neutrophils).	  In	  addition,	  Nagasawa	  et	  al	  (2014)	  demonstrated	  that	  thrombocytes	  

(nucleated	  functional	  equivalent	  of	  mammalian	  platelets	  present	  in	  non-‐mammalian	  

vertebrates)	  from	  multiple	  teleost	  species	  as	  well	  as	  amphibian	  models	  displayed	  

phagocytic	  activity	  against	  live	  bacteria	  as	  well	  as	  latex	  beads;	  in	  addition,	  these	  cells	  

were	  capable	  of	  actively	  killing	  phagocytosed	  bacteria.	  Collectively,	  these	  unique	  

observations	  demonstrate	  the	  value	  of	  studying	  cellular	  immune	  functions	  in	  teleost	  

such	  as	  phagocytosis.	  

Granulocytes,	  cells	  containing	  intracellular	  granules	  with	  inflammatory	  

mediators	  (e.g.	  mast	  cells,	  basophils	  and	  neutrophils),	  have	  also	  been	  reported	  to	  play	  a	  

predominant	  role	  in	  teleost	  immunity.	  Eosinophilic	  granular	  cells,	  cells	  that	  are	  

structurally	  and	  functionally	  similar	  to	  mammalian	  mast	  cells,	  are	  found	  in	  many	  tissues	  

including	  the	  teleost	  mucosal	  barriers:	  gastrointestinal	  tract,	  skin	  and	  gills	  of	  teleost	  

(Reviewed	  by	  Reite	  &	  Evensen,	  2006).	  	  For	  example,	  infection	  of	  the	  gills	  of	  bream	  

(Abramis	  brama)	  with	  a	  copepod	  induced	  mast	  cell	  migration	  and	  degranulation	  in	  the	  

gills	  (Dezfuli	  &	  Giari,	  2008).	  The	  same	  observation	  was	  made	  when	  brown	  trout	  (Salmo	  

trutta)	  were	  infected	  with	  the	  acanthocephalan	  Echinorhyncus	  truttae	  (Dezfuli	  &	  Giari,	  
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2008).	  Neutrophils	  have	  been	  isolated	  and	  cultured	  from	  goldfish	  (Carassius	  auratus	  L.)	  

kidneys	  and,	  like	  mammalian	  neutrophils,	  these	  teleost	  cells	  degranulated	  and	  produced	  

a	  robust	  respiratory	  burst	  in	  response	  to	  infection	  with	  Aeromonas	  salmonicida	  

(Katzenback	  &	  Belosevic,	  2009).	  Recently,	  Hodgkinson	  et	  al	  (2015)	  developed	  an	  in	  vitro	  

model	  to	  further	  characterize	  the	  goldfish	  neutrophil	  response	  to	  mycobacterial	  

infection.	  Chen	  et	  al	  (2009)	  identified	  an	  IgD+	  granulocyte-‐like	  population	  of	  cells	  from	  

channel	  catfish	  that	  was	  capable	  of	  degranulation	  in	  response	  to	  IgD	  cross-‐linking.	  These	  

IgD+	  granulocyte-‐like	  cells	  did	  not	  express	  Igδ	  mRNA	  but	  were	  armed	  with	  exogenous	  

IgD	  through	  an	  unknown,	  IgD-‐binding	  receptor.	  Although	  teleost	  granulocytes	  appear	  to	  

be	  functionally	  similar	  to	  their	  mammalian	  counterparts,	  for	  some	  teleost	  species	  

granulocytes	  do	  not	  fit	  into	  the	  acidophilic	  versus	  basophilic	  or	  neutrophilic	  

classification	  since	  staining	  characteristics	  of	  granulocytes	  differ	  between	  teleost	  species	  

(Zinkl	  et	  al,	  1991).	  Nevertheless,	  teleost	  possess	  cells	  capable	  of	  releasing	  granules	  

containing	  potent	  antimicrobial	  activities	  when	  stimulated.	  	  

Like	  mammals,	  bony	  fish	  also	  have	  cells	  with	  the	  ability	  to	  directly	  induce	  

apoptosis	  of	  targets	  without	  prior	  sensitization	  (Reviewed	  by	  Shen	  et	  al,	  2002).	  

Nonspecific	  cytotoxic	  cells	  (NCCs)	  are	  small,	  agranular	  lymphocytes	  commonly	  found	  in	  

teleost	  lymphoid	  tissues	  (i.e.	  pronephros	  and	  spleen)	  that	  are	  able	  to	  kill	  xenogeneic	  

targets,	  such	  as	  fish	  parasites,	  as	  well	  as	  allogeneic	  targets,	  such	  as	  irradiated	  B	  cells	  

(Shen	  et	  al,	  2002).	  NCCs	  have	  been	  shown	  to	  express	  the	  granule	  components	  perforin,	  

granulysin,	  and	  serglycin	  supporting	  the	  hypothesis	  that	  effector	  components	  of	  cell-‐

mediated	  cytotoxicity	  are	  conserved	  through	  evolution	  (Praveen	  et	  al,	  2006).	  In	  addition	  
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to	  NCCs,	  another	  subset	  of	  cells	  with	  NK-‐like	  properties	  from	  channel	  catfish	  has	  been	  

identified	  and	  characterized	  (Shen	  et	  al,	  2003	  &	  2004);	  these	  cells	  will	  be	  further	  

discussed	  in	  Section	  2.4	  below.	  	  

	   Although	  teleost	  innate	  immune	  cells	  perform	  effector	  responses	  similar	  to	  

those	  observed	  in	  mammals,	  the	  receptors	  that	  regulate	  these	  responses	  remain	  largely	  

unknown.	  With	  the	  advent	  of	  genome	  sequencing,	  and	  establishment	  of	  EST	  and	  cDNA	  

libraries,	  many	  teleost	  immunoregulatory	  receptor	  families	  have	  been	  identified.	  The	  

teleost	  innate	  immune	  response,	  like	  its	  mammalian	  counterpart,	  relies	  on	  large	  

repertoires	  of	  innate	  immunoregulatory	  recognition	  systems.	  Within	  the	  

immunoglobulin	  superfamily	  (IgSF)	  alone,	  five	  different	  teleost	  IgSF	  gene	  families	  have	  

been	  identified	  that	  share	  structural	  features	  with	  mammalian	  immunoregulatory	  

receptor	  families	  (Reviewed	  by	  Rodriguez-‐Nunez,	  2012;	  Wcisel	  &	  Yoder,	  2016).	  Recent	  

examples	  of	  immunoregulatory	  receptor	  families	  identified	  in	  teleost	  species	  include	  

novel	  immune-‐type	  receptors	  (NITRs),	  leukocyte	  immune-‐type	  receptors	  (LITRs),	  novel	  

immunoglobulin-‐like	  transcripts	  (NILTs),	  and	  polymeric	  immunoglobulin	  receptor-‐like	  

proteins	  (PIGRLs).	  Here	  I	  will	  briefly	  introduce	  NITRs,	  NILTs	  and	  PIGRLs.	  My	  thesis	  

research	  involved	  functional	  characterization	  of	  LITRs;	  therefore	  I	  will	  revisit	  this	  family	  

of	  receptors	  in	  section	  3.1	  to	  formally	  review	  what	  we	  know	  of	  this	  receptor	  family.	  

	  

2.3.2	  Novel	  immune-‐type	  receptors	  

NITRs	  are	  a	  large	  family	  of	  activating	  and	  inhibitory	  IgSF	  receptors	  originally	  discovered	  

in	  pufferfish	  in	  the	  search	  for	  teleost	  receptors	  with	  variable	  (V)	  Ig	  (Strong	  et	  al,	  1999).	  
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NITRs	  were	  identified	  as	  having	  1	  or	  2	  extracellular	  Ig	  domains	  composed	  of	  V	  or	  V-‐like	  

C2	  domains	  (Strong	  et	  al,	  1999;	  Yoder	  et	  al,	  2001).	  After	  their	  identification	  in	  pufferfish,	  

NITRs	  were	  also	  identified	  in	  zebrafish	  (Yoder	  et	  al,	  2001).	  In	  zebrafish,	  at	  least	  12	  

subfamilies	  of	  NITRs	  have	  been	  discovered	  (Yoder	  et	  al,	  2008);	  amongst	  these	  

subfamilies	  are	  receptors	  encoding	  ITIM	  and/or	  ITIM-‐related	  (itim)	  sequences	  within	  

their	  cytoplasmic	  tail,	  receptors	  with	  transmembrane	  regions	  containing	  a	  positively	  

charged	  residue	  but	  no	  identifiable	  signaling	  sequence,	  and	  secreted	  proteins	  

(Rodriguez-‐Nunez,	  2014;	  Yoder,	  2008).	  Using	  heterologous	  expression	  systems,	  some	  

aspects	  of	  NITR	  function	  have	  been	  explored.	  For	  example,	  Nitr9	  is	  a	  putative	  activating	  

receptor	  that,	  when	  heterologously	  expressed	  in	  human	  NK	  cells,	  induced	  cytotoxicity	  

(Yoder	  et	  al,	  2004).	  When	  co-‐transfected	  into	  human	  NK	  cells	  with	  the	  adaptor	  protein	  

DAP12,	  Nitr9L	  complexed	  with	  DAP12	  to	  induce	  phosphorylation	  of	  extracellular	  signal-‐

regulated	  kinase	  (ERK)	  and	  protein	  kinase	  B	  (Akt)	  (Wei	  et	  al,	  2007).	  In	  the	  context	  of	  NK-‐

92	  cells	  (a	  human	  NK	  cell	  line),	  Nitr3.1	  inhibited	  MAPK	  signaling	  in	  an	  ITIM-‐dependent	  

manner	  (Yoder	  et	  al,	  2001).	  Functional	  studies	  of	  channel	  catfish	  (Ictalurus	  punctatus)	  

NITR11	  demonstrated	  that	  this	  putative	  stimulatory	  NITR-‐type	  induced	  allorecognition	  

of	  catfish	  B	  cells	  (Cannon	  et	  al,	  2008).	  The	  highly	  related	  NITR10	  (93%	  amino	  acid	  

identity)	  was	  unable	  to	  mediate	  recognition	  due	  to	  a	  single	  amino	  acid	  substitution	  

within	  the	  ectodomain	  of	  this	  receptor	  that	  ablated	  electrostatic	  interactions	  required	  

for	  the	  recognition	  of	  an	  unknown	  molecule	  on	  the	  B	  cells	  (Cannon	  et	  al,	  2008).	  As	  with	  

many	  teleost	  immunoregulatory	  receptors,	  the	  ligands	  of	  NITRs	  have	  not	  yet	  been	  
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identified	  but	  NITRs	  are	  proposed	  to	  be	  functional	  orthologs	  to	  mammalian	  killer	  Ig-‐like	  

receptors	  (KIRs)	  (Yoder	  &	  Litman,	  2011).	  

	  

2.3.3	  Novel	  immunoglobulin-‐like	  transcripts	  

Novel	  immunoglobulin-‐like	  transcripts	  (NILTs)	  have	  also	  been	  identified	  in	  many	  teleost	  

fishes:	  rainbow	  trout	  (Østergaard	  et	  al,	  2009;	  Kock	  &	  Fischer,	  2008),	  carp	  (Stet	  et	  al,	  

2005)	  and	  salmon	  (Østergaard	  et	  al,	  2010).	  Like	  NITRs,	  NILTs	  are	  a	  polymorphic	  and	  

polygenic	  family	  of	  receptors	  with	  stimulatory	  and	  inhibitory	  types:	  as	  determined	  by	  

the	  presence	  of	  ITIMs,	  ITAMs,	  or	  receptors	  with	  short	  cytoplasmic	  tails	  and	  a	  positively	  

charged	  amino	  acid	  residue	  in	  the	  transmembrane	  (Østergaard	  et	  al,	  2009).	  The	  

extracellular	  region	  of	  NILTs	  contains	  V-‐type	  immunoglobulin	  domains	  that	  are	  

structurally	  related	  to	  human	  natural	  cytotoxicity	  receptor	  NKp44	  and	  triggering	  

receptor	  expressed	  on	  myeloid	  cells	  (TREM)	  molecules	  (Stet	  et	  al,	  2005).	  	  In	  carp,	  NILT	  

messenger	  RNA	  was	  predominantly	  found	  in	  immune	  tissues	  such	  as	  the	  head-‐kidney,	  

spleen	  and	  thymus	  (Stet	  et	  al,	  2005).	  In	  trout,	  NILT	  expression	  was	  also	  predominantly	  

expressed	  in	  immunological	  organs	  (Østergaard	  et	  al,	  2009).	  Ligands	  for	  NILTs	  remain	  

unknown;	  however,	  the	  fact	  that	  these	  receptors	  are	  polymorphic,	  polygenic,	  related	  to	  

mammalian	  immunoregulatory	  receptors,	  expressed	  in	  immune	  cells/tissues	  and	  are	  

represented	  by	  stimulatory	  and	  inhibitory-‐types	  suggests	  that	  these	  teleost	  receptors	  

play	  a	  role	  in	  regulating	  teleost	  innate	  immune	  functions.	  
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2.3.4	  Teleost	  receptors	  that	  bind	  immunoglobulins	  

In	  mammals,	  polymeric	  immunoglobulin	  receptors	  (pIgRs)	  play	  an	  important	  role	  in	  

establishing	  mucosal	  immunity	  by	  facilitating	  the	  transport	  of	  polymeric	  

immunoglobulins	  (i.e.	  IgA	  and	  IgM)	  across	  mucosal	  epithelia.	  For	  example,	  in	  

mammalian	  intestinal	  epithelia,	  pIgA	  (polymeric	  immunoglobulin	  receptor	  for	  IgA)	  is	  

expressed	  on	  the	  basolateral	  surface	  of	  epithelial	  cells	  where	  it	  binds	  IgA	  to	  mediate	  its	  

transport	  through	  the	  epithelial	  cells	  into	  the	  intestinal	  lumen.	  In	  addition	  to	  mammals,	  

pIgRs	  have	  been	  identified	  in	  chicken,	  Xenopus,	  and	  multiple	  fish	  species	  (Braathen	  et	  al,	  

2007;	  Wieland	  et	  al,	  2004;	  Feng	  et	  al,	  2009;	  Hamuro	  et	  al,	  2007;	  Zhang	  et	  al,	  2010).	  To	  

date,	  three	  immunoglobulin	  classes	  have	  been	  described	  in	  teleost:	  IgD,	  IgM,	  and	  

IgT/IgZ	  (reviewed	  by	  Gomez	  et	  al,	  2013).	  Teleost	  IgM	  is	  the	  predominant	  Ig	  isotype	  in	  

teleost	  serum.	  Teleost	  IgT/IgZ	  is	  predominantly	  found	  in	  mucosal	  barriers	  (i.e.	  fish	  skin,	  

gills,	  and	  gastrointestinal	  tract)	  where	  it	  plays	  an	  integral	  role	  in	  maintaining	  

homeostatic	  balance	  with	  commensal	  organisms	  while	  providing	  protection	  from	  

pathogens	  (Zhang	  et	  al	  2010;	  Gomez	  et	  al,	  2013).	  The	  role	  of	  IgD	  in	  teleost	  immunity	  

remains	  elusive.	  In	  fish,	  pIgRs	  have	  two	  extracellular	  Ig	  domains:	  the	  teleost	  D1	  is	  

related	  to	  D1	  from	  mammals,	  birds,	  and	  amphibians	  while	  the	  teleost	  D2	  is	  related	  to	  

D5	  of	  these	  other	  vertebrates	  suggesting	  that	  the	  D1-‐D5	  configuration	  is	  sufficient	  to	  

mediate	  binding	  to	  pIg	  (Hamuro	  et	  al,	  2007;	  Rombout	  et	  al,	  2008;	  Feng	  et	  al,	  2009).	  

However,	  further	  studies	  are	  still	  required	  to	  confirm	  the	  mode	  of	  teleost	  pIg	  binding	  to	  

its	  receptor.	  Teleost	  pIgR	  been	  shown	  to	  bind	  and	  facilitate	  the	  transport	  of	  IgM	  and	  IgT	  

at	  mucosal	  sites,	  an	  important	  barrier	  for	  defense	  against	  constant	  exposure	  to	  
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pathogens	  in	  an	  aquatic	  environment	  (Feng	  et	  al,	  2009;	  Hamuro	  et	  al,	  2007;	  Zhang	  et	  al,	  

2010).	  	  

	   In	  mammals,	  Fc	  receptors	  are	  expressed	  on	  a	  variety	  of	  immune	  cells	  giving	  them	  

the	  ability	  to	  ‘arm’	  themselves	  with	  exogenously	  acquired	  Ig	  (Nimmerjahn	  &	  Ravetch,	  

2007).	  In	  teleost,	  there	  is	  functional	  evidence	  suggesting	  that	  Fc	  receptors	  are	  expressed	  

on	  immune	  cells	  that	  facilitate	  binding	  of	  exogenously	  derived	  Ig	  (e.g.	  Chen	  et	  al,	  2009;	  

Shen	  et	  al,	  2003).	  For	  example,	  NK-‐like	  cells	  in	  channel	  catfish	  bound	  serum-‐derived	  IgM	  

via	  a	  putative	  FcμR	  that	  promoted	  ADCC	  (Shen	  et	  al,	  2003).	  Likewise,	  Chen	  et	  al	  (2009)	  

demonstrated	  that	  channel	  catfish	  granulocyte-‐like	  cells	  bound	  IgD	  via	  a	  putative	  FcδR	  

that	  induced	  degranulation.	  The	  finding	  that	  trout	  IgM+	  B	  cell	  subsets	  could	  

phagocytose	  and	  induce	  a	  potent	  killing	  response	  of	  IgM-‐opsonized	  targets	  also	  

suggests	  a	  role	  for	  an	  FcR	  (Li	  et	  al,	  2006).	  In	  the	  search	  for	  teleost	  FcRs,	  Stafford	  et	  al	  

(2006b)	  screened	  channel	  catfish	  EST	  libraries	  for	  mammalian	  FcR	  sequences	  and	  

identified	  a	  single	  copy	  FcR	  gene	  in	  channel	  catfish	  (i.e.	  IpFcRI)	  that	  lacked	  GPI-‐linkage	  

motifs	  as	  well	  as	  transmembrane	  and	  cytoplasmic	  regions.	  IpFcRI	  message	  was	  detected	  

primarily	  in	  lymphoid	  tissues	  by	  Northern	  blot	  whereas	  lower	  levels	  were	  seen	  in	  non-‐

lymphoid	  tissues	  such	  as	  heart,	  gill,	  and	  liver	  (Stafford	  et	  al,	  2006b).	  Since	  the	  IpFcRI	  

sequence	  lacked	  a	  transmembrane	  domain,	  Stafford	  et	  al	  (2006b)	  tested	  whether	  the	  

protein	  was	  secreted.	  Soluble	  IpFcRI	  was	  detected	  by	  Western	  blot	  in	  the	  supernatants	  

of	  cells	  transiently	  transfected	  with	  native	  IpFcRI	  cDNA	  demonstrating	  IpFcRI	  was	  a	  

secreted	  protein.	  Lastly,	  an	  Ig-‐binding	  assay	  demonstrated	  that	  IpFcR	  bound	  to	  catfish	  

IgM	  suggesting	  IpFcR	  is	  a	  ‘bona	  fide’	  teleost	  FcμR	  (Stafford	  et	  al,	  2006b).	  The	  role	  that	  
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IpFcRI	  plays	  in	  catfish	  immunity	  is	  unknown,	  however,	  its	  identification	  provided	  support	  

for	  understanding	  the	  evolution	  of	  FcRs.	  

	  

2.4	  Channel	  catfish	  as	  a	  model	  organism	  for	  understanding	  teleost	  immunity	  

Channel	  catfish	  (Ictalurus	  punctatus)	  are	  one	  of	  the	  few	  teleost	  species	  from	  

which	  long-‐term	  leukocytes	  with	  distinct	  functionality	  have	  been	  isolated	  and	  

maintained	  in	  culture	  without	  the	  need	  for	  transformation.	  Clonal	  cell	  lines	  include	  

innate	  immune	  cells	  (e.g.	  macrophages	  and	  NK-‐like	  cells)	  as	  well	  as	  adaptive	  immune	  

cells	  (i.e.	  B	  cells,	  T	  cells).	  These	  long-‐term	  clonal	  cells	  are	  isolated	  from	  catfish	  peripheral	  

blood	  leukocytes	  using	  different	  approaches	  and	  are	  phenotypically	  characterized	  based	  

on	  function	  and	  expression	  profiles	  (reviewed	  by	  Shen	  et	  al,	  2002).	  For	  example,	  when	  

catfish	  are	  pre-‐immunized	  with	  irradiated	  catfish	  B	  cells,	  T-‐cell	  receptor	  (TCR)	  αβ-‐

positive	  cytotoxic	  cells	  capable	  of	  killing	  the	  allogeneic	  B	  cells	  can	  be	  extracted	  and	  

cloned	  from	  mixed	  leukocyte	  cultures	  incubated	  with	  allogeneic	  B	  cells	  (Stuge	  et	  al,	  

2000).	  These	  cells	  are	  specifically	  cytotoxic	  for	  an	  allogeneic	  antigen	  on	  catfish	  B	  cells.	  

Contrastingly,	  when	  peripheral	  blood	  leukocytes	  from	  non-‐immunized	  catfish	  are	  

incubated	  with	  allogeneic	  B	  cells,	  cells	  with	  NK-‐like	  activity	  expand	  (Shen	  et	  al,	  2003).	  

Like	  clonal	  cytotoxic	  lymphocytes,	  cells	  with	  NK-‐like	  activity	  are	  cytotoxic	  against	  

irradiated	  B	  cells;	  however,	  NK-‐like	  cytotoxicity	  does	  not	  require	  pre-‐exposure	  to	  

antigen	  (i.e.	  through	  immunization).	  In	  addition,	  cells	  with	  NK-‐like	  activity	  do	  not	  

express	  mRNA	  for	  T	  cell	  receptor	  and	  spontaneously	  kill	  allogeneic	  targets	  using	  

calcium-‐independent	  and	  –dependent	  killing	  mechanisms	  (Shen	  et	  al,	  2003;	  Shen	  et	  al,	  
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2004).	  Catfish	  3B11	  and	  1G8	  cell	  lines	  are	  B	  cells	  generated	  by	  stimulating	  peripheral	  

blood	  leukocytes	  with	  lipopolysaccharide	  (Miller	  et	  al,	  1994a;	  Miller	  et	  al,	  1994b).	  These	  

B	  cells	  have	  the	  ability	  to	  express	  and	  rearrange	  their	  immunoglobulin	  μ-‐chain	  as	  well	  as	  

secrete	  IgM	  (Miller	  et	  al,	  1994).	  When	  catfish	  are	  immunized	  with	  Freund’s	  adjuvant,	  a	  

subset	  of	  peripheral	  blood	  leukocytes	  that	  demonstrate	  phagocytic	  activity	  against	  latex	  

beads,	  produce	  interleukin-‐1,	  and	  present	  antigen	  can	  be	  extracted	  (Vallejo	  et	  al,	  1990).	  

An	  example	  of	  these	  monocyte/macrophage-‐like	  cells	  is	  the	  42TA	  line	  (Vallejo	  et	  al,	  

1990).	  

	  In	  addition	  to	  immortalized	  clonal	  catfish	  cell	  lines,	  many	  immune	  relevant	  

genes	  for	  catfish	  innate	  immunity	  have	  been	  identified	  including	  pattern	  recognition	  

receptors,	  antimicrobial	  peptide,	  complement,	  lectins	  and	  cytokines	  that	  are	  important	  

for	  providing	  immediate	  defense	  against	  invaders	  (Zhou	  et	  al,	  2012;	  Zhang	  et	  al,	  2012;	  

Pridgeon	  et	  al,	  2012;	  Rajendran	  et	  al,	  2012).	  The	  use	  of	  channel	  catfish	  cell	  lines	  to	  

functionally	  characterize	  teleost	  leukocytes	  is	  a	  powerful	  tool	  to	  examine	  teleost	  

immune	  responses	  and	  has	  broadened	  our	  understanding	  of	  the	  roles	  and	  mechanisms	  

by	  which	  teleost	  immune	  cells	  protect	  their	  host.	  However,	  the	  receptors	  that	  regulate	  

teleost	  leukocyte	  responses	  and	  their	  associated	  signaling	  networks	  are	  largely	  

unknown.	  	  

	  

	   	  



	   28	  

2.5	  Channel	  catfish	  leukocyte	  immune-‐type	  receptors	  

2.5.1	  Discovery	  of	  a	  polymorphic	  and	  polygenic	  receptor	  family	  in	  teleost	  

Channel	  catfish	  leukocyte	  immune-‐type	  receptors	  (IpLITRs)	  were	  originally	  discovered	  

from	  EST	  libraries	  generated	  from	  alloantigen	  stimulated	  peripheral	  blood	  leukocytes	  

(Stafford,	  2006).	  IpLITRs	  are	  type	  I	  transmembrane	  proteins	  that	  belonged	  to	  the	  IgSF	  

with	  varied	  numbers	  of	  extracellular	  C2-‐like	  Ig	  domains	  and	  either	  short	  or	  long	  

cytoplasmic	  tails	  (Stafford,	  2006).	  IpLITR1	  and	  IpLITR3	  prototypes	  were	  isolated	  from	  the	  

cDNA	  of	  NK-‐like	  cells	  that	  were	  enriched	  from	  mixed	  lymphocyte	  cultures.	  IpLITR2	  was	  

obtained	  from	  the	  cDNA	  library	  of	  a	  catfish	  macrophage	  cell	  line.	  IpLITR1	  contains	  four	  

predicted	  extracellular	  Ig-‐like	  domains,	  a	  transmembrane	  segment,	  and	  long	  

cytoplasmic	  region	  with	  two	  ITIMs,	  one	  ITIM-‐like	  motif	  and	  an	  overlapping	  ITSM	  

suggesting	  that	  this	  receptor	  mediates	  inhibitory	  signal	  transduction.	  The	  short	  

cytoplasmic	  tail-‐containing	  IpLITR	  2	  (contains	  three	  Ig	  domains)	  and	  IpLITR	  3	  (contains	  

six	  Ig	  domains)	  were	  predicted	  to	  be	  stimulatory	  via	  association	  with	  immunoreceptor	  

tyrosine-‐based	  activation	  motif	  (ITAM)-‐containing	  adaptors	  due	  to	  the	  lack	  of	  signaling	  

motifs	  within	  their	  cytoplasmic	  tails	  and	  presence	  of	  a	  charged	  lysine	  residue	  in	  their	  

transmembrane	  segments.	  	  

	   Putative	  stimulatory	  and	  inhibitory	  IpLITR-‐types	  were	  co-‐expressed	  in	  catfish	  

clonal	  macrophages,	  B,	  T,	  and	  NK-‐like	  cells	  as	  well	  as	  a	  mixed	  lymphocyte	  culture	  but	  

not	  in	  a	  catfish	  fibroblast	  cell	  line	  indicating	  that	  IpLITR	  expression	  was	  restricted	  to	  

immune	  cell-‐types.	  Additionally,	  IpLITRs	  were	  highly	  polymorphic	  amongst	  sibling	  catfish	  

and	  multiple	  independently	  assorting	  loci	  encoded	  IpLITR	  genes.	  LITR-‐encoding	  
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sequences	  were	  also	  identified	  in	  the	  zebrafish	  (Danio	  rerio)	  genome	  and	  EST	  databases	  

demonstrating	  that	  LITRs	  are	  not	  exclusive	  to	  catfish	  (Stafford	  et	  al,	  2006).	  In	  addition,	  

other	  teleost	  species	  have	  sequences	  within	  their	  genome	  with	  high	  similarity	  to	  IpLITR	  

sequences	  (e.g.	  salmon	  and	  herring	  sialoadhesin-‐like	  protein)	  as	  demonstrated	  by	  

BLASTp	  analysis	  (Fei	  et	  al,	  2016).	  Taken	  together,	  these	  observations	  support	  the	  

hypothesis	  that	  IpLITRs	  play	  an	  important	  role	  in	  regulating	  various	  teleost	  immune	  cell	  

function(s)	  (Stafford	  et	  al	  2006).	  

Further	  supporting	  a	  role	  for	  IpLITRs	  in	  teleost	  immunity	  was	  the	  finding	  that	  

IpLITRs	  are	  distantly	  related	  to	  two	  distinct	  mammalian	  immunoregulatory	  receptor	  

families	  as	  determined	  by	  protein	  basic	  local	  alignment	  search	  tool	  (BLASTp)	  and	  

phylogenetic	  analyses	  (Stafford	  et	  al,	  2006).	  IpLITR	  2	  shared	  phylogenetic	  homology	  with	  

mammalian	  FcRs	  and	  Fc	  receptor-‐like	  molecules	  (FCRLs)	  while	  IpLITR	  1	  and	  IpLITR	  3	  

were	  related	  to	  FcR/FCRLs	  and	  leukocyte	  receptor	  complex	  (LRC)-‐encoded	  receptors.	  

The	  IpLITR	  D1	  and	  D2	  Ig	  domains	  were	  phylogenetically	  related	  to	  mammalian	  FcR/FcRL	  

receptor	  families	  while	  the	  D3	  and	  D4	  domains	  of	  IpLITR1	  and	  IpLITR3	  showed	  a	  closer	  

phylogenetic	  relationship	  (relative	  to	  the	  D1	  and	  D2	  Ig	  domains)	  with	  human	  LRC-‐

encoded	  proteins.	  This	  demonstrated	  that	  IpLITRs	  are	  composed	  of	  Ig-‐like	  domains	  that	  

are	  reminiscent	  of	  immunoregulatory	  receptor-‐types	  from	  two	  major	  genomic	  regions	  

in	  mammals	  (i.e.	  FcR/FcRL	  cluster	  and	  LRC)(Stafford	  et	  al,	  2006).	  	  

Fei	  et	  al	  (2016)	  recently	  published	  updated	  (BLASTp)	  database	  searches	  for	  

IpLITR-‐like	  proteins	  in	  other	  vertebrates	  providing	  support	  for	  the	  hypothesis	  that	  

certain	  IgSF	  members	  may	  have	  evolved	  from	  a	  common	  ancestor	  that	  has	  since	  
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undergone	  diversification	  (Stet	  et	  al,	  2005;	  Stafford	  et	  al,	  2006;	  Nikolaidis	  et	  al,	  2005).	  

IpLITRs	  are	  distantly	  related	  to	  human	  IgSF	  members:	  FcRLs,	  FcRs,	  LILRs,	  KIRs,	  sialic	  acid-‐

binding	  Ig-‐type	  lectins	  (Siglecs),	  carcinoembryonic	  antigen-‐related	  cell	  adhesion	  

molecules	  (CEACAMs).	  In	  addition,	  BLASTp	  searches	  suggest	  that	  IpLITRs	  are	  related	  to	  

IgSF	  members	  in	  other	  teleost	  species	  such	  as	  Asian	  arowana	  FcRL5	  (KPP56756),	  Salmon	  

KIR3DL1-‐like	  (XP_014042396),	  cichlid	  IgSF	  1-‐like	  Rc	  (XP_014267965),	  salmon	  KIR3DS1-‐

like	  (XP_014043811),	  and	  catfish	  LITR3	  (NP_001187136)	  (Fei	  et	  al,	  2016).	  However,	  

IpLITRs	  are	  not	  phylogenetically	  related	  to	  teleost	  NITRs,	  NILTs,	  pIgR,	  and	  IpFcRI	  

(Stafford,	  2006).	  Fei	  et	  al	  (2016)	  proposed	  that	  an	  ancestral	  IgSF	  gave	  rise	  to	  IpLITRs,	  

which	  have	  since	  diversified	  through	  vertebrate	  evolution	  into	  immunoregulatory	  

receptors	  responsible	  for	  mediating	  a	  broad	  range	  of	  immune	  functions	  including	  

antibody	  binding,	  self-‐	  and	  non-‐self	  recognition,	  adhesion,	  and	  pathogen	  detection.	  

However,	  whether	  or	  not	  members	  of	  the	  IpLITR	  family	  control	  any	  of	  these	  immune	  

responses	  in	  catfish	  remains	  to	  be	  functionally	  determined.	  	  

To	  gain	  insight	  into	  their	  potential	  immunoregulatory	  roles,	  our	  lab	  has	  focused	  

on	  biochemically	  and	  functionally	  characterizing	  IpLITRs.	  IpLITR	  ligands	  are	  currently	  

unknown	  and,	  until	  recently	  (Taylor	  et	  al,	  2016),	  IpLITR-‐specific	  antibodies	  had	  not	  been	  

identified.	  In	  the	  absence	  of	  known	  IpLITR	  ligands,	  our	  characterization	  of	  these	  

receptors	  has	  relied	  largely	  on	  a	  reductionist	  and	  heterologous	  expression	  approach	  

using	  epitope-‐tagged	  IpLITRs	  in	  a	  variety	  of	  mammalian	  cell-‐lines	  including	  rat	  basophilic	  

leukemia	  (RBL)-‐2H3,	  lymphokine-‐activated	  killer	  cells	  (derived	  from	  splenocytes	  of	  

C57BL/6	  mice),	  HEK-‐293	  cells,	  and	  AD293	  cells	  (Mewes	  et	  al,	  2009;	  Montgomery	  et	  al,	  
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2009;	  Montgomery	  et	  al,	  2012;	  Cortes	  et	  al,	  2012;	  Cortes	  et	  al,	  2014;	  Lillico	  et	  al,	  2015;	  

Zwozdesky	  et	  al,	  2016).	  Many	  teleost	  immunologists	  rely	  on	  heterologous	  expression	  

systems	  to	  functionally	  characterize	  teleost	  immunoregulatory	  receptors	  (egs.	  Yoder	  et	  

al,	  2004;	  Wei	  et	  al,	  2007;	  Cannon	  et	  al,	  2008).	  Epitope	  tag	  technology,	  in	  conjunction	  

with	  heterologous	  expression,	  has	  facilitated	  our	  ability	  to	  specifically	  engage	  IpLITRs	  

using	  commercially	  available	  antibodies	  to	  trigger	  receptor-‐mediated	  signaling	  and	  

functional	  events.	  Additionally,	  we	  have	  used	  receptor	  chimeric	  constructs	  that	  linked	  

the	  cytoplasmic	  region	  of	  IpLITRs	  with	  the	  extracellular	  domains	  of	  mammalian	  

receptors	  (i.e.	  KIR-‐2DL3)	  for	  which	  ligands	  are	  known	  (i.e.	  HLA-‐Cw3	  and	  anti-‐KIR2D	  mAb	  

DX27)	  to	  further	  facilitate	  examination	  of	  IpLITR-‐mediated	  functional	  responses	  in	  

mouse	  NK	  cells	  (Montgomery	  et	  al,	  2012).	  These	  studies	  have	  provided	  valuable	  new	  

information	  regarding	  the	  potential	  of	  IpLITRs	  to	  regulate	  various	  cellular	  innate	  

immune	  responses	  including	  NK	  cell-‐mediated	  killing,	  phagocytosis,	  degranulation,	  and	  

cytokine	  secretion.	  	  

	  
2.6	  Examination	  of	  stimulatory	  IpLITR-‐types	  

2.6.1	  Stimulatory	  IpLITRs	  associate	  with	  intracellular	  signaling	  adaptors	  

To	  determine	  whether	  putative	  stimulatory	  IpLITR	  receptor-‐types	  associated	  with	  

adaptor	  molecules,	  IpLITR	  (2.6b)	  was	  hemagglutinin	  (HA)	  epitope-‐tagged	  and	  

transfected	  alone	  or	  in	  the	  presence	  of	  the	  FLAG-‐tagged	  catfish	  adaptor	  IpFcRγ,	  IpFcRγ-‐

like	  (L),	  IpCD3ζ-‐L,	  and	  IpDAP12.	  Using	  this	  strategy,	  Mewes	  et	  al	  (2009)	  demonstrated	  

that	  IpFcRγ,	  IpFcRγ-‐L	  and	  IpCD3ζ-‐L	  (but	  not	  IpDAP12)	  co-‐immunoprecipitated	  with	  

IpLITR2.6b	  while	  only	  IpFcRγ	  and	  IpFcRγ-‐L	  facilitated	  IpLITR	  2.6b	  cell	  surface	  expression	  
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in	  HEK-‐293T	  cells.	  Interestingly,	  in	  mammals,	  receptors	  with	  a	  charged	  lysine	  in	  the	  

transmembrane	  domain	  commonly	  associate	  with	  DAP12	  but	  not	  FcRγ	  (Feng	  et	  al,	  

2006);	  yet	  IpLITR	  2.6b	  contains	  a	  lysine	  within	  its	  transmembrane	  (Stafford	  et	  al,	  2007).	  

Therefore,	  to	  test	  whether	  the	  type	  of	  charged	  residue	  influenced	  the	  specificity	  of	  

IpLITR	  2.6b-‐adaptor	  molecule	  association,	  Mewes	  et	  al	  (2009)	  mutated	  the	  lysine	  (K199)	  

within	  the	  transmembrane	  of	  IpLITR	  2.6b	  to	  an	  arginine	  (R199)	  or	  an	  uncharged	  alanine	  

(A199).	  These	  studies	  demonstrated	  that	  the	  stimulatory	  IpLITRs	  do	  not	  require	  a	  charged	  

transmembrane	  to	  associate	  with	  adaptor	  molecules	  (Mewes	  et	  al,	  2009).	  However,	  

neutralizing	  the	  charged	  transmembrane	  of	  IpFcRγ-‐L	  (D30	  to	  A30)	  abrogated	  its	  

association	  with	  IpLITR	  2.6b	  thus	  suggesting	  an	  important	  role	  for	  this	  charged	  residue	  

in	  facilitating	  the	  receptor-‐adaptor	  interaction	  (Mewes	  et	  al,	  2009).	  Overall,	  these	  

studies	  demonstrated	  that	  a	  putative	  stimulatory	  IpLITR-‐type	  associated	  with	  channel	  

catfish	  adaptor	  molecules	  is	  armed	  with	  ITAM-‐signaling	  potential.	  Further	  studies	  were	  

then	  devoted	  to	  examining	  the	  functional	  capacity	  of	  the	  IpLITR	  2.6b-‐IpFcRγ-‐L	  complex	  

to	  mediate	  innate	  immune	  activities	  in	  well-‐characterized	  mammalian	  innate	  immune	  

cell	  lines.	  

	   To	  directly	  examine	  IpLITR	  2.6b/IpFcRγ-‐L	  mediated	  effector	  responses,	  a	  

chimeric	  construct	  consisting	  of	  the	  extracellular	  domains	  of	  IpLITR	  2.6b	  fused	  to	  the	  

transmembrane	  (TM)	  and	  cytoplasmic	  domains	  of	  IpFcRγ-‐L	  was	  generated.	  To	  

specifically	  examine	  the	  activity	  of	  this	  complex,	  an	  HA-‐epitope	  tag	  was	  added	  to	  the	  N-‐

terminus	  of	  the	  receptor	  chimera	  and	  its	  charged	  TM	  residue	  D30	  was	  neutralized	  to	  

alanine	  to	  avoid	  potential	  associations	  with	  endogenous	  adaptor	  molecules	  expressed	  in	  
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the	  cell	  lines	  used	  (Cortes	  et	  al,	  2012).	  When	  this	  IpLITR	  2.6b/IpFcRγ-‐L	  (now	  referred	  to	  

as	  IpLITR	  2.6b)	  chimeric	  complex,	  expressed	  in	  rat	  basophilic	  leukemia	  (RBL)-‐2H3	  cells,	  

was	  cross-‐linked	  using	  anti	  (α)-‐HA	  monoclonal	  antibody	  (mAb),	  it	  triggered	  mast	  cell	  

degranulation	  (release	  of	  granules	  containing	  potent	  antimicrobial	  products).	  This	  

response	  was	  abrogated	  when	  the	  tyrosines	  within	  the	  ITAM	  were	  mutated	  to	  

phenylalanine	  demonstrating	  a	  dependence	  on	  ITAM-‐mediated	  signal	  transduction.	  

IpLITR2.6b	  cross-‐linking	  in	  RBL-‐2H3	  cells	  also	  rapidly	  activated	  ERK/MAPK	  signaling	  as	  

demonstrated	  by	  Western	  blotting	  and	  phospho-‐specific	  antibodies	  against	  extracellular	  

signal-‐regulated	  kinase	  (ERK)1/2	  and	  protein	  kinase	  B	  (Akt;	  Cortes	  et	  al,	  2012);	  this	  

activation	  was	  sustained	  up	  to	  32	  minutes	  after	  receptor	  induction	  (Cortes	  et	  al,	  2014).	  

Furthermore,	  when	  the	  activity	  of	  signaling	  proteins	  was	  targeted	  using	  pharmacological	  

blockers,	  Src	  family	  protein	  tyrosine	  kinase,	  phosphatidylinositol	  3-‐kinase	  (PI3K),	  

mitogen	  activated	  protein	  kinase	  (MAPK)	  kinase	  (MEK1	  and	  MEK2),	  and	  protein	  kinase	  C	  

(PKC)	  activities	  appeared	  to	  be	  required	  for	  IpLITR	  2.6b-‐mediated	  stimulatory	  signal	  

transduction.	  IpLITR	  2.6b	  induced	  the	  secretion	  of	  pro-‐inflammatory	  cytokines	  

(Interleukin	  (IL)-‐3,	  IL-‐4,	  IL-‐6,	  and	  TNF-‐α)	  in	  RBL-‐2H3	  cells	  at	  levels	  comparable	  to	  cells	  

chemically	  stimulated	  with	  phorbol	  myristate	  acetate,	  calcium	  ionophore,	  or	  cells	  

triggered	  through	  endogenously	  expressed	  FcεRI	  (Cortes	  et	  al,	  2014).	  In	  addition,	  IpLITR	  

2.6b	  induced	  phosphorylation	  of	  many	  proteins	  (including	  Akt	  and	  ERK1/2)	  known	  to	  

participate	  in	  mitogen-‐activated	  protein	  kinases	  (MAPK)	  signaling	  as	  measured	  using	  a	  

MAPK	  array.	  MAPK	  signaling	  is	  known	  to	  control	  cell	  survival	  and	  proliferation	  via	  a	  

series	  of	  tyrosine-‐kinase	  activities	  (Asati	  et	  al,	  2016).	  This	  result	  coincided	  with	  the	  



	   34	  

previous	  result	  that	  suggested	  that	  IpLITR	  2.6b	  cross-‐linking	  induced	  and	  sustained	  

activation	  of	  ERK1/2	  and	  Akt	  (Cortes	  et	  al,	  2012).	  Lastly,	  when	  incubated	  with	  αHA-‐

coated,	  4.5μm	  polystyrene	  microspheres,	  IpLITR	  2.6b	  induced	  teleost	  ITAM-‐dependent	  

but	  FcεRI-‐independent	  phagocytosis	  that	  was	  calcium-‐	  and	  actin-‐dependent	  (Cortes	  et	  

al,	  2012;	  Cortes	  et	  al,	  2014).	  Collectively,	  these	  studies	  demonstrated	  that	  IpLITR	  2.6b	  

was	  a	  potent	  inducer	  of	  degranulation,	  cytokine	  secretion,	  and	  phagocytosis	  in	  a	  

mammalian	  immune	  cell	  line.	  This	  was	  the	  first	  functional	  and	  biochemical	  information	  

for	  a	  putative	  stimulatory	  IpLITR	  that	  set	  the	  stage	  for	  further	  studies	  focused	  on	  

characterizing	  the	  mechanism	  by	  which	  a	  teleost	  ITAM	  promotes	  signal	  transduction	  

and	  functional	  responses	  in	  mammalian	  innate	  immune	  cells	  (Cortes	  et	  al,	  2012).	  The	  

ability	  of	  a	  teleost	  ITAM	  containing-‐receptor	  to	  network	  a	  series	  of	  signaling	  and	  

effector	  responses	  in	  a	  transfected	  mammalian	  immune	  cell	  indicated	  that	  the	  ITAM-‐

mediated	  signaling	  network	  is	  likely	  conserved	  between	  fish	  and	  mammals.	  

	   Flow	  cytometry-‐based	  characterization	  of	  IpLITR	  2.6b-‐mediated	  phagocytosis	  

demonstrated	  this	  process	  was	  reliant	  on	  the	  activity	  of	  signal	  transduction	  molecules	  

known	  to	  be	  involved	  in	  mammalian	  Fc	  receptor	  ITAM-‐mediated	  phagocytosis	  (Lillico	  et	  

al,	  2015).	  Specifically,	  IpLITR	  2.6b-‐mediated	  phagocytosis	  was	  sensitive	  to	  

pharmacological	  blockers	  of	  actin	  polymerization	  (Latrunculin	  B),	  PKC	  (Go6976),	  Syk	  

kinase	  (ER	  27391),	  Akt	  (Akt	  inhibitor	  VIII),	  PI3K	  (Wortmannin),	  c-‐Src	  tyrosine	  kinases	  (KB	  

SRC4	  and	  PP2),	  Cdc42	  (ML	  141),	  Rac1/2/3	  (EHT	  1864),	  phosphoinositide-‐dependent	  

kinase	  1	  (PDK1;	  GSK	  2334470),	  and	  MEK1/2	  (U0126).	  In	  addition,	  when	  the	  IpLITR	  2.6b-‐

mediated	  phagocytic	  process	  was	  visualized	  using	  confocal	  microscopy,	  it	  was	  shown	  
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that	  IpLITR	  2.6b-‐mediated	  internalization	  followed	  a	  linear	  progression	  of	  target	  binding,	  

pseudopod	  extension,	  and	  internalization	  that	  is	  characteristic	  of	  a	  mammalian	  FcR-‐

mediated	  phagocytic	  ‘phenotype’	  (Lillico	  et	  al,	  2015;	  Levin	  et	  al,	  2015).	  Collectively,	  

these	  results	  strongly	  supported	  the	  hypothesis	  that	  a	  teleost	  ITAM	  can	  mediate	  

canonical	  ITAM-‐induced	  signaling	  for	  target	  engulfment.	  

	  

2.7	  Examination	  of	  putative	  inhibitory	  IpLITR-‐types	  

2.7.1	  IpLITR-‐mediated	  abrogation	  of	  NK	  cell-‐mediated	  killing	  

To	  test	  whether	  a	  teleost	  receptor	  containing	  ITIM	  motifs	  promoted	  inhibitory	  actions	  

reminiscent	  of	  mammalian	  ITIM-‐containing	  receptor	  systems	  (i.e.	  ITIM-‐mediated	  

recruitment	  of	  phosphatases	  to	  inhibit	  function),	  the	  biochemical	  recruitment	  and	  

functionality	  of	  a	  putative	  inhibitory	  IpLITR	  was	  examined	  (Montgomery	  et	  al,	  2009;	  

Montgomery	  et	  al,	  2012).	  For	  these	  studies,	  the	  cytoplasmic	  region	  of	  IpLITR	  1.1b	  or	  

IpLITR	  1.2a	  was	  fused	  to	  the	  ectodomain	  and	  transmembrane	  segments	  of	  the	  human	  

NK	  cell	  receptor,	  KIR2DL3,	  for	  which	  a	  natural	  ligand	  has	  been	  identified	  (i.e.	  HLA-‐Cw3)	  

as	  well	  as	  the	  commercial	  availability	  of	  anti-‐KIR2D	  monoclonal	  antibody	  DX27.	  The	  

cytoplasmic	  region	  of	  IpLITR	  1.1b	  contains	  a	  membrane	  proximal	  and	  distal	  domain;	  

each	  cassette	  encodes	  three	  tyrosine	  (Y)	  residues	  (Proximal:	  Y433,	  Y453	  and	  Y463;	  Distal:	  

Y477,	  Y499	  and	  Y503).	  The	  distal	  cytoplasmic	  region	  of	  IpLITR	  1.1b	  encodes	  two	  ITIMs	  (Y477,	  

Y499)	  and	  one	  ITSM	  (Y503).	  IpLITR	  1.2a	  is	  closely	  related	  to	  IpLITR	  1.1b	  (>88%	  identical)	  

and	  differs	  in	  that	  IpLITR	  1.2a	  does	  not	  contain	  the	  membrane	  proximal	  cytoplasmic	  

region	  of	  IpLITR	  1.1b	  (Stafford	  et	  al,	  2007).	  In	  addition,	  IpLITR	  1.2a	  encodes	  a	  serine	  
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residue	  (S429)	  instead	  of	  the	  corresponding	  tyrosine	  within	  the	  distal	  cytoplasmic	  region	  

of	  IpLITR	  1.1b	  (Y499).	  Therefore,	  this	  putative	  inhibitory	  IpLITR	  variant	  served	  to	  

specifically	  examine	  the	  role	  of	  an	  ITIM	  (Y477)	  and	  the	  ITSM	  (Y503)	  within	  the	  distal	  

cytoplasmic	  region	  of	  IpLITR	  1.1b	  during	  IpLITR	  1.1b-‐mediated	  signal	  transduction	  

events.	  These	  studies	  revealed	  that	  IpLITR	  1.1b	  and	  IpLITR	  1.2a	  triggering	  resulted	  in	  the	  

ITIM-‐dependent	  attenuation	  of	  mammalian	  NK	  cell-‐mediated	  cytotoxicity	  mediated	  by	  

the	  recruitment	  of	  SHP	  (Montgomery	  et	  al,	  2009;	  Montgomery	  et	  al,	  2012).	  

Interestingly,	  the	  IpLITR	  1.1b-‐mediated	  functional	  response	  was	  not	  affected	  when	  this	  

receptor	  was	  co-‐expressed	  with	  a	  catalytically	  inactive	  SHP-‐1	  (Montgomery	  et	  al,	  2012).	  

This	  suggested	  that	  IpLITR	  1.1b-‐induced	  inhibitory	  actions	  depended	  on	  two	  

independent	  mechanisms	  that	  were	  differentially	  mediated	  by	  its	  membrane	  proximal	  

and	  distal	  cytoplasmic	  regions.	  Specifically,	  the	  proximal	  cytoplasmic	  region	  of	  IpLITR	  

1.1b	  contains	  a	  C-‐terminal	  Src	  kinase	  (Csk)	  binding	  motif:	  Y[T/A/S][K/R/Q/N][M/I/V/R].	  

In	  mammals,	  Csk	  attenuates	  signaling	  by	  phosphorylating	  a	  regulatory	  tyrosine	  within	  

the	  C-‐terminus	  of	  Src	  family	  kinases	  (i.e.	  Lyn	  Fyn,	  Hck,	  etc.),	  which	  inhibits	  kinase	  activity	  

(Okada	  et	  al,	  1991;	  Chong	  YP	  et	  al,	  2005).	  Csk	  recruitment	  to	  the	  IpLITR	  1.1b	  proximal	  

cytoplasmic	  region	  (at	  Y453)	  was	  demonstrated	  using	  site-‐directed	  mutagenesis	  and	  co-‐

immunoprecipitation	  techniques	  (Montgomery	  et	  al,	  2012).	  This	  revealed	  that	  IpLITR	  

1.1b-‐mediated	  abrogation	  of	  mouse	  NK	  cell-‐mediated	  cytotoxicity	  was	  facilitated	  by	  a	  

SHP-‐dependent	  (distal	  cytoplasmic	  domain)	  and	  SHP-‐independent	  (proximal	  cytoplasmic	  

domain)	  mechanism.	  This	  was	  the	  first	  demonstration	  that	  a	  teleost	  receptor	  had	  the	  
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unique	  ability	  to	  independently	  and	  differentially	  mediate	  the	  same	  functional	  response	  

through	  its	  proximal	  and	  distal	  cytoplasmic	  regions.	  	  

	  

2.7.2	  IpLITR	  1.1b-‐mediated	  induction	  of	  phagocytosis	  	  

IpLITR	  1.1b-‐mediated	  activities	  were	  further	  characterized	  in	  RBL-‐2H3	  cells	  to	  explore	  

other	  innate	  immunological	  responses	  that	  this	  receptor	  could	  mediate.	  To	  achieve	  this,	  

IpLITR	  1.1b	  cDNA	  was	  cloned	  into	  a	  mammalian	  expression	  vector	  to	  confer	  it	  with	  a	  HA-‐

epitope	  tag,	  then	  stably	  expressed	  RBL-‐2H3	  cells	  (Cortes	  et	  al,	  2014).	  These	  studies	  

demonstrated	  that	  when	  IpLITR	  1.1b	  was	  cross-‐linked,	  it	  induced	  transient	  

phosphosphorylation	  of	  ERK1/2	  and	  Akt,	  suggesting	  that	  IpLITR	  1.1b	  could	  also	  promote	  

stimulatory	  kinase-‐driven	  activity	  (Cortes	  et	  al,	  2014).	  ERK1/2	  and	  Akt	  are	  both	  

downstream	  effectors	  of	  signaling	  pathways	  known	  to	  stimulate	  cellular	  activities	  such	  

as	  cell	  proliferation,	  growth,	  and	  survival	  (Asati	  et	  al,	  2016).	  Surprisingly,	  IpLITR	  1.1b	  also	  

promoted	  phagocytosis	  of	  4.5	  μm	  beads	  as	  measured	  by	  flow	  cytometry.	  However,	  in	  

contrast	  to	  IpLITR	  2.6b,	  this	  IpLITR	  1.1b-‐mediated	  response	  was	  refractory	  to	  calcium	  

chelation	  (EDTA).	  Additionally,	  IpLITR	  1.1b-‐mediated	  phagocytosis	  required	  actin	  

polymerization	  since	  treatment	  with	  Cytochalasin	  D	  inhibited	  IpLITR	  1.1b	  (and	  2.6b)-‐

mediated	  phagocytic	  response.	  Removal	  of	  the	  IpLITR	  1.1b	  cytoplasmic	  region	  also	  

abrogated	  the	  phagocytic	  response	  even	  though	  the	  truncated	  receptor	  was	  expressed	  

on	  the	  surface	  of	  cells	  suggesting	  this	  phagocytic	  response	  was	  mediated	  by	  the	  

receptor’s	  cytoplasmic	  region.	  To	  determine	  the	  role	  of	  Y477	  and	  Y503	  in	  the	  IpLITR	  1.1b-‐

mediated	  phagocytic	  response,	  the	  phagocytic	  activity	  of	  the	  closely	  related	  IpLITR	  1.2a	  
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was	  assessed.	  IpLITR	  1.2a	  also	  induced	  the	  phagocytosis	  of	  4.5	  μm	  beads	  in	  RBL-‐2H3	  

cells	  suggesting	  a	  possible	  role	  for	  Y477	  and	  Y503	  in	  IpLITR	  1.1b-‐mediated	  phagocytosis.	  

These	  results	  supported	  the	  notion	  that	  IpLITR	  1.1b	  exhibited	  functional	  plasticity	  

(context-‐dependent	  signaling)	  and	  transduced	  a	  novel	  phagocytic	  pathway,	  using	  

potentially	  unique	  proximal	  and	  distal	  cytoplasmic	  regions	  to	  differentially	  induce	  

phagocytosis	  in	  RBL-‐2H3	  cells	  (Cortes	  et	  al,	  2014).	  	  

The	  examination	  of	  IpLITR	  1.1b-‐mediated	  phagocytosis	  in	  RBL-‐2H3	  cells	  did	  not	  

assess	  the	  role	  of	  the	  proximal	  cytoplasmic	  domain	  of	  this	  receptor.	  However,	  

Montgomery	  et	  al	  (2012)	  demonstrated	  that	  the	  proximal	  cytoplasmic	  region	  of	  IpLITR	  

1.1b	  could	  also	  contribute	  to	  IpLITR	  1.1b-‐mediated	  signal	  transduction	  in	  a	  mechanism	  

independent	  of	  the	  distal	  cytoplasmic	  region.	  Therefore,	  it	  was	  possible	  that	  the	  

proximal	  region	  also	  contributed	  to	  IpLITR	  1.1b-‐mediated	  phagocytosis.	  This	  hypothesis	  

was	  recently	  tested	  by	  Zwozdesky	  et	  al	  (2016)	  and	  will	  be	  discussed	  in	  section	  3.3.5.	  

	  

2.7.3	  Pharmacological	  and	  phenotypic	  profiling	  of	  IpLITR	  1.1b-‐mediated	  phagocytosis	  

Phagocytosis	  is	  defined	  as	  the	  receptor-‐mediated,	  actin-‐dependent,	  recognition	  and	  

engulfment	  of	  targets	  that	  are	  larger	  than	  0.5	  μm	  in	  size	  (e.g.	  pathogens	  or	  dead/dying	  

host	  cells).	  During	  classical	  mammalian	  ITAM-‐mediated	  phagocytosis,	  receptor	  

triggering	  results	  in	  the	  ITAM-‐dependent	  recruitment	  and	  activation	  of	  spleen	  tyrosine	  

kinase	  (Syk)	  to	  the	  location	  of	  activated	  receptors	  (Reviewed	  by	  Flannagan	  et	  al,	  2012).	  

Activated	  Syk	  kinase	  recruits	  and	  activates	  adaptor	  molecules	  such	  as	  the	  

transmembrane	  protein	  linker	  of	  activated	  T	  cells	  (LAT)	  which	  brings	  many	  of	  the	  
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signaling	  molecules	  required	  for	  ITAM-‐mediated	  signal	  transduction	  into	  close	  proximity	  

with	  the	  engaged	  receptors	  and	  plasma	  membrane	  to	  facilitate	  rapid	  activation	  of	  these	  

molecules.	  Phosphorylation	  of	  LAT	  promotes	  the	  recruitment	  of	  Grb2,	  an	  adaptor	  

molecule	  that	  recruits	  Grb2-‐associated	  binder	  (Gab2).	  Additionally,	  phosphatidylinositol	  

3,4,5-‐trisphosphate	  [PI(3,4,5,)P3],	  a	  lipid	  signaling	  molecule,	  is	  generated	  by	  the	  activity	  

of	  phosphatidylinositol	  3-‐kinase	  (PI3K).	  PI3K	  activity	  is	  dependent	  on	  its	  interaction	  with	  

Gab2	  and	  Syk.	  Concurrently,	  Syk-‐dependent	  recruitment	  and	  activation	  of	  guanine	  

exchange	  factors	  (e.g.	  Vav)	  results	  in	  the	  activation	  of	  small	  RhoGTPases	  (e.g.	  Cdc42,	  

Rac1	  and	  Rac2).	  Small	  RhoGTPases	  promote	  the	  recruitment	  and	  activation	  of	  Wiskott-‐

Aldrich	  syndrome	  protein	  (WASP)	  and	  WASP-‐family	  verpolin-‐homologous	  protein	  

(WAVE).	  During	  ITAM-‐mediated	  phagocytosis,	  WAVE	  and	  WASP	  activate	  the	  Arp2/3	  

complex,	  which	  nucleates	  F-‐actin	  polymerization	  to	  promote	  the	  acquisition	  and	  

engulfment	  of	  targets.	  

To	  demonstrate	  that	  the	  IpLITR	  1.1b-‐mediated	  signalling	  pathway	  was	  unique	  to	  

ITAM-‐mediated	  phagocytosis	  (i.e.	  FcR),	  the	  sensitivity	  of	  IpLITR	  1.1b-‐mediated	  

phagocytosis	  to	  various	  inhibitors	  of	  the	  ITAM	  pathway	  was	  assessed	  (Lillico	  et	  al,	  2015).	  

IpLITR	  1.1b	  did	  not	  show	  sensitivity	  to	  inhibitors	  of	  many	  of	  the	  signalling	  molecules	  

known	  to	  mediate	  mammalian	  ITAM-‐induced	  signal	  transduction	  (i.e.	  Cdc42,	  Rac	  family	  

GTPases,	  Akt,	  MEK1/2,	  PKC,	  and	  PI3K).	  However,	  IpLITR	  1.1b-‐mediated	  phagocytosis	  did	  

require	  F-‐actin	  polymerization,	  as	  well	  as	  the	  activities	  of	  Src-‐family	  tyrosine	  kinase,	  Syk	  

(Lillico	  et	  al,	  2015).	  This	  was	  distinct	  from	  the	  ITAM-‐containing	  IpLITR	  2.6b,	  which	  did	  

require	  the	  activities	  of	  PI3K,	  Cdc42,	  Src,	  PI3K,	  Rac,	  Akt,	  PKC,	  Syk,	  and	  MEK1/2.	  The	  
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dependence	  of	  IpLITR	  1.1b	  on	  the	  activities	  of	  Src	  family	  kinases	  and	  Syk	  kinase	  

suggested	  that	  this	  receptor	  likely	  mediates	  phagocytic	  signaling	  events	  using	  tyrosine	  

phosphorylation-‐mediated	  recruitment	  of	  intracellular	  mediators.	  These	  results	  were	  

supportive	  of	  the	  hypothesis	  that	  the	  teleost	  receptor	  IpLITR	  1.1b	  is	  capable	  of	  

networking	  to	  the	  mammalian	  cellular	  cytoskeletal	  machinery	  (i.e.	  F-‐actin	  

polymerization	  machinery)	  through	  a	  unique	  ITAM-‐independent	  signaling	  pathway.	  	  

In	  summary,	  IpLITR	  1.1b	  is	  an	  ITIM-‐containing	  receptor	  that	  recruits	  inhibitory	  

phosphatases	  (i.e.	  SHP-‐1/2)	  to	  abrogate	  function	  in	  the	  context	  of	  mammalian	  NK	  cells	  

(Montgomery	  et	  al,	  2009;	  Montgomery	  et	  al,	  2012).	  However,	  this	  same	  receptor	  is	  able	  

to	  promote	  phagocytosis	  in	  the	  context	  of	  RBL-‐2H3	  cells	  (Cortes	  et	  al,	  2014)	  using	  a	  

pathway	  distinct	  from	  the	  prototypical	  ITAM-‐mediated	  pathway	  (Lillico	  et	  al,	  2015).	  

IpLITR	  1.1b	  demonstrated	  the	  unique	  ability	  to	  mediate	  both	  inhibitory	  and	  stimulatory	  

responses	  in	  a	  context-‐dependent	  manner,	  a	  concept	  described	  as	  functional	  plasticity	  

(egs.	  Àlvarez-‐Errico	  et	  al,	  2007;	  Izawa	  et	  al,	  2009;	  Wang	  et	  al,	  2011).	  Collectively,	  these	  

observations	  suggested	  that	  IpLITR	  1.1b	  mediates	  a	  unique	  or	  novel	  mode	  to	  network	  

receptor	  triggering	  into	  F-‐actin-‐dependent	  phagocytosis.	  	  	  

During	  ITAM-‐mediated	  phagocytosis,	  there	  is	  a	  linear	  progression	  from	  target	  

binding,	  extension	  of	  pseudopodia	  around	  targets,	  and	  scission	  of	  the	  target-‐containing	  

vacuole	  (i.e.	  phagosome)	  from	  the	  plasma	  membrane	  to	  facilitate	  target	  entry	  into	  the	  

cell	  (Reviewed	  by	  Flannagan	  et	  al,	  2012).	  Since	  IpLITR	  1.1b	  appeared	  to	  network	  

extracellular	  binding	  to	  F-‐actin	  polymerization	  distinctly	  from	  traditional	  ITAM-‐

dependent	  receptors,	  it	  was	  hypothesized	  that	  this	  receptor	  may	  also	  induce	  distinct	  
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patterns	  of	  target	  acquisition	  and	  engulfment.	  To	  test	  this	  hypothesis,	  the	  IpLITR	  1.1b-‐

mediated	  phagocytic	  process	  was	  visualized	  using	  confocal	  microscopy	  (Lillico	  et	  al,	  

2015).	  For	  these	  studies,	  RBL-‐2H3	  cells	  were	  grown	  on	  glass	  coverslips	  then	  incubated	  

with	  beads	  for	  one	  hour.	  Cells	  were	  fixed	  before	  visualizing.	  This	  visual	  examination	  of	  

the	  IpLITR	  –mediated	  phagocytic	  process	  demonstrated	  that	  the	  two	  receptors	  (i.e.	  

IpLITR	  1.1b	  and	  IpLITR	  2.6b)	  mediated	  distinct	  modes	  of	  target	  acquisition	  and	  

engulfment	  (‘phagocytic	  phenotypes’).	  IpLITR	  2.6b-‐expressing	  cells	  exhibited	  a	  classic	  

engulfment	  phenotype	  reminiscent	  of	  FcR	  phagocytosis	  in	  mammals	  (Lillico	  et	  al,	  2015).	  

For	  example,	  IpLITR	  2.6b-‐mediated	  phagocytosis	  followed	  a	  linear	  progression	  of	  

binding	  and	  extension	  of	  pseudopodia	  around	  targets	  to	  facilitate	  entry.	  On	  the	  other	  

hand,	  IpLITR	  1.1b-‐expressing	  cells	  displayed	  a	  broad	  range	  of	  observable	  ‘phenotypes’	  

featuring	  many	  beads	  being	  tethered	  to	  membranous	  protrusions	  (targets	  bound	  by	  

individual	  or	  multiple	  cells),	  within	  stalled	  phagocytic	  cup-‐like	  structures,	  and	  in	  some	  

cases	  the	  targets	  were	  completely	  engulfed.	  All	  together,	  these	  studies	  further	  

reinforced	  the	  unique	  nature	  of	  IpLITR	  1.1b-‐mediated	  target	  capture	  and	  engulfment	  

phenotype	  suggesting	  that	  this	  receptor	  used	  a	  unique	  signal	  transduction	  mechanism	  

to	  translate	  extracellular	  binding	  into	  a	  stimulatory	  response	  that	  induced	  cytoskeletal	  

rearrangements	  required	  for	  the	  capture	  and	  engulfment	  process	  (i.e.	  phagocytosis).	  	  	  

	  

2.7.4	  Models	  for	  potential	  IpLITR	  1.1b-‐induced	  signaling	  

Fei	  et	  al	  (2016)	  recently	  proposed	  potential	  models	  by	  which	  IpLITR	  1.1b	  might	  mediate	  

signal	  transduction	  based	  on	  bioinformatics	  and	  literature	  review	  with	  the	  overall	  
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hypothesis	  that	  the	  two	  cytoplasmic	  regions	  (proximal	  and	  distal)	  independently	  

regulated	  IpLITR	  1.1b-‐mediated	  phagocytosis.	  	  

One	  possible	  mechanism	  was	  for	  IpLITR	  1.1b	  to	  induce	  stimulatory	  signaling	  

through	  its	  immunoreceptor	  tyrosine-‐based	  switch	  motif	  (ITSM)	  in	  the	  distal	  

cytoplasmic	  region.	  Switch	  motifs	  have	  been	  shown	  to	  mediate	  inhibitory	  and	  

stimulatory	  activities	  based	  on	  the	  type	  of	  signaling	  molecule	  they	  bind:	  inhibitory	  

molecules	  such	  as	  SHP	  or	  stimulatory	  proteins	  such	  as	  SH2D1A	  and	  EAT-‐2	  (Chemnitz	  et	  

al,	  2004;	  Shlapatska	  et	  al,	  2001).	  SH2D1A-‐dependent	  recruitment	  and	  activation	  of	  p85	  

of	  class	  IA	  PI3Ks	  (Mikhalap	  et	  al,	  1999;	  Aoukaty	  et	  al,	  2002)	  can	  promote	  phagocytosis	  

via	  Akt	  phosphorylation	  and	  the	  generation	  of	  phosphatidylinositol	  3,4,5-‐trisphosphate	  

(PI(3,4,5)P3).	  There	  is	  also	  evidence	  of	  SHP-‐2	  –mediated	  stimulatory	  signaling	  which	  

involves	  the	  recruitment	  of	  SHP-‐2	  to	  ITIMs	  and/or	  ITSMs	  where	  it	  serves	  as	  a	  scaffold	  for	  

the	  recruitment	  and	  activation	  of	  Grb2	  and	  subsequent	  engagement	  of	  class	  I	  PI3K	  

(Brummer	  et	  al,	  2010;	  Belov	  &	  Mohammadi,	  2012).	  Grb2	  is	  an	  adaptor	  molecule	  that	  

facilitates	  the	  recruitment	  of	  PI3K,	  a	  lipid-‐modifying	  enzyme	  that	  is	  important	  for	  

phospholipid-‐based	  intracellular	  signaling	  (reviewed	  by	  Levin	  et	  al,	  2015).	  	  

This	  first	  model	  predicted	  that	  IpLITR	  1.1b	  mediated	  stimulatory	  signaling	  

occurred	  by	  recruiting	  SHP-‐2	  and/or	  SH2D1A	  to	  Y477	  and	  Y503,	  respectively.	  These	  events	  

would	  then	  result	  in	  the	  recruitment	  and	  activation	  of	  PI3K	  and	  PI3K-‐dependent	  

activation	  of	  Akt-‐mediated	  intracellular	  signaling	  to	  induce	  IpLITR	  1.1b-‐mediated	  

degranulation	  and	  phagocytosis.	  The	  examination	  of	  IpLITR	  1.1b-‐mediated	  phagocytosis	  

in	  RBL-‐2H3	  cells	  did	  not	  assess	  the	  role	  of	  the	  proximal	  cytoplasmic	  domain	  of	  this	  
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receptor.	  However,	  Montgomery	  et	  al	  (2012)	  demonstrated	  that	  the	  proximal	  

cytoplasmic	  region	  of	  IpLITR	  1.1b	  could	  also	  contribute	  to	  IpLITR	  1.1b-‐mediated	  signal	  

transduction	  in	  a	  mechanism	  independent	  of	  the	  distal	  cytoplasmic	  region.	  Therefore,	  it	  

was	  possible	  that	  the	  proximal	  region	  also	  contributed	  to	  IpLITR	  1.1b-‐mediated	  

phagocytosis.	  	  

The	  ability	  of	  IpLITR	  1.1b	  to	  rapidly	  capture	  targets	  and	  in	  some	  cases	  

accommodate	  their	  complete	  engulfment	  in	  an	  actin	  polymerization-‐dependent	  manner	  

suggested	  that	  IpLITR	  1.1b	  might	  exist	  in	  a	  primed	  state	  that	  facilitates	  a	  basal	  level	  of	  

receptor	  activation	  for	  complete	  engulfment	  of	  targets.	  A	  novel,	  short-‐circuited	  

phagocytic	  pathway	  utilized	  by	  the	  human	  carcinoembryonic	  antigen-‐related	  cell	  

adhesion	  molecule	  (CEACAM)3	  was	  recently	  identified	  by	  Pils	  et	  al	  (2012)	  in	  which	  

CEACAM3	  was	  shown	  to	  recruit	  and	  activate	  WAVE2	  in	  an	  Nck-‐dependent	  manner.	  The	  

WAVE2	  complex	  is	  a	  multi-‐protein	  complex	  consisting	  of	  molecular	  mediators	  that	  

promote	  actin	  polymerization	  (Pils	  et	  al,	  2012;	  Takenawa	  and	  Suetsugu,	  2007).	  The	  

adaptor	  Nck	  is	  recruited	  to	  the	  consensus	  sequence	  HIYDEV	  (Frese	  et	  al,	  2006):	  a	  

sequence	  that	  is	  also	  present	  within	  the	  proximal	  cytoplasmic	  domain	  (Y433)	  of	  the	  wild	  

type	  IpLITR	  1.1b	  receptor	  (Stafford	  et	  al,	  2007;	  Montgomery	  et	  al,	  2009).	  Upon	  receptor	  

ligation,	  IpLITR	  1.1b	  may	  bind	  Nck	  at	  the	  proximal	  region	  of	  the	  cytoplasmic	  tail	  and	  

facilitate	  rapid	  engulfment	  of	  targets	  by	  localizing	  and	  activating	  the	  WAVE2	  complex	  to	  

IpLITR	  1.1b.	  This	  would	  bring	  molecules	  capable	  of	  activating	  the	  actin	  polymerization	  

machinery	  in	  close	  proximity	  to	  the	  phagocytic	  cup	  and	  facilitate	  rapid	  IpLITR	  1.1b-‐

mediated	  capture	  and	  internalization.	  	  
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In	  addition,	  Syk	  kinase	  has	  also	  been	  shown	  to	  be	  recruited	  to	  phosphorylated	  

ITIM	  motifs	  within	  the	  cytoplasmic	  tail	  of	  the	  human	  platelet	  endothelial	  cell	  adhesion	  

molecule	  (PECAM-‐1)	  that	  are	  spaced	  twenty-‐two	  amino	  acids	  apart	  (Wang	  et	  al,	  2011):	  

the	  exact	  separation	  between	  ITIM	  motifs	  (Y477	  and	  Y499)	  within	  the	  distal	  region	  of	  the	  

IpLITR	  1.1b	  cytoplasmic	  tail	  (Fei	  et	  al,	  2016).	  Therefore,	  Src	  kinase-‐mediated	  

phosphorylation	  of	  Y477	  and	  Y499	  may	  promote	  the	  recruitment	  of	  Syk	  kinase	  to	  IpLITR	  

1.1b.	  In	  turn,	  Syk	  would	  facilitate	  the	  activation	  of	  a	  guanine	  exchange	  factor,	  such	  as	  

Vav	  or	  RhoA,	  which	  would	  promote	  the	  activity	  of	  RhoGTPases	  and	  thus	  activate	  the	  

polymerization	  of	  actin.	  	  

	  

2.7.5	  Testing	  proposed	  models	  for	  IpLITR	  1.1b-‐induced	  signaling	  networks	  

To	  test	  the	  previously	  proposed	  models,	  the	  ability	  of	  the	  IpLITR	  1.1b	  cytoplasmic	  

regions	  (proximal	  and	  distal	  regions	  compared	  to	  full	  length)	  to	  associate	  with	  SH2-‐

domain	  containing	  proteins	  (SHP-‐2,	  Csk,	  Syk,	  Grb2,	  Nck1,	  PI3K	  p85α,	  Vav1	  and	  Vav3)	  

was	  examined	  using	  biochemical	  techniques	  (Zwozdesky	  et	  al,	  2016).	  For	  these	  studies,	  

cytoplasmic	  regions	  of	  IpLITR	  1.1b	  were	  fused	  to	  glutathione	  S-‐transferase	  (GST)	  to	  

generate	  ‘bait’	  proteins	  to	  which	  signaling	  molecules	  would	  adhere	  and	  precipitate	  with.	  

Tyrosines	  within	  the	  bait	  protein	  were	  artificially	  phosphorylated	  using	  Escherichia	  coli	  

TKB1	  cells,	  which	  have	  an	  inducible	  tyrosine	  kinase,	  to	  examine	  the	  difference	  in	  protein	  

recruitment	  upon	  phosphorylation.	  Purified	  GST	  fusion	  proteins	  were	  incubated	  with	  

lysates	  from	  the	  human	  epithelioid	  AD293	  cell	  line	  expressing	  FLAG-‐tagged	  SH2-‐domain	  

containing	  proteins	  listed	  above.	  Since	  Vav	  is	  known	  to	  be	  involved	  in	  signaling	  that	  
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culminates	  in	  F-‐actin	  polymerization	  (Reviewed	  by	  Katzav,	  2009),	  the	  recruitment	  of	  

Vav1	  and	  Vav3	  were	  also	  tested.	  The	  cytoplasmic	  tail	  of	  IpLITR	  1.1b	  formed	  a	  complex	  

with	  SHP-‐2,	  Csk,	  Syk,	  Grb2,	  Nck1,	  PI3K	  p85α,	  and	  Vav1	  (Zwozdesky	  et	  al,	  2016).	  The	  

proximal	  cytoplasmic	  region	  recruited	  Csk,	  Grb2,	  Nck1,	  PI3K	  p85α	  and	  Vav1	  but	  not	  SHP-‐

2,	  Syk,	  or	  Vav3.	  The	  distal	  cytoplasmic	  domain	  recruited	  SHP-‐2,	  Syk,	  PI3K	  p85α	  but	  not	  

Vav1	  or	  Vav3.	  This	  demonstrated	  that	  the	  molecules	  that	  were	  hypothesized	  to	  be	  

involved	  in	  IpLITR	  1.1b	  mediated	  phagocytosis,	  were	  recruited	  to	  the	  cytoplasmic	  region	  

of	  the	  receptor.	  The	  ability	  for	  the	  proximal	  and	  distal	  regions	  to	  recruit	  Csk	  and	  SHP-‐2	  

respectively	  further	  confirmed	  that	  this	  technical	  approach	  reproduced	  results	  

previously	  demonstrated	  by	  Montgomery	  et	  al	  (2009	  and	  2012).	  	  

The	  original	  characterization	  of	  IpLITR	  1.1b	  abrogation	  of	  cytotoxicity	  in	  NK	  cells	  

demonstrated	  that	  the	  proximal	  and	  distal	  cytoplasmic	  regions	  could	  independently	  and	  

differentially	  control	  the	  same	  functional	  outcome	  (Montgomery	  et	  al,	  2009,	  2012).	  As	  

such,	  it	  was	  hypothesized	  that	  the	  proximal	  and	  distal	  cytoplasmic	  regions	  of	  IpLITR	  1.1b	  

could	  also	  independently	  and	  differentially	  control	  the	  induction	  of	  dynamic	  F-‐actin	  

reorganization	  required	  for	  IpLITR	  1.1b-‐mediated	  phagocytosis.	  This	  hypothesis	  was	  

tested	  using	  imaging	  flow	  cytometry	  in	  conjunction	  with	  a	  counterstaining	  strategy	  to	  

detect	  beads	  that	  remained	  surface	  bound	  (Zwozdesky	  et	  al,	  2016).	  This	  technique	  

allowed	  for	  a	  population	  screen	  of	  the	  phagocytic	  activity	  of	  cells	  and	  counterstaining	  

provided	  resolution	  between	  cells	  that	  had	  engulfed	  at	  least	  one	  bead	  (i.e.	  ‘phagocytic	  

cell’)	  versus	  those	  that	  only	  had	  surface-‐bound	  beads.	  For	  these	  studies,	  the	  distal	  or	  

proximal	  signaling	  regions	  were	  individually	  fused	  to	  the	  transmembrane	  and	  
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extracellular	  domains	  of	  IpLITR	  1.1b	  to	  functionally	  assess	  the	  individual	  cytoplasmic	  

domains.	  	  These	  constructs	  were	  stably	  expressed	  in	  a	  human	  epithelioid	  cell	  line	  (i.e.	  

AD293	  cells)	  to	  demonstrate	  that	  the	  ability	  of	  IpLITR	  1.1b	  to	  mediate	  phagocytosis	  was	  

not	  limited	  to	  the	  context	  of	  RBL-‐2H3	  cells.	  Specifically,	  by	  demonstrating	  that	  IpLITR	  

1.1b-‐mediated	  phagocytosis	  could	  be	  induced	  in	  non-‐immune,	  non-‐phagocytic	  cells,	  we	  

could	  infer	  that	  the	  IpLITR	  1.1b-‐mediated	  functional	  activities	  were	  conserved	  between	  

different	  mammalian	  cell	  types.	  When	  the	  full-‐length	  IpLITR	  1.1b	  receptor	  was	  engaged	  

for	  phagocytosis,	  it	  predominantly	  displayed	  a	  surface-‐bound	  phenotype	  (with	  some	  

engulfment)	  that	  was	  previously	  observed	  for	  this	  receptor	  in	  RBL-‐2H3	  cells.	  Like	  cells	  

expressing	  full	  length	  IpLITR	  1.1b,	  cells	  expressing	  the	  proximal	  or	  distal	  IpLITR	  1.1b	  

constructs	  displayed	  a	  predominant	  tethering	  phenotype.	  This	  tethering	  was	  rapid	  and	  

within	  15	  minutes,	  the	  proportion	  of	  full-‐length	  IpLITR	  1.1b-‐expressing	  cells	  with	  

tethered	  beads	  had	  reached	  62%.	  	  

Collectively,	  these	  results	  supported	  the	  hypothesis	  that	  the	  IpLITR	  1.1b	  proximal	  

and	  distal	  cytoplasmic	  regions	  regulate	  intracellular	  signaling	  independently	  to	  control	  

the	  same	  overall	  effector	  response	  (i.e.	  extracellular	  target	  capture	  and	  engulfment).	  

Additionally,	  this	  study	  revealed	  that	  IpLITR	  1.1b-‐mediated	  tethering	  is	  a	  very	  rapid	  

process.	  IpLITR	  1.1b-‐mediated	  functional	  plasticity	  was	  once	  again	  exhibited	  as	  this	  

ITIM-‐containing	  receptor	  (with	  ITIM-‐mediated	  inhibitory	  capacity	  in	  the	  context	  of	  NK	  

cells)	  induced	  a	  stimulatory	  response	  in	  the	  context	  of	  a	  non-‐immune	  cell.	  In	  addition,	  

these	  observations	  demonstrated	  differential	  recruitment	  of	  signaling	  molecules	  to	  the	  

proximal	  and	  distal	  cytoplasmic	  regions	  that	  are	  predicted	  to	  be	  involved	  in	  IpLITR	  1.1b-‐
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induced	  signal	  transduction	  upon	  receptor	  engagement	  and	  phosphorylation.	  Further	  

studies	  will	  be	  required	  to	  validate	  a	  role	  for	  these	  signaling	  molecules	  as	  well	  as	  to	  

track	  their	  temporal	  and	  spatial	  distribution	  during	  IpLITR	  1.1b-‐mediated	  signal	  

transduction	  to	  understand	  how	  signaling	  is	  relayed	  upon	  the	  activation	  of	  this	  receptor.	  

	  

2.8	  Conclusions	  

The	  functional	  characterization	  of	  teleost	  innate	  immune	  cells	  and	  their	  effector	  

functions	  has	  been	  largely	  facilitated	  by	  the	  availability	  of	  channel	  catfish	  immune	  cell	  

lines	  with	  the	  unique	  ability	  to	  proliferate	  without	  transformation.	  Although	  teleost	  

immune	  cell-‐types	  can	  perform	  the	  same	  functional	  responses	  as	  mammalian	  immune	  

cells,	  the	  immunoregulatory	  receptors	  that	  control	  these	  functions	  have	  yet	  to	  be	  

identified.	  The	  growing	  database	  of	  genomic	  information	  regarding	  teleost	  species	  has	  

provided	  new	  opportunities	  to	  identify	  potential	  gene	  families	  that	  control	  teleost	  

immunity.	  However,	  the	  precise	  roles	  that	  these	  different	  receptor	  families	  play	  in	  

teleost	  immunity	  remain	  largely	  unknown.	  

	   Teleost	  leukocyte	  immune-‐type	  receptors	  (LITRs)	  are	  structurally	  and	  

phylogenetically	  related	  to	  multiple	  mammalian	  immunoregulatory	  receptor	  families	  

such	  as	  human	  FcRLs,	  FcRs,	  LILRs,	  KIRs,	  CEACAMs,	  and	  others	  (Fei	  et	  al,	  2016).	  Many	  of	  

these	  mammalian	  receptors	  are	  exclusively	  known	  to	  control	  immune	  functions	  (e.g.	  

KIRs)	  while	  others	  (e.g.	  CEACAMs)	  also	  have	  roles	  in	  adhesion	  and	  immunoregulation.	  

The	  ability	  of	  two	  IpLITRs	  to	  promote	  a	  phagocytic	  response	  in	  AD293	  cells	  is	  highly	  

indicative	  of	  the	  ability	  of	  these	  receptors	  to	  translate	  extracellular	  binding	  into	  F-‐actin	  
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reorganization	  (a	  requirement	  for	  phagocytosis).	  Cytoskeletal	  rearrangements	  are	  

required	  for	  many	  immune	  (and	  non-‐immune)	  cellular	  processes	  such	  as	  cell-‐cell	  

adhesion	  (e.g.	  in	  epithelial	  layers	  or	  immune	  synapses),	  cell-‐matrix	  adhesion,	  cell	  

migration,	  and	  phagocytosis	  (Cougoule	  et	  al,	  2004).	  The	  types	  of	  signaling	  molecules	  

that	  facilitate	  F-‐actin	  polymerization	  are	  highly	  conserved	  (reviewed	  by	  Cougoule	  et	  al,	  

2004;	  Barreda	  et	  al,	  2016).	  Therefore	  it	  is	  tempting	  to	  propose	  that	  IpLITRs	  are	  

functional	  equivalents	  to	  many	  of	  the	  receptor	  families	  above;	  IpLITRs	  may	  contribute	  to	  

the	  control	  of	  innate	  immunity	  by	  participating	  in	  F-‐actin	  polymerization-‐dependent	  

processes.	  Teleost	  immune	  cells	  can	  perform	  antibody-‐dependent	  cellular	  functions	  

such	  as	  ADCC	  by	  catfish	  NK-‐like	  cells	  (Shen	  et	  al,	  2003)	  and	  IgD-‐induced	  degranulation	  of	  

catfish	  granulocyte-‐like	  cells	  (Edholm	  et	  al,	  2008;	  Chen	  et	  al,	  2009)	  but	  these	  activities	  

have	  yet	  to	  be	  attributed	  to	  any	  teleost	  FcRs.	  In	  addition,	  a	  putative	  FcR	  presumably	  

facilitated	  IgM-‐mediated	  phagocytosis	  by	  trout	  B	  cells,	  however,	  the	  identity	  of	  this	  

receptor	  remains	  unknown	  (Li	  et	  al,	  2006).	  More	  recently,	  IgT+	  B	  cells	  (rainbow	  trout)	  

were	  demonstrated	  to	  have	  phagocytic	  activity	  comparable	  to	  IgM+	  B	  cells	  (Zhang	  et	  al,	  

2010).	  It	  is	  conceivable	  that	  IpLITRs	  may	  be	  the	  functional	  equivalents	  to	  FcRs	  in	  teleost;	  

however,	  further	  experimentation	  is	  required	  to	  formally	  demonstrate	  a	  role	  for	  IpLITRs	  

in	  teleost	  immunity.	  Although	  many	  questions	  regarding	  teleost	  immunity	  remain	  

unanswered,	  the	  increasing	  availability	  of	  research	  tools	  and	  techniques,	  such	  as	  

genomic	  data	  and	  heterologous	  expression	  systems,	  have	  broadened	  our	  understanding	  

of	  teleost	  immunity	  and	  by	  extension,	  the	  evolution	  and	  complexity	  of	  the	  vertebrate	  

immune	  system.	   	  
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CHAPTER	  3	  

	  

Materials	  and	  Methods	  

	  

3.1	  Cell	  Lines	  

AD293	  cells	  are	  a	  derivative	  of	  human	  embryonic	  kidney	  (HEK)	  293	  cells	  with	  enhanced	  

adherence	  to	  tissue	  culture	  dishes,	  flattened	  morphology	  and	  larger	  surface	  area	  resulting	  

in	  higher	  transfection	  efficiency.	  AD293	  cells	  were	  purchased	  from	  ATCC.	  

	  

3.2	  Cell	  Culture	  

AD293	  cells	  stably	  expressing	  IpLITR	  1.1b/WT	  or	  IpLITR	  1.1b/ITAM	  were	  grown	  at	  37°C	  and	  

5%	  CO2	  in	  Dulbecco’s	  modified	  Eagle	  medium	  (DMEM;	  Gibco®)	  supplemented	  with	  10%	  

(v/v)	  heat-‐inactivated	  fetal	  bovine	  serum	  (FBS;	  GE	  Healthcare)	  and	  400	  μg/mL	  G418	  

disulfate	  salt	  solution	  (Sigma-‐Aldrich).	  Cell	  were	  passaged	  every	  three	  to	  four	  days	  when	  

they	  had	  reached	  ~90%	  confluence	  per	  well	  (approx.	  3x105	  cell/well)	  of	  a	  6-‐well	  tissue-‐

culture	  plate	  (Aaka	  Scientific).	  Once	  cells	  reached	  confluence,	  media	  was	  aspirated,	  and	  

cells	  carefully	  washed	  with	  1	  mL	  Dulbecco’s	  phosphate	  buffered	  saline	  (D-‐PBS;	  Sigma-‐

Aldrich)	  to	  remove	  residual	  FBS	  and	  debris.	  Rinsed	  cells	  were	  trypsinized	  with	  trypsin/EDTA	  

diluted	  to	  0.05%	  (v/v)	  in	  D-‐PBS.	  Four	  hundred	  microliters	  of	  trypsin	  solution	  was	  gently	  

layered	  onto	  cell	  monolayer	  then	  excess	  immediately	  removed.	  Cells	  were	  incubated	  in	  

trypsin	  solution	  for	  2	  minutes	  at	  37°C	  and	  5%	  CO2	  then	  cells	  re-‐suspended	  in	  1	  mL	  

DMEM/FBS	  by	  gentle	  pipetting.	  Seventy-‐five	  microliters	  of	  this	  cell	  suspension	  was	  
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transferred	  to	  a	  new	  well	  of	  a	  6-‐well	  plate	  containing	  3	  mL	  DMEM/FBS.	  AD293	  cells	  stably	  

expressing	  IpLITR	  1.1b/WT	  or	  IpLITR	  1.1b/ITAM	  were	  maintained	  in	  DMEM/FBS	  containing	  

400	  μg/mL	  G418	  disulfate	  salt	  solution	  (Sigma-‐Aldrich;	  DMEM/FBS/G418-‐400)	  instead	  of	  the	  

G418-‐free	  counterpart.	  

	  

3.3	  Freezing	  and	  thawing	  of	  cells	  

AD293	  cells	  stably	  expressing	  IpLITR	  1.1b/WT	  or	  IpLITR	  1.1b/ITAM	  were	  harvested	  from	  one	  

well	  of	  a	  6-‐well	  plate	  as	  indicated	  above	  and	  washed	  twice	  in	  10	  mL	  1X	  D-‐PBS	  (pre-‐warmed	  

to	  37°C).	  In	  between	  washes,	  cells	  were	  collected	  by	  centrifugation	  at	  600	  x	  g	  for	  5	  minutes	  

at	  room	  temperature	  and	  subsequent	  aspiration	  of	  PBS.	  Cell	  pellet	  was	  resuspended	  in	  1	  mL	  

DMEM/FBS/G418-‐400	  and	  1	  mL	  20%	  DMSO/FBS.	  One	  milliliter	  cell	  suspension	  was	  

aliquoted	  per	  2-‐mL	  cryovial	  and	  cells	  frozen	  gradually	  in	  a	  Styrofoam®	  container	  at	  −80°C	  

overnight.	  	  

Cells	  were	  thawed	  in	  a	  37°C	  water	  bath	  within	  40-‐60	  seconds	  then	  cryovial	  

decontaminated	  in	  70%	  (v/v)	  ethanol	  at	  room	  temperature.	  The	  cell	  suspension	  was	  

transferred	  to	  10	  mL	  pre-‐warmed	  DMEM/FBS	  and	  cells	  collected	  by	  centrifugation	  at	  400	  ×	  

g	  for	  5	  minutes	  at	  room	  temperature.	  Growth	  medium	  was	  removed	  by	  aspiration	  and	  cells	  

resuspended	  in	  1	  mL	  fresh	  DMEM/FBS/G418-‐400.	  The	  cell	  suspension	  was	  transferred	  to	  

one	  well	  of	  a	  6-‐well	  plate	  (per	  cryovial)	  containing	  2	  mL	  fresh	  DMEM/FBS/G418-‐400.	  
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plate	  using	  Turbofect	  in	  vitro	  transfection	  reagent	  (Thermo	  Scientific)	  according	  to	  the	  

manufacturer’s	  instructions.	  Cells	  were	  cultured	  in	  DMEM/FBS	  for	  2	  days	  after	  which	  

transfectants	  were	  selected	  with	  800	  μg/mL	  of	  G418	  disulfate	  salt	  solution	  for	  one	  week.	  

Serial	  limiting	  dilution	  of	  viable	  cells	  was	  used	  to	  isolate	  clones	  expressing	  IpLITR-‐pDisplay.	  

The	  expression	  level	  of	  IpLITRs	  was	  monitored	  by	  flow	  cytometry	  (Beckman	  Coulter)	  as	  

described	  previously	  (Cortes	  et	  al,	  2014).	  Briefly,	  the	  HA-‐tagged	  receptors	  were	  detected	  on	  

the	  cell	  surface	  with	  anti-‐HA	  tag	  monoclonal	  antibody	  (αHA	  mAb)	  and	  illuminated	  with	  goat	  

anti-‐mouse	  phycoerythrin	  (GαM	  PE).	  The	  fluorescence	  intensity	  of	  αHA	  mAb	  and	  GαM	  PE	  

complexes	  on	  cells	  expressing	  HA-‐tagged	  IpLITRs	  was	  compared	  to	  that	  of	  cells	  treated	  with	  

IgG3	  isotype	  control.	  Positive	  clones	  were	  maintained	  in	  DMEM/FBS/G418-‐400	  as	  indicated	  

in	  section	  3.2	  of	  this	  thesis.	  A	  schematic	  representation	  of	  the	  IpLITR	  constructs	  used	  in	  this	  

thesis	  is	  shown	  in	  Figure	  3.1.	  

3.6	  Green	  fluorescent	  protein	  (GFP)-‐tagged	  constructs	  used	  in	  this	  thesis	  

Lifeact-‐GFP,	  PH-‐PLCδ1-‐GFP,	  2xFYVE-‐GFP,	  and	  Syk-‐GFP	  were	  all	  a	  kind	  gift	  from	  Dr.	  Nicolas	  

Touret	  (University	  of	  Alberta).	  Lifeact-‐GFP	  is	  a	  filamentous	  actin	  marker	  composed	  of	  the	  

first	  17	  amino	  acids	  of	  the	  Saccharomyces	  cerevisiae	  actin	  binding	  protein	  (Abp)140	  fused	  to	  

GFP	  (Riedl	  et	  al.,	  2008).	  PH-‐PLCδ1-‐GFP	  is	  the	  pleckstrin	  homology	  domain	  of	  human	  

phospholipase	  C	  (PLC)	  δ1	  that	  binds	  to	  phosphatidylinositol	  4,5-‐bisphosphate	  [PI(4,5)P2].	  

The	  development	  of	  this	  construct	  was	  documented	  by	  Várnai	  and	  Balla	  (1998).	  pEGFP-‐

2xFYVE	  encodes	  enhanced	  (E)GFP	  fused	  to	  two	  tandem	  FYVE	  domains	  (residues	  147-‐223	  of	  

mouse	  Hrs)	  and	  has	  been	  demonstrated	  to	  bind	  phosphatidylinositol	  3-‐phosphate	  (PI3P)	  

with	  high	  affinity	  (Gillooly,	  D.	  et	  al,	  2000).	  	  
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3.7	  Cellular	  transfections	  with	  GFP-‐tagged	  chimeric	  constructs	  

AD293	  cells	  stably	  expressing	  IpLITRs	  were	  seeded	  in	  tissue-‐culture	  plates	  at	  cell	  densities	  

indicated	  in	  Table	  3.1	  twenty-‐four	  hours	  prior	  to	  transfection	  in	  DMEM/FBS/G418	  to	  allow	  

for	  adhesion.	  Prior	  to	  transfection,	  media	  was	  replaced	  with	  antibiotic-‐free	  DMEM/FBS	  to	  

minimize	  the	  formation	  of	  cytotoxic	  antibiotic/transfection	  reagent	  complexes.	  Cells	  were	  

transfected	  using	  Turbofect™	  transfection	  reagent	  (Fermentas)	  as	  follows:	  

plasmid/Turbofect™	  mixture	  was	  prepared	  in	  sterile	  OptiMEM®	  (Gibco)	  as	  indicated	  in	  

Table	  3.1	  to	  maintain	  a	  ratio	  of	  1	  μg	  plasmid	  per	  two	  microliters	  of	  Turbofect™.	  For	  

example,	  when	  cells	  were	  transfected	  in	  a	  12-‐well	  tissue	  culture	  plate,	  1	  μg	  plasmid	  was	  

diluted	  in	  200	  μl	  of	  OptiMEM®	  then	  2	  μl	  of	  Turbofect™	  was	  added.	  

Plasmid/Turbofect™/OptiMEM®	  transfection	  mixture	  was	  gently	  vortexed	  for	  5	  seconds	  

then	  allowed	  to	  incubate	  at	  room	  temperature	  for	  20	  minutes.	  Subsequently,	  the	  

appropriate	  volume	  of	  transfection	  mixture	  per	  well	  was	  added	  drop-‐wise	  onto	  cells	  so	  that	  

each	  well	  received	  1	  μg	  plasmid,	  200	  μl	  of	  OptiMEM®,	  and	  2	  μl	  of	  Turbofect™.	  Cells	  were	  

incubated	  overnight	  in	  DMEM/FBS/transfection	  mixture	  at	  37°C	  and	  5%	  CO2	  prior	  to	  assays	  

below.	  Cells	  transfected	  for	  confocal	  microscopy-‐based	  phagocytic	  assays	  were	  transfected	  

in	  12-‐well	  plates	  at	  confluence	  indicated	  in	  Table	  3.1	  in	  order	  to	  visualize	  isolated	  cells.	  	  

	  

3.8	  Imaging	  flow	  cytometry-‐based	  analysis	  of	  IpLITR	  and	  GFP	  co-‐expression	  

Three	  wells	  of	  AD293	  cells	  stably	  expressing	  IpLITR	  1.1b/ITAM	  were	  co-‐transfected	  in	  a	  6-‐

well	  plate	  as	  indicated	  above.	  Twenty-‐four	  hours	  post-‐transfection,	  the	  cells	  were	  harvested	  

and	  pooled	  then	  stained	  for	  IpLITR	  and	  Lifeact-‐GFP	  co-‐expression.	  Three	  hundred	  thousand	  
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cells	  were	  washed	  in	  1	  mL	  antibody	  staining	  buffer	  then	  pelleted	  at	  200	  rcf	  for	  two	  minutes	  

at	  4°C.	  Supernatant	  was	  removed	  by	  aspiration	  and	  cells	  were	  gently	  raked	  to	  loosen	  cell	  

pellet.	  Cells	  were	  then	  incubated	  on	  ice	  in	  a	  fifty-‐microliter	  solution	  containing	  0.1	  μg	  of	  

mouse	  anti-‐HA	  primary	  for	  30	  minutes	  with	  a	  gentle	  rake	  after	  15	  minutes	  of	  incubation.	  

Cells	  were	  washed	  in	  1	  mL	  antibody	  staining	  buffer	  (0.05%	  sodium	  azide,	  1%	  BSA,	  PBS),	  

pelleted,	  and	  gently	  raked	  after	  removing	  excess	  antibody-‐containing	  buffer.	  IpLITR-‐bound	  

primary	  antibody	  was	  similarly	  stained	  in	  a	  fifty-‐microliter	  solution	  containing	  0.1	  μg	  of	  

rabbit	  anti-‐mouse	  AlexaFluor®	  647	  conjugated	  secondary	  antibody.	  After	  washing	  and	  

removal	  of	  excess	  secondary	  antibody,	  cells	  were	  fixed	  in	  a	  1%	  paraformaldehyde	  (v/v)	  

diluted	  in	  PBS.	  Cells	  were	  immediately	  analyzed	  for	  LifeactGFP	  and	  HA-‐IpLITR	  expression	  by	  

imaging	  flow	  cytometry	  (ImageStream®X	  Mark	  II).	  

	  

3.9	  Preparation	  of	  phagocytic	  targets	  

Polybead®	  carboxylate	  or	  Fluoresbrite®	  carboxy	  Bright	  Blue	  (BB)	  4.5	  μm	  microspheres	  

(Polysciences)	  were	  coated	  with	  Protein	  A	  (from	  Staphylococcuc	  aureus;	  Sigma-‐Aldrich)	  then	  

mouse	  αHA	  mAb	  or	  mouse	  IgG3	  as	  follows.	  Two	  hundred	  fifty	  microliters	  containing	  4.99	  ×	  

108	  particles/mL	  were	  sedimented	  by	  centrifugation	  at	  161000	  rcf	  for	  3	  minutes	  then	  beads	  

washed	  three	  times	  in	  one	  milliliter	  of	  0.1	  M	  boric	  acid.	  After	  the	  third	  wash,	  the	  beads	  

were	  resuspended	  in	  500	  μL	  of	  0.1	  M	  boric	  acid	  and	  pre-‐coated	  with	  200	  μg	  of	  Protein	  A	  

overnight	  by	  rotating	  at	  room	  temperature.	  Fluoresbrite®	  beads	  were	  protected	  from	  light.	  

Excess	  protein	  A	  solution	  was	  removed	  by	  centrifugation	  (161000	  rcf	  for	  10	  minutes)	  and	  

beads	  washed	  for	  30	  minutes	  with	  one	  milliliter	  of	  10	  mg/mL	  BSA	  diluted	  in	  0.1M	  boric	  acid	  
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on	  a	  rotator	  at	  room	  temperature.	  After	  three	  consecutive	  washes,	  the	  beads	  were	  

resuspended	  in	  one	  milliliter	  of	  10	  mg/mL	  BSA	  then	  divided	  into	  two	  500-‐μL	  aliquots.	  Five	  

micrograms	  of	  mouse	  αHA	  mAb	  or	  mouse	  IgG3	  were	  absorbed	  onto	  the	  Protein	  A-‐coated	  

beads	  overnight	  at	  4°C	  on	  a	  rotator.	  Excess	  antibody	  was	  removed	  by	  centrifugation	  then	  

beads	  washed	  three	  times	  in	  one	  milliliter	  of	  10	  mg/mL	  BSA	  diluted	  in	  D-‐PBS.	  Beads	  were	  

vortexed	  for	  10	  seconds	  in	  wash	  buffer	  between	  washes	  to	  remove	  loosely	  bound	  antibody.	  

After	  washing,	  bead	  pellets	  were	  resuspended	  in	  500	  μL	  of	  10	  mg/mL	  BSA	  diluted	  in	  D-‐PBS	  

to	  a	  final	  concentration	  of	  1	  ×	  105	  beads	  per	  microliter.	  Antibody-‐coated	  beads	  were	  stored	  

at	  4°C	  and	  used	  within	  one	  and	  a	  half	  weeks	  after	  preparation.	  Immediately	  before	  using,	  

desired	  amount	  of	  beads	  was	  washed	  in	  1	  mL	  phagocytosis	  buffer	  (1	  mg	  BSA	  in	  50%	  

OptiMEM/PBS	  v/v)	  then	  resuspended	  in	  this	  buffer	  to	  1	  ×	  105	  beads	  per	  microliter.	  

	  

3.10	  Imaging	  flow	  cytometry-‐based	  phagocytosis	  assay	  

The	  imaging	  flow	  cytometry-‐based	  phagocytosis	  assay	  and	  corresponding	  data	  analysis	  used	  

in	  this	  thesis	  is	  a	  variation	  of	  the	  procedure	  described	  by	  Fei	  et	  al	  (2016b).	  AD293	  cells	  

stably	  expressing	  IpLITR	  1.1b/ITAM	  or	  IpLITR	  1.1b/WT	  were	  seeded	  into	  four	  wells	  of	  a	  6-‐

well	  plate	  at	  3	  x	  105	  cell	  per	  well.	  Twenty-‐four	  hours	  later,	  cells	  from	  two	  wells	  were	  

transfected	  with	  1	  μg	  of	  Lifeact-‐GFP	  and	  2	  μL	  of	  Turbofect™	  per	  well	  for	  twenty-‐four	  hours.	  

After	  harvesting,	  all	  transfected	  cells	  were	  pooled	  and	  counted	  using	  a	  hemacytometer.	  

Similarly,	  non-‐transfected	  IpLITR-‐stable	  AD293	  cells	  from	  remaining	  wells	  were	  pooled	  and	  

counted.	  Three	  hundred	  thousand	  cells	  were	  incubated	  with	  either	  isotype	  (mouse	  IgG3)	  or	  

mouse	  αHA	  –coated	  Fluoresbrite®	  Bright	  Blue	  Carboxylate	  Microspheres	  (9x105	  beads	  per	  
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sample)	  for	  1	  hour	  at	  37°C	  in	  300	  μL	  of	  phagocytosis	  buffer.	  Every	  twenty	  minutes,	  the	  cells	  

and	  beads	  were	  re-‐suspended	  by	  raking	  sample	  tubes	  along	  a	  tube	  rack.	  One	  hour	  after	  

incubation	  of	  cells	  with	  targets,	  excess	  media	  was	  removed	  and	  extracellular	  beads	  stained	  

with	  rabbit	  anti-‐mouse	  AF647®-‐conjugated	  secondary	  antibody	  for	  thirty	  minutes	  on	  ice.	  

Excess	  antibody	  was	  washed	  and	  removed.	  Loosely	  associated	  beads	  were	  cleaved	  with	  200	  

uL	  of	  a	  0.5%	  trypsin/EDTA/PBS	  solution	  for	  fifteen	  minutes	  on	  ice.	  Trypsin	  was	  inactivated	  

with	  a	  5%	  BSA/PBS	  (w/v),	  2mM	  EDTA	  buffer.	  Lastly,	  cells	  were	  re-‐suspended	  and	  fixed	  in	  60	  

μl	  of	  1%	  PFA/PBS	  and	  phagocytic	  capacity	  of	  cells	  was	  assessed	  by	  imaging	  flow	  cytometry	  

(ImageStream®X	  Mark	  II;	  Flow	  Cytometry	  Core,	  Faculty	  of	  Medicine	  and	  Dentistry).	  The	  flow	  

rate	  was	  set	  on	  low	  and	  a	  40x	  objective	  was	  used.	  

Using	  the	  Imaris	  analysis	  software,	  single	  cells	  were	  identified	  by	  plotting	  aspect	  ratio	  

versus	  area	  (size	  versus	  circularity,	  Figure	  3.2).	  The	  aspect	  ratio	  of	  AD293	  cells	  was	  between	  

0.6-‐1	  and	  area	  between	  300-‐800	  (gated	  in	  R1,	  Figure	  3.2A).	  Single-‐focused	  cells	  in	  region	  

(R)2	  (Figure	  3.2B)	  were	  used	  for	  downstream	  analysis.	  GFP	  fluoresced	  in	  channel	  (Ch)	  02,	  

Fluoresbrite®	  carboxy	  BB	  beads	  fluoresced	  in	  Ch	  07	  (blue),	  and	  AF647	  fluoresced	  in	  Ch	  11	  

(red).	  Bead	  masks	  were	  used	  to	  identify	  beads	  based	  on	  their	  fluorescent	  properties.	  To	  

identify	  BB	  beads	  in	  Ch	  7,	  (Range(Dilate(Peak(M07,	  Ch07,	  Bright,	  10),	  1),	  15-‐5000,	  0.3-‐1))	  

was	  the	  mask	  used.	  To	  identify	  beads	  in	  Ch	  11,	  (Range(Dilate(Peak(M11,	  Ch11,	  Bright,	  10),	  

1),	  15-‐5000,	  0.3-‐1))	  was	  used.	  The	  Peak	  function	  was	  used	  to	  identify	  beads	  in	  the	  blue	  or	  

red	  channels	  with	  pixel	  fluorescence	  values	  of	  10	  or	  higher	  relative	  to	  the	  background.	  The	  

Dilate	  function	  was	  used	  to	  dilate	  the	  Peak	  mask	  by	  one	  pixel.	  The	  Range	  function	  was	  used	  

to	  select	  beads	  (components)	  that	  were	  between	  15-‐5000	  pixels	  in	  size	  with	  an	  aspect	  ratio	  
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of	  0.3	  to	  1.	  Collectively,	  these	  masks	  were	  used	  to	  create	  a	  spot	  count	  feature	  plotted	  in	  

Figure	  3.2C.	  Gated	  in	  R3	  are	  cells	  associated	  with	  three	  beads	  or	  less	  since	  the	  mask	  does	  

not	  retain	  accuracy	  when	  more	  beads	  per	  cell	  are	  analyzed.	  Connected	  component	  masks	  

were	  then	  used	  in	  Figure	  3.2F	  to	  subdivide	  region	  3	  into	  cells	  with	  only	  internalized	  beads	  

(R4),	  cells	  with	  one	  or	  more	  internalized	  bead	  (R7),	  and	  only	  surface	  bound	  beads	  (R5	  &	  R6).	  

Cells	  co-‐expressing	  Lifeact-‐GFP	  (or	  GFP	  construct	  of	  interest)	  were	  plotted	  in	  Figure	  3.2D.	  

Lastly,	  bead-‐cell	  association	  is	  shown	  in	  Figure	  3.2E	  by	  plotting	  fluorescence	  intensity	  in	  Ch	  

11	  versus	  Ch	  07.	  Region	  ‘0’	  represents	  cells	  not	  associated	  with	  beads	  and	  R9	  represents	  

cells	  associated	  with	  beads.	  

	  

3.11	  Immunofluorescence	  assay	  to	  discriminate	  bead	  position	  

AD293	  cells	  stably	  expressing	  IpLITR	  1.1b/ITAM	  were	  seeded	  onto	  poly-‐D-‐lysine	  –coated	  

coverslips	  (Neuvitro)	  then	  co-‐transfected	  with	  Lifeact-‐GFP	  for	  twenty-‐four	  hours	  (1	  

μg/plasmid).	  Cells	  were	  then	  washed	  with	  PBS	  and	  anti-‐HA	  coated	  beads	  (effector	  to	  target	  

ratio	  of	  1:2)	  in	  a	  1	  mg/mL	  BSA/PBS/OptiMEM	  solution	  and	  beads	  centrifuged	  onto	  cells	  

(1500	  rpm	  for	  1	  min).	  The	  cells	  were	  incubated	  with	  beads	  for	  4,	  8,	  16,	  and	  32	  minutes	  at	  

37°C	  to	  capture	  beads	  in	  early	  stages	  of	  internalization.	  Next,	  the	  cells	  were	  washed	  twice	  

with	  PBS	  and	  fixed	  with	  a	  4%	  paraformaldehyde/PBS	  (w/v)	  solution	  for	  10	  minutes	  at	  room	  

temperature.	  The	  PFA	  solution	  was	  washed	  twice	  with	  PBS	  and	  non-‐specific	  protein-‐protein	  

associations	  blocked	  with	  3%	  BSA/PBS	  for	  30	  minutes	  at	  room	  temperature.	  The	  cells	  were	  

then	  inverted	  onto	  a	  100-‐μL	  drop	  of	  Cy5-‐conjugated	  GαM	  secondary	  antibody	  (0.5	  μg	  of	  

antibody).	  The	  secondary	  antibody	  solution	  was	  prepared	  in	  antibody	  staining	  buffer.	  After	  
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staining	  exposed	  αHA	  mAb	  on	  extracellular	  microspheres	  with	  the	  antibody	  for	  30	  minutes	  

at	  4°C,	  the	  coverslips	  were	  mounted	  onto	  glass	  slides	  and	  imaged	  via	  confocal	  microscopy	  

(Zeiss	  710	  laser-‐scanning	  microscope,	  Cell	  Imaging	  Facility,	  Department	  of	  Oncology)	  with	  

the	  following	  parameters:	  Plan-‐Apochromat	  40x/1.3	  Oil	  DIC	  M27;	  Average	  line	  2,	  one	  pixel	  =	  

0.09	  μm,	  16-‐bit	  using	  filters	  for	  DAPI	  (410-‐484	  nm),	  FITC	  (493-‐581	  nm)	  and	  Cy5	  (633-‐758	  

nm).	  

3.12	  Confocal	  microscopy-‐based	  phagocytosis	  assay	  

AD293	  cells	  stably	  expressing	  IpLITR	  1.1b/ITAM	  or	  1.1b/WT	  were	  seeded	  at	  6	  x	  104	  cell/well	  

in	  five	  wells	  of	  a	  12-‐well	  plate,	  four	  of	  which	  contain	  an	  18mm	  diameter,	  #1.5	  thickness	  

poly-‐D-‐lysine	  coated	  coverslip.	  After	  allowing	  the	  cells	  adhere	  overnight,	  the	  cells	  were	  

transfected	  with	  0.5	  μg	  Lifeact-‐GFP	  (or	  desired	  construct)1	  and	  1	  μl	  Turbofect™	  per	  well	  for	  

twenty-‐four	  hours.	  Cells	  were	  harvested	  from	  the	  well	  that	  did	  not	  contain	  a	  coverslip	  and	  

counted	  using	  a	  hemacytometer	  in	  order	  to	  maintain	  an	  effector	  to	  target	  ratio	  of	  two	  

beads	  per	  cell.	  Cells	  in	  the	  remaining	  wells	  were	  washed	  twice	  with	  1	  mL	  D-‐PBS	  then	  625-‐μL	  

phagocytosis	  buffer	  containing	  desired	  concentration	  of	  αHA	  coated	  beads	  was	  added	  per	  

well.	  Beads	  were	  centrifuged	  onto	  IpLITR	  1.1b/ITAM	  -‐expressing	  cells	  at	  1500rpm	  for	  1	  

minute	  and	  immediately	  incubated	  for	  4,	  8,	  16,	  or	  32	  minutes	  at	  37°C	  then	  fixed	  with	  4%	  

paraformaldehyde	  (v/v)	  in	  D-‐PBS	  at	  room	  temperature	  for	  10	  minutes.	  Cells	  expressing	  

IpLITR	  1.1b/WT	  were	  incubated	  with	  beads	  for	  8,	  16,	  32,	  and	  60	  minutes	  prior	  to	  fixing	  due	  

to	  the	  lower	  efficiency	  of	  internalization	  of	  this	  receptor.	  After	  rinsing	  excess	  

paraformaldehyde	  three	  times	  with	  1	  mL	  D-‐PBS,	  samples	  were	  blocked	  in	  3%	  BSA/PBS	  (v/v)	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  Other	  constructs	  used	  were	  PH-‐PLCδ1-‐GFP,	  2xFYVE-‐GFP,	  and	  SykGFP.	  
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Figure	  3.	  1	  Structural	  schematic	  of	  IpLITR	  constructs	  used	  in	  this	  thesis.	  Full-‐length	  
IpLITR	  1.1b/WT	  receptor	  (TS32.17	  L1.1b	  DQ858241.1)	  obtained	  from	  GenScript®	  in	  
pUC57	  was	  sub-‐cloned	  into	  the	  pDisplay	  mammalian	  expression	  vector.	  Using	  splice	  
overlap	  extension	  polymerase	  chain	  reaction,	  the	  ecto-‐	  and	  transmembrane	  domains	  of	  
IpLITR	  1.1b	  was	  fused	  to	  the	  cytoplasmic	  region	  of	  IpFcRγ-‐L	  (GenBank	  accession	  
AF543420)	  to	  generate	  IpLITR	  1.1b/ITAM.	  
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Table	  3.	  1	  Transient	  co-‐transfection	  conditions	  of	  AD293	  cells	  with	  GFP-‐chimeric	  
constructs.	  AD293	  cells	  stably	  expressing	  IpLITR	  1.1b/ITAM	  or	  IpLITR	  1.1b/WT	  were	  
seeded	  at	  cell	  densities	  indicated	  24	  hours	  prior	  to	  transfection.	  Cells	  to	  be	  used	  for	  
confocal	  microscopy	  were	  seeded	  on	  18	  mm	  diameter	  poly-‐D-‐lysine	  coated	  coverslips	  in	  
12-‐well	  plates.	  Cells	  used	  for	  ImageStream-‐based	  analysis	  were	  seeded	  in	  6-‐well	  plates.	  
Cells	  were	  transfected	  in	  antibiotic-‐free	  DMEM/FBS	  for	  24	  hours	  prior	  to	  analysis.	  

Wells/plate	   Vol	  culture	  
media/well	  

Cell	  
Seed	  
Density	  

Confluence	  
at	  
transfection	  

OptiMEM	   Plasmid	   Turbofect™	  

12-‐well	   2	  mL	   6×104	  
cell/well	  

50-‐60%	   200	  μl	   0.5	  μg	   1	  μL	  

6-‐well	   3	  mL	   3×105	  
cell/well	  

~70%	   400	  μl	   1	  μg	   2	  μL	  
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Figure	  3.	  2	  Gating	  strategy	  used	  to	  analyze	  IpLITR-‐mediated	  phagocytosis	  using	  the	  
Amnis	  ImageStream	  and	  Imaris	  software.	  Cells	  co-‐expressing	  IpLITR	  1.1b/ITAM	  or	  
1.1b/WT	  and	  Lifeact-‐GFP,	  PH-‐PLC-‐GFP,	  2xFYVE-‐GFP,	  or	  SykGFP	  were	  incubated	  with	  αHA	  
coated,	  4.5	  μm	  Fluoresbrite®	  carboxy	  BB	  targets.	  Exposed	  αHA	  was	  counterstained	  with	  
an	  AF647-‐conjugated	  secondary	  antibody	  to	  illuminate	  surface	  bound	  beads.	  GFP	  
fluoresced	  in	  channel	  (Ch)	  02,	  Fluoresbrite®	  carboxy	  BB	  beads	  fluoresced	  in	  Ch	  07,	  and	  
AF647	  fluoresced	  in	  Ch	  11.	  Size	  versus	  circularity	  shown	  in	  (A)	  was	  used	  to	  identify	  single	  
cells.	  Single	  cells	  in	  focus	  of	  the	  camera	  were	  in	  region	  2	  (B).	  Bead	  spot	  count	  masks	  
were	  used	  in	  (C)	  to	  identify	  and	  count	  beads.	  GFP-‐expressing	  cells	  (GFP+)	  were	  gated	  in	  
(D)	  to	  ensure	  expression.	  Bead-‐cell	  associations	  were	  determined	  by	  plotting	  the	  
intensity	  in	  Ch	  11	  versus	  Ch07	  (E).	  Only	  cells	  in	  gate	  R9	  were	  associated	  with	  beads.	  Cells	  
associated	  with	  three	  beads	  or	  fewer	  were	  further	  subdivided	  based	  in	  (F)	  based	  on	  only	  
having	  internalized	  beads	  (R4),	  having	  one	  or	  more	  internalized	  bead	  (R7),	  or	  having	  
surface	  bound	  beads	  only	  (R5	  &	  R6).	  
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CHAPTER	  4	  

	  

Development	  of	  an	  imaging-‐based	  assay	  to	  monitor	  teleost	  leukocyte	  immune-‐type	  

receptor-‐mediated	  phagocytosis	  

	  

4.1	  Introduction	  

Phagocytosis,	  the	  receptor-‐mediated	  and	  actin-‐dependent	  ingestion	  of	  extracellular	  

targets	  greater	  than	  0.5	  μm	  in	  size,	  is	  a	  fundamental,	  evolutionarily	  conserved	  cellular	  

process	  important	  for	  protection	  against	  invading	  pathogens	  as	  well	  as	  clearance	  of	  

dead	  or	  dying	  cells	  (Flannagan,	  2012;	  Freeman	  &	  Grinstein,	  2014;	  Gordon,	  2016).	  

Phagocytosis	  is	  performed	  by	  specialized	  immune	  cell-‐types	  called	  phagocytes	  and	  these	  

cells	  are	  armed	  with	  an	  array	  of	  surface-‐expressed	  phagocytic	  receptors.	  Structurally,	  

phagocytic	  receptors	  are	  composed	  of	  an	  extracellular	  binding	  region	  and	  a	  

transmembrane	  anchoring	  domain.	  To	  translate	  extracellular	  ligand	  binding	  into	  a	  

cellular	  response	  (i.e.	  phagocytosis),	  phagocytic	  receptors	  either	  associate	  with	  signaling	  

adaptor	  proteins	  or	  they	  contain	  a	  cytoplasmic	  region	  capable	  of	  mediating	  intracellular	  

signal	  transduction.	  The	  extracellular	  binding	  region	  of	  phagocytic	  receptors	  enables	  

phagocytes	  to	  recognize	  various	  targets	  (e.g.	  pathogens	  or	  dying	  cells)	  either	  through	  

direct	  binding	  or	  indirectly	  via	  opsonins	  (e.g.	  antibodies	  and	  complement	  proteins).	  

Despite	  the	  diversity	  of	  phagocytic	  receptor-‐types	  and	  their	  broad	  array	  of	  ligands,	  

these	  receptors	  generally	  promote	  phagocytosis	  through	  tightly	  regulated	  tyrosine	  

phosphorylation	  events	  that	  lead	  to	  the	  induction	  of	  localized	  phospholipid	  metabolism,	  
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phagocytosis,	  receptor	  engagement	  induces	  invagination	  of	  the	  plasma	  membrane	  

during	  target	  engulfment,	  which	  is	  uniquely	  different	  from	  the	  behaviours	  observed	  

during	  Dectin-‐1	  and	  FcR-‐mediated	  phagocytosis	  (reviewed	  in	  Flannagan	  et	  al,	  2012;	  Mao	  

&	  Finnemann,	  2015).	  Despite	  the	  diversity	  in	  the	  modes	  of	  target	  acquisition	  and	  

engulfment	  (i.e.	  phagocytic	  phenotypes)	  induced	  by	  various	  phagocytic	  receptors,	  

common	  to	  all	  phagocytic	  processes	  is	  the	  observation	  that	  actin-‐driven	  protrusions	  

facilitate	  the	  initial	  capture	  of	  phagocytic	  targets,	  and	  the	  requirement	  for	  actin	  

depolymerisation	  at	  the	  base	  of	  the	  phagocytic	  cup	  to	  permit	  entry	  of	  targets	  into	  

phagocytes	  (Flannagan	  et	  al.,	  2012;	  Freeman	  et	  al	  2014).	  	  

Phagocytosis	  is	  an	  ancient	  cellular	  process	  thought	  to	  have	  evolved	  from	  

primarily	  nutrient	  acquisition	  and	  homeostatic	  roles	  into	  an	  effector	  function	  vital	  for	  

immunity	  (reviewed	  by	  Barreda	  et	  al,	  2016).	  Phagocytes	  have	  also	  been	  described	  in	  

various	  animal	  groups,	  including	  invertebrates	  and	  vertebrates	  (reviewed	  by	  Buchmann,	  

2014).	  Despite	  the	  knowledge	  that	  cells	  capable	  of	  engulfing	  targets	  (i.e.	  phagocytes)	  

exist	  in	  vertebrate	  species	  ranging	  from	  teleost	  to	  mammals	  (Engstad	  and	  Robertsen,	  

1993;	  Frøystad	  et	  al,	  1998;	  Li	  et	  al,	  2006),	  the	  process	  of	  phagocytosis	  in	  fish	  is	  

understudied;	  in	  part	  because	  the	  receptors	  that	  mediate	  this	  process	  in	  non-‐

mammalian	  animals	  have	  not	  been	  identified.	  Channel	  catfish	  (Ictalurus	  punctatus)	  

leukocyte	  immune-‐type	  receptors	  (IpLITRs)	  are	  immunoregulatory	  receptors	  that	  share	  

distant	  phylogenetic	  relationships	  and	  structural	  features	  with	  mammalian	  receptor	  

families,	  including	  the	  FcR	  proteins	  (Stafford	  et	  al,	  2006;	  Fei	  et	  al,	  2016).	  Our	  overall	  

appreciation	  of	  the	  precise	  roles	  that	  IpLITRs	  play	  in	  teleost	  immunity	  is	  impaired	  due	  to	  



	   69	  

the	  unknown	  identity	  of	  their	  ligands	  and	  lack	  of	  IpLITR-‐specific	  antibody	  reagents.	  Our	  

lab	  has	  employed	  heterologous	  expression	  systems	  to	  explore	  potential	  functions	  of	  

these	  receptors	  in	  various	  mammalian	  cell	  lines,	  a	  common	  strategy	  for	  deciphering	  the	  

functional	  capabilities	  of	  non-‐mammalian	  immunoregulatory	  receptor-‐types	  (examples:	  

Wei	  et	  al,	  2007;	  Cortes	  et	  al,	  2014;	  Lillico	  et	  al,	  2015).	  For	  example,	  by	  fusing	  the	  

cytoplasmic	  tail	  of	  select	  IpLITRs	  with	  the	  transmembrane	  and	  ectodomains	  of	  the	  

human	  NK	  cell	  receptor	  KIR2DL3,	  Montgomery	  et	  al	  (2009)	  demonstrated	  that	  IpLITR	  

1.1b,	  a	  putative	  inhibitory	  IpLITR-‐type,	  abrogated	  mouse	  NK	  cell	  mediated	  cytotoxicity	  

by	  recruiting	  Src	  homology	  2	  domain-‐containing	  protein	  tyrosine	  phosphatases	  (SHP)-‐1	  

and	  SHP-‐2.	  Additionally,	  Cortes,	  et	  al	  (2012)	  used	  a	  mammalian	  expression	  vector	  that	  

supplies	  IpLITRs	  with	  an	  N-‐terminal	  hemagglutinin	  (HA)	  tag	  permitting	  specific	  

engagement	  of	  the	  surface-‐expressed	  receptor	  with	  commercially	  available	  mouse	  αHA	  

tag	  mAb.	  Using	  this	  approach,	  Cortes	  et	  al	  (2012)	  demonstrated	  that	  HA	  tag-‐mediated	  

triggering	  of	  IpLITRs	  could	  regulate	  degranulation,	  cytokine	  secretion,	  and	  the	  activation	  

of	  intracellular	  signaling	  events.	  Additionally,	  two	  representative	  receptors,	  IpLITR	  

2.6b/IpFcRγ-‐L	  and	  IpLITR	  1.1b	  were	  shown	  to	  stimulate	  phagocytosis	  of	  αHA	  mAb-‐

coated,	  4.5	  μm	  beads	  using	  standard	  flow	  cytometric-‐based	  phagocytosis	  assays	  (Cortes	  

et	  al,	  2012;	  Cortes	  et	  al,	  2014;	  Lillico	  et	  al.,	  2015).	  	  	  

IpLITR	  2.6b/IpFcRγ-‐L	  is	  a	  chimeric	  fusion	  construct	  containing	  the	  extracellular	  

immunoglobulin	  domains	  (D1	  and	  D2)	  of	  IpLITR	  2.6b	  fused	  with	  the	  transmembrane	  and	  

cytoplasmic	  tail	  of	  the	  channel	  catfish	  Fc	  receptor	  gamma-‐like	  protein	  (FcγR-‐L):	  an	  ITAM-‐

containing	  adaptor	  molecule	  recruited	  to	  the	  charged	  transmembrane	  domain	  of	  IpLITR	  
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2.6b	  (Mewes	  et	  al,	  2009).	  Mutation	  of	  the	  ITAM-‐containing	  tyrosines	  to	  phenylalanine	  

abrogated	  IpLITR	  2.6b/IpFcRγ-‐L-‐	  (now	  referred	  to	  as	  IpLITR	  2.6b)	  mediated	  phagocytosis	  

(Cortes	  et	  al,	  2012).	  Flow	  cytometry-‐based	  pharmacological	  profiling	  of	  IpLITR	  2.6b-‐

mediated	  phagocytosis	  also	  demonstrated	  that	  this	  receptor	  required	  the	  activities	  of	  

PKC,	  Syk,	  Akt,	  PI3K,	  Rac	  family	  GTPases	  (e.g.	  Cdc42),	  and	  c-‐Src;	  all	  common	  signalling	  

proteins	  used	  by	  the	  mammalian	  Fcγ	  receptor	  (FcγR)	  (Lillico	  et	  al,	  2015).	  Most	  

importantly,	  IpLITR	  2.6b-‐mediated	  phagocytosis	  was	  actin-‐dependent	  as	  inhibition	  of	  

actin	  polymerization	  with	  Latrunculin	  B	  (an	  inhibitor	  of	  F-‐actin	  polymerization)	  

completely	  abrogated	  its	  phagocytic	  activity	  (Lillico	  et	  al,	  2015).	  When	  examined	  by	  

confocal	  microscopy,	  it	  was	  also	  shown	  that	  IpLITR	  2.6b-‐expressing	  cells	  completely	  

engulfed	  multiple	  αHA-‐coated	  4.5	  µm	  target	  beads	  per	  cell,	  behaviour	  reminiscent	  of	  

the	  mammalian	  Fc	  receptor-‐mediated	  phagocytic	  phenotype	  (Lillico	  et	  al,	  2015).	  

Collectively,	  these	  observations	  suggest	  that	  a	  canonical	  ITAM-‐mediated	  phagocytic	  

pathway	  appears	  to	  be	  regulated	  by	  a	  teleost	  immunoregulatory	  receptor-‐type.	  	  

In	  comparison,	  IpLITR	  1.1b	  is	  an	  ITIM-‐containing	  receptor	  with	  a	  long	  cytoplasmic	  

tail	  containing	  six	  tyrosines	  divided	  between	  a	  proximal	  and	  distal	  signaling	  cassette	  

both	  of	  which	  have	  been	  shown	  to	  independently	  mediate	  inhibition	  of	  cytotoxicity	  in	  

the	  context	  of	  mouse	  NK	  cells	  (Montgomery	  et	  al,	  2012).	  Interestingly,	  when	  IpLITR	  1.1b	  

was	  expressed	  in	  rat	  basophil	  leukemia	  (RBL-‐2H3)	  cells,	  it	  unexpectedly	  also	  promoted	  

the	  phagocytosis	  of	  4.5	  μm	  targets	  (Cortes	  et	  al,	  2014).	  Additionally,	  flow	  cytometry-‐

based	  pharmacological	  profiling	  of	  IpLITR	  1.1b-‐mediated	  phagocytosis	  demonstrated	  

that	  inhibition	  of	  signalling	  molecules	  pivotal	  to	  ITAM-‐mediated	  signalling	  did	  not	  affect	  
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IpLITR	  1.1b-‐mediated	  phagocytosis	  (Lillico	  et	  al,	  2015).	  However,	  when	  polymerization	  

of	  F-‐actin	  was	  blocked	  with	  Latrunculin	  B,	  IpLITR	  1.1b-‐mediated	  phagocytosis	  was	  

abrogated.	  Confocal	  microscopic	  analysis	  further	  revealed	  that	  IpLITR	  1.1b-‐expressing	  

cells	  generated	  extended	  membranous	  protrusions,	  engulfed	  fewer	  beads	  overall	  (than	  

IpLITR	  2.6b-‐expressing	  cells),	  and	  had	  a	  higher	  degree	  of	  partially	  engulfed	  beads.	  These	  

observations	  demonstrated	  the	  unique	  ability	  of	  a	  non-‐mammalian	  receptor	  to	  engage	  

an	  ITAM-‐independent	  signaling	  pathway	  that	  translated	  extracellular	  binding	  with	  F-‐

actin	  polymerization.	  In	  turn,	  F-‐actin	  reorganization	  facilitated	  remodelling	  of	  the	  

plasma	  membrane	  and	  the	  generation	  of	  extended	  membranous	  protrusions	  that	  

actively	  participated	  in	  the	  capture	  and	  engulfment	  of	  extracellular	  targets.	  

	   Imaging-‐based	  studies	  have	  demonstrated	  the	  importance	  of	  spatial	  and	  

temporal	  coordination	  of	  signaling	  events	  to	  promote	  the	  dynamic	  cytoskeletal	  (F-‐actin)	  

changes	  that	  facilitate	  plasma	  membrane	  distortion	  around	  targets	  (reviewed	  by	  Levin	  

et	  al,	  2015).	  To	  date,	  the	  majority	  of	  our	  studies	  regarding	  IpLITR-‐mediated	  phagocytosis	  

have	  been	  end-‐point	  assays,	  which	  does	  not	  permit	  spatial	  and	  temporal	  resolution	  of	  

the	  dynamic	  nature	  of	  IpLITR-‐mediated	  signal	  transduction	  that	  leads	  to	  actin	  

remodelling	  during	  the	  IpLITR-‐mediated	  phagocytic	  process.	  The	  objective	  of	  this	  thesis	  

chapter	  was	  to	  develop	  imaging-‐based	  bioassays	  to	  further	  monitor	  the	  IpLITR-‐mediated	  

phagocytic	  process	  to	  spatially	  and	  temporally	  define	  IpLITR-‐mediate	  cytoskeletal	  

changes	  that	  promote	  the	  distinct	  phagocytic	  phenotypes	  of	  IpLITRs.	  Specifically,	  in	  this	  

chapter,	  my	  research	  aims	  were:	  i)	  to	  establish	  procedures	  for	  the	  discrimination	  of	  

surface	  bound,	  partially	  engulfed	  and	  fully	  internalized	  targets;	  ii)	  to	  develop	  a	  co-‐
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transfection	  strategy	  to	  monitor	  the	  F-‐actin	  distribution	  during	  the	  IpLITR-‐mediated	  

phagocytic	  process,	  and;	  iii)	  to	  use	  confocal	  microscopy	  to	  examine	  actin	  distribution	  in	  

AD293	  cells	  stably	  expressing	  IpLITRs.	  Overall,	  completion	  of	  my	  research	  aims	  provides	  

a	  new	  imaging-‐based	  platform	  that	  can	  be	  further	  applied	  to	  monitor	  the	  recruitment	  

and	  distribution	  of	  specific	  signaling	  molecules	  during	  IpLITR-‐mediated	  phagocytosis.	  

	  

4.2	  Results	  

4.2.1	  Confocal	  microscopy	  examination	  of	  surface	  bound,	  partially	  engulfed	  and	  fully	  

internalized	  targets	  using	  IpLITR	  and	  Lifeact-‐GFP	  co-‐expressing	  AD293	  cells	  

To	  test	  the	  ITAM–independent	  and	  ITAM–dependent	  IpLITR-‐mediated	  phagocytic	  

pathways,	  I	  used	  AD293	  cells	  stably	  expressing	  one	  of	  two	  constructs:	  IpLITR	  1.1b/ITAM	  

and	  1.1b/WT	  (Fig	  4.1	  A).	  IpLITR	  1.1b/WT	  is	  the	  full-‐length	  IpLITR	  1.1b	  protein	  (i.e.	  

naturally	  devoid	  of	  ITAM	  motifs).	  IpLITR	  1.1b/ITAM	  is	  composed	  of	  the	  IpLITR	  1.1b	  ecto-‐	  

and	  transmembrane	  domains	  fused	  to	  the	  ITAM-‐containing,	  cytoplasmic	  region	  of	  

IpFcRγ-‐L.	  Both	  constructs	  were	  cloned	  into	  the	  mammalian	  expression	  vector	  pDisplay,	  

which	  conferred	  the	  proteins	  with	  a	  hemagglutinin	  (HA)-‐epitope	  tag	  to	  specifically	  

engage	  the	  receptors	  with	  αHA	  monoclonal	  antibody	  (mAb)-‐coated	  4.5	  μm	  beads	  and	  

monitor	  the	  IpLITR	  phagocytic	  process	  in	  AD293	  transfectants	  (Fig	  4.1	  A).	  In	  order	  to	  

provide	  a	  reference	  point	  for	  the	  location	  of	  beads	  relative	  to	  cells,	  the	  cellular	  

cytoskeleton	  or	  endosomal	  vesicles	  were	  detected	  with	  Lifeact-‐GFP	  and	  2xFYVE-‐GFP	  

respectively	  (Fig	  4.1	  B).	  There	  are	  generally	  three	  main	  locations	  of	  target	  beads	  during	  

the	  phagocytic	  process:	  (1)	  bound	  to	  the	  surface	  of	  cells	  (2)	  partially	  engulfed,	  or	  (3)	  
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internalized	  (Fig	  4.2	  B).	  To	  visually	  discriminate	  beads	  in	  these	  locations	  using	  confocal	  

microscopy,	  I	  used	  a	  counterstaining	  strategy	  to	  detect	  areas	  of	  beads	  that	  were	  

inaccessible	  to	  the	  antibody	  used	  (i.e.	  due	  to	  tight	  association	  with	  plasma	  membrane).	  

AD293	  stably	  expressing	  IpLITR	  1.1b/ITAM	  were	  co-‐transfected	  with	  Lifeact-‐GFP	  (Fig	  4.1	  

B).	  Co-‐transfected	  cells	  were	  incubated	  with	  targets	  (beads	  pre-‐absorbed	  with	  protein	  A	  

and	  coated	  with	  mouse	  αHA	  mAb)	  and	  then	  fixed	  to	  capture	  beads	  in	  various	  positions	  

relative	  to	  the	  plasma	  membrane	  of	  the	  cell.	  Extracellular	  exposed	  areas	  of	  beads	  were	  

stained	  with	  a	  Cy5-‐conjugated	  goat	  anti-‐mouse	  (GαM	  Cy5)	  secondary	  antibody	  (Fig	  4.2	  

A).	  Shown	  in	  Figure	  4.2	  C	  is	  a	  representative	  image	  of	  an	  AD293	  cell	  with	  at	  least	  two	  

partially	  engulfed	  beads	  (blue,	  indicated	  by	  arrows),	  the	  GαM	  Cy5	  staining	  around	  the	  

beads	  (red),	  and	  the	  corresponding	  F-‐actin	  distribution	  around	  the	  targets	  (green).	  

Figure	  4.2	  D	  shows	  representative	  phagocytic	  events	  for	  beads	  that	  are	  surface	  bound	  

(top	  panels),	  partially	  engulfed	  (middle	  panels),	  or	  internalized	  (bottom	  panels).	  The	  

entire	  circumference	  of	  surface	  bound	  beads	  (Aii)	  is	  stained	  with	  GαM	  Cy5	  while	  

internalized	  beads	  do	  not	  stain	  (Cii).	  The	  bead	  observed	  in	  Bi	  is	  bound	  by	  the	  cell	  but	  is	  

not	  internalized.	  The	  incompletely	  engulfed	  target	  is	  only	  partially	  stained	  on	  areas	  of	  

the	  bead	  opposite	  the	  actin-‐rich	  phagocytic	  cup	  (Bii-‐iv).	  To	  further	  support	  that	  targets	  

without	  GαM	  Cy5	  staining	  were	  internalized,	  IpLITR	  1.1b/ITAM	  AD293	  stables	  were	  also	  

co-‐transfected	  with	  2xFYVE-‐GFP,	  a	  probe	  for	  phosphatidylinositol	  3-‐phosphate	  [PI(3)P],	  

a	  lipid	  marker	  of	  the	  early	  maturing	  phagosome	  (Gillooly	  et	  al,	  2000;	  Levin	  et	  al,	  2015)	  

(Fig	  4.1	  B).	  These	  co-‐transfected	  cells	  were	  then	  incubated	  with	  phagocytic	  targets	  and	  

then	  stained	  with	  GαM	  Cy5	  as	  indicated	  above.	  As	  expected,	  beads	  that	  were	  in	  the	  
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early	  stages	  of	  phagosome	  maturation	  did	  not	  stain	  with	  GαM	  Cy5	  (Fig.	  4.2	  E	  Bi-‐Biv).	  

Contrary	  to	  these	  internalized	  beads,	  partially	  engulfed	  beads	  were	  stained	  by	  GαM	  Cy5	  

but	  were	  not	  surrounded	  by	  PI(3)P-‐rich	  vesicle	  (Fig.	  4.2	  E	  Ai-‐Aiv).	  Taken	  together,	  these	  

results	  confirm	  that	  this	  staining	  strategy	  can	  be	  used	  to	  accurately	  discriminate	  targets	  

that	  are	  surface	  bound,	  partially	  engulfed,	  and	  internalized	  during	  the	  phagocytic	  

process	  in	  IpLITR-‐expressing	  AD293	  stables.	  

	  

4.2.2	  Imaging	  flow	  cytometric	  examination	  of	  surface	  bound,	  partially	  engulfed	  and	  

fully	  internalized	  targets	  using	  IpLITR	  and	  Lifeact-‐GFP	  co-‐expressing	  AD293	  cells	  	  

To	  validate,	  at	  a	  populational	  level,	  the	  retention	  of	  IpLITR	  1.1b/ITAM	  or	  IpLITR	  1.1b/WT	  

expression	  after	  co-‐transfection,	  I	  used	  imaging	  flow	  cytometry	  to	  assess	  IpLITR	  co-‐

expression	  with	  Lifeact-‐GFP.	  I	  accomplished	  this	  by	  detecting	  IpLITRs	  on	  the	  cell	  surface	  

using	  αHA	  mAb	  followed	  by	  staining	  with	  an	  AF647-‐conjugated	  secondary	  antibody.	  The	  

surface	  expression	  level	  of	  IpLITR	  1.1b/ITAM	  in	  AD293	  cells	  stably	  expressing	  the	  

receptor	  is	  shown	  in	  Figure	  4.3	  A.	  When	  AD293	  cells	  stably	  expressing	  IpLITR	  1.1b/ITAM	  

were	  co-‐transfected	  with	  Lifeact-‐GFP,	  approximately	  47.4%	  of	  the	  population	  co-‐

expressed	  the	  two	  molecules	  (Figure	  4.3	  B).	  Likewise,	  Lifeact-‐GFP	  and	  IpLITR	  1.1b/WT	  

co-‐expression	  is	  shown	  in	  Figure	  4.4b	  relative	  to	  the	  basal	  surface	  IpLITR	  1.1b/WT	  

expression	  when	  cells	  were	  not	  co-‐transfected	  (Figure	  4.4	  A).	  This	  demonstrated	  that	  

AD293	  cells	  stably	  expressing	  IpLITRs	  could	  be	  co-‐transfected	  with	  Lifeact-‐GFP	  without	  

affecting	  the	  relative	  surface	  expression	  of	  IpLITRs.	  Cells	  were	  also	  stained	  with	  isotype	  

control	  IgG3	  antibody	  (Appendix	  Figures	  A1,	  A2,	  A6,	  and	  A7).	  Although	  there	  was	  some	  
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background	  staining,	  this	  antibody	  did	  not	  detect	  IpLITRs	  on	  the	  surface	  of	  cells	  (visual	  

examination	  of	  images	  not	  shown).	  

To	  examine	  whether	  the	  co-‐transfection	  procedure	  altered	  the	  phagocytic	  

phenotypes	  of	  the	  two	  IpLITR-‐receptor	  types,	  I	  used	  an	  imaging	  flow	  cytometry-‐based	  

phagocytic	  assay	  of	  Lifeact-‐GFP	  co-‐transfected,	  IpLITR	  1.1b/ITAM	  or	  1.1b/WT	  –

expressing	  AD293	  cells	  and	  applied	  my	  previously	  developed	  counterstaining	  strategy	  to	  

discriminate	  the	  relative	  bead	  positions	  (surface-‐bound	  vs.	  phagocytosed).	  Lifeact-‐GFP	  

co-‐transfected	  IpLITR	  1.1b/ITAM	  or	  1.1b/WT	  cells	  were	  incubated	  with	  αHA	  mAb	  or	  

IgG3	  –coated,	  4.5	  μm	  Bright	  Blue	  fluorescent	  beads	  in	  suspension.	  After	  incubating	  the	  

beads	  with	  cells	  for	  one	  hour,	  exposed	  αHA	  mAb	  on	  surface-‐bound	  beads	  was	  stained	  

with	  an	  AF647-‐conjugated	  rabbit	  anti-‐mouse	  (RαM	  AF647)	  secondary	  antibody;	  thus	  

cells	  with	  one	  or	  more	  surface	  bound	  targets	  would	  fluoresce	  at	  both	  647	  and	  450	  nm	  

(Figure	  4.5	  A	  &	  C,	  blue	  square).	  Fully	  internalized	  beads	  were	  not	  accessible	  to	  RαM	  

AF647;	  therefore	  cells	  with	  only	  internalized	  beads	  would	  fluoresce	  in	  the	  AF450/DAPI	  

channel.	  Using	  the	  IDEAS®	  software,	  masks	  (set	  of	  pixels	  containing	  regions	  of	  interest)	  

were	  created	  to	  identify	  beads	  in	  both	  the	  blue	  channel	  (beads)	  and	  red	  channel	  

(counterstain	  for	  surface-‐bound	  beads).	  These	  masks	  were	  then	  used	  in	  a	  spot	  count	  

feature	  to	  identify	  cells	  associated	  with	  three	  or	  fewer	  beads.	  Lastly,	  a	  connected	  

component	  mask	  (set	  of	  pixels	  that	  are	  all	  connected	  to	  each	  other)	  was	  used	  to	  

determine	  the	  location	  of	  beads	  as	  follows;	  (1)	  cells	  with	  surface	  bound	  targets	  only	  vs.	  

(2)	  cells	  with	  at	  least	  one	  internalized	  bead	  (Figure	  4.5	  B	  and	  D).	  Cells	  with	  at	  least	  one	  

completely	  internalized	  bead	  were	  considered	  a	  ‘phagocytic	  cell’	  regardless	  of	  how	  
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many	  beads	  remained	  surface-‐bound.	  Using	  the	  criteria	  above,	  I	  observed	  that	  57.7%	  of	  

AD293	  cells	  stably	  expressing	  IpLITR	  1.1b/ITAM	  had	  internalized	  at	  least	  one	  anti-‐HA	  

mAb	  –coated	  bead	  while	  only	  3.7%	  of	  cells	  had	  only	  surface	  bound	  beads	  (Figure	  4.6	  A).	  

Thirty-‐six	  percent	  of	  Lifeact-‐GFP	  co-‐transfected,	  IpLITR	  1.1b/ITAM-‐expressing	  cells	  

internalized	  at	  least	  one	  bead	  while	  2.3%	  of	  cells	  only	  had	  surface	  bound	  beads	  (Figure	  

4.6	  A).	  The	  remaining	  population	  of	  cells	  (38.6%	  of	  IpLITR	  1.1b/ITAM	  and	  61.5%	  of	  IpLITR	  

1.1b/ITAM-‐Lifeact-‐GFP	  cells)	  were	  not	  associated	  with	  beads	  (Fig.	  4.6).	  AD293	  cells	  

stably	  expressing	  IpLITR	  1.1b/WT	  predominantly	  bound	  αHA	  mAb	  –coated	  beads	  on	  

their	  surface	  (28%	  of	  cells)	  instead	  of	  fully	  internalizing	  them	  (16.3%;	  Figure	  4.6	  B).	  

Similarly,	  27.5%	  of	  Lifeact-‐GFP	  co-‐transfected,	  IpLITR	  1.1b/WT	  expressing	  cells	  only	  had	  

surface	  bound	  beads	  while	  7.1%	  had	  fully	  internalized	  at	  least	  one	  bead	  (Figure	  4.6	  B).	  

Approximately	  56%	  of	  IpLITR	  1.1b/WT	  cells	  and	  65%	  of	  1.1b/WT-‐Lifeact-‐GFP	  cells	  were	  

not	  associated	  with	  any	  beads.	  Isotype	  control	  (IgG3)	  coated-‐beads	  did	  not	  promote	  

internalization	  (Figure	  4.5	  A	  and	  B)	  as	  ~2%	  of	  each	  cell-‐type	  only	  associated	  with	  these	  

control	  beads.	  Furthermore,	  this	  consisted	  mainly	  of	  beads	  that	  were	  detected	  at	  the	  

same	  time	  as	  cells	  in	  the	  flow	  chamber	  but	  did	  not	  actually	  appear	  bound	  to	  cells	  (Fig	  

4.5	  A	  and	  B).	  This	  demonstrated	  that	  bead-‐cell	  associations	  observed	  in	  Figs	  4.5-‐4.6	  

were	  specifically	  IpLITR-‐mediated	  events	  (i.e.	  induced	  by	  the	  ligation	  of	  the	  N-‐terminal	  

HA	  tag	  with	  αHA	  mAb-‐coated	  beads).	  Overall,	  these	  experiments	  also	  demonstrated	  

that	  co-‐transfection	  with	  Lifeact-‐GFP	  diminished	  the	  ability	  of	  cells	  to	  phagocytose	  

beads	  but	  did	  not	  alter	  the	  overall	  phagocytic	  phenotype	  of	  IpLITR-‐expressing	  AD293	  

stables.	  



	   77	  

4.2.3	  Confocal	  microscopy-‐based	  examination	  of	  actin	  distribution	  in	  AD293	  cells	  

stably	  expressing	  IpLITR	  1.1b/ITAM	  during	  the	  phagocytic	  process	  	  

After	  demonstrating	  at	  the	  populational	  level	  that	  Lifeact-‐IpLITR	  transfected	  AD293	  cells	  

display	  no	  alteration	  in	  their	  phagocytic	  phenotypes,	  I	  next	  examined	  their	  behaviours	  at	  

higher	  resolution	  using	  confocal	  microscopy.	  To	  visualize	  the	  distribution	  of	  actin	  during	  

IpLITR-‐mediated	  phagocytosis,	  I	  fixed	  Lifeact-‐IpLITR	  1.1b/ITAM	  cells	  in	  various	  stages	  of	  

engulfment	  by	  using	  relatively	  short	  bead-‐cell	  incubation	  times	  (i.e.	  4,	  8,	  16,	  and	  32	  

minutes).	  These	  time	  points	  gave	  me	  the	  ability	  to	  capture	  early	  stages	  of	  target	  

acquisition	  and	  partial	  engulfment	  (i.e.	  4-‐16	  minutes)	  as	  well	  as	  full	  target	  

internalization	  (32	  minutes).	  When	  cells	  were	  incubated	  with	  beads	  for	  4	  minutes,	  the	  

vast	  majority	  of	  cells	  were	  still	  in	  the	  capture	  stage	  (i.e.	  most	  beads/cell	  associations	  

were	  not	  intimate	  enough	  to	  exclude	  counterstaining	  with	  GαM	  Cy5).	  When	  

phagocytosis	  was	  fixed	  after	  8	  and	  16	  minutes	  of	  incubation,	  partially	  and	  fully	  engulfed	  

beads	  were	  predominantly	  observed.	  Lastly,	  after	  a	  32-‐minute	  incubation,	  the	  majority	  

of	  cells	  had	  multiple	  beads	  inside	  cells	  and	  very	  few	  remained	  partially	  engulfed.	  Figure	  

4.7	  (left	  panels)	  shows	  the	  predicted	  Lifeact-‐GFP	  distribution	  during	  the	  early	  stages	  of	  

prototypical	  ITAM-‐mediated	  phagocytosis;	  i.e.	  target	  binding,	  pseudopod	  extension,	  

phagosome	  sealing,	  and	  phagosome	  maturation.	  Additionally	  shown	  are	  representative	  

IpLITR	  1.1b/ITAM	  and	  Lifeact-‐GFP	  co-‐expressing	  cells	  with	  surface	  bound	  targets	  (Figure	  

4.7	  Ai-‐ii),	  extending	  pseudopods	  (Figure	  4.7	  Bi-‐ii),	  sealing	  (Figure	  4.7	  Ci-‐ii)	  and	  maturing	  

phagosomes	  (Figure	  4.7	  Di-‐ii).	  Shown	  in	  Figure	  4.8	  A-‐E	  are	  five	  representative	  targets	  

that	  are	  classified	  as	  surface	  bound	  based	  on	  the	  GαM	  Cy5	  staining	  around	  the	  target	  
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4.3	  Discussion	  and	  Conclusions	  
	  

To	  gain	  preliminary	  insight	  into	  mechanisms	  by	  which	  IpLITRs	  promote	  and	  

coordinate	  target	  engulfment,	  I	  developed	  a	  series	  of	  imaging-‐based	  assays	  that	  can	  be	  

used	  to	  specifically	  monitor	  the	  IpLITR-‐mediated	  phagocytic	  process.	  	  First,	  I	  

demonstrated	  that	  we	  can	  discriminate	  surface	  bound,	  partially	  engulfed,	  and	  

internalized	  beads	  using	  a	  fluorophore-‐conjugated	  antibody	  that	  binds	  exposed	  

antibody	  on	  αHA–coated	  beads.	  Next,	  I	  showed	  that	  AD293	  cells	  stably	  expressing	  

IpLITRs	  are	  permissive	  to	  co-‐transfection	  with	  Lifeact-‐GFP;	  as	  such,	  co-‐transfected	  cells	  

co-‐express	  GFP	  and	  IpLITRs	  while	  maintaining	  their	  phagocytic	  phenotypes.	  Lastly,	  I	  

demonstrated	  that	  F-‐actin	  polymerization	  patterns	  shown	  for	  an	  IpLITR	  ITAM-‐

dependent	  and	  ITAM-‐independent	  receptor	  differ	  during	  the	  phagocytic	  process.	  

Previously,	  we	  relied	  on	  confocal	  Z-‐stack	  reconstructions	  of	  plasma	  membrane-‐

stained	  cells	  and	  brightfield	  images	  to	  approximate	  the	  relative	  location	  of	  target	  beads.	  

However,	  beads	  are	  highly	  refractile	  thus	  making	  it	  difficult	  to	  appreciate	  bead	  position	  

relative	  to	  the	  cell	  or	  visualize	  cellular	  structures,	  such	  as	  pseudopodia,	  at	  the	  forming	  

phagocytic	  cups.	  Additionally,	  using	  the	  AD293	  cell	  line,	  plasma	  membrane	  stains	  

induced	  blebbing	  of	  the	  cells	  making	  it	  difficult	  to	  accurately	  image	  them	  during	  

phagocytosis.	  To	  more	  precisely	  discriminate	  internalized	  beads	  from	  those	  undergoing	  

engulfment,	  I	  adjusted	  previously	  described	  methods	  for	  target	  discrimination	  in	  our	  

phagocytic	  assay.	  Methods	  for	  identifying	  external	  or	  partially	  internalized	  beads	  have	  

been	  previously	  published	  using	  biotinylated	  targets	  and	  fluorescent	  avidin	  (Flannagan,	  

et	  al,	  2014)	  as	  well	  as	  fluorescent	  dye-‐conjugated	  antibodies	  (Schlam	  et	  al,	  2015).	  These	  
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methods	  relied	  on	  the	  tight	  association	  between	  targets	  and	  the	  plasma	  membrane	  at	  

the	  phagocytic	  cup	  that	  exclude	  large	  proteins	  from	  accessing	  ligands	  within	  the	  

synapse.	  Additionally,	  internalized	  targets	  are	  protected	  from	  antibody	  staining	  by	  an	  

intact	  plasma	  membrane	  and	  phagosomal	  membrane	  (Fig	  4.2	  B).	  Here,	  I	  have	  shown	  

that	  an	  AF647	  and	  Cy5	  –conjugated	  secondary	  antibody	  raised	  against	  the	  Fc	  portion	  of	  

IgG3	  (Fig	  4.2	  A),	  the	  αHA	  antibody	  isotype	  coating	  HA-‐tagged	  IpLITR	  phagocytic	  targets,	  

provides	  an	  accurate	  estimation	  of	  bead	  positions	  during	  the	  phagocytic	  process	  (i.e.	  

outside/surface-‐bound,	  partially	  engulfed,	  and	  fully	  internalized)	  using	  AD293	  

transfectants.	  

I	  also	  co-‐transfected	  AD293	  cells	  stably	  expressing	  N-‐terminal	  HA-‐epitope	  tagged	  

IpLITR	  constructs	  with	  a	  green	  fluorescent	  protein	  (GFP)-‐tagged	  probe	  that	  tracks	  F-‐actin	  

inside	  the	  cell	  (i.e.	  Lifeact-‐GFP;	  Fig	  4.1	  B).	  The	  non-‐immune	  AD293	  epitheliod	  cell	  line	  is	  

a	  derivative	  of	  the	  more	  commonly	  known	  HEK-‐293	  cells	  that	  lack	  phagocytic	  receptors	  

and	  thus	  are	  not	  endogenously	  capable	  of	  performing	  phagocytosis.	  However,	  when	  

transfected	  with	  bona-‐fide	  phagocytic	  receptors	  (e.g.	  FcRs	  and	  Dectin-‐1),	  AD293	  cells	  

have	  been	  shown	  to	  support	  receptor-‐mediated	  phagocytosis	  using	  confocal	  microscopy	  

techniques	  (Flannagan	  et	  al.,	  2014;	  Flannagan	  et	  al,	  2012;	  Underhill	  &	  Goodridge,	  2012).	  

Similar	  to	  HEK-‐293	  cells,	  AD293	  cells	  are	  easily	  transfectable;	  however,	  AD293	  cells	  have	  

enhanced	  adherence	  compared	  to	  their	  parental	  cell	  line:	  a	  desirable	  property	  for	  my	  

confocal	  microscopic	  studies.	  Previously	  our	  IpLITR-‐mediated	  phagocytosis	  studies	  used	  

RBL-‐2H3	  cells	  expressing	  IpLITR	  1.1b	  and	  IpLITR	  2.6b	  to	  examine	  the	  ability	  of	  these	  

receptors	  to	  mediate	  target	  acquisition	  and	  engulfment.	  Heterologous	  overexpression	  
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of	  IpLITRs	  in	  a	  mammalian	  immune	  cell	  line	  (i.e.	  RBL-‐2H3)	  could	  have	  induced	  

miscommunication	  between	  the	  teleost	  receptors	  and	  endogenous	  RBL-‐2H3	  signaling	  

machinery	  in	  order	  to	  contribute	  to	  the	  unique	  IpLITR-‐mediated	  activities.	  Due	  to	  the	  

artificial	  nature	  of	  our	  functional	  examination	  of	  IpLITR-‐mediated	  responses,	  it	  was	  

important	  to	  ensure	  that	  IpLITR-‐mediated	  phagocytosis	  was	  not	  an	  RBL-‐2H3	  –specific	  

phenomenon	  and	  that	  the	  overall	  IpLITR-‐mediated	  phagocytic	  phenotypes	  previously	  

demonstrated	  in	  RBL-‐2H3	  cells	  were	  conserved	  in	  other	  cellular	  systems.	  Specifically,	  

RBL-‐2H3	  cells	  are	  a	  rat	  immune	  cell	  line	  while	  AD293	  cells	  are	  a	  human	  epithelial	  cell	  

line;	  thus	  demonstration	  that	  IpLITRs	  can	  mediate	  the	  same	  functional	  response	  with	  

overall	  similar	  receptor-‐specific	  phenotypes	  in	  two	  different	  cell	  lines,	  supports	  the	  

hypothesis	  that	  IpLITR-‐induced	  signal	  transduction	  pathways	  couple	  receptor	  ligation	  

with	  F-‐actin	  reorganization	  and	  dynamic	  plasma	  membrane	  remodelling.	  In	  addition,	  to	  

demonstrate	  that	  previously	  observed	  IpLITR-‐mediated	  phagocytic	  phenotypes	  were	  

primarily	  a	  result	  of	  unique	  signal	  transduction	  events	  (as	  opposed	  to	  extracellular	  

binding),	  I	  compared	  the	  full-‐length	  IpLITR	  1.1b	  (IpLITR	  1.1b/WT)	  with	  an	  IpLITR	  

construct	  composed	  of	  the	  IpLITR	  1.1b	  ecto-‐	  and	  transmembrane	  domains	  fused	  to	  the	  

cytoplasmic	  region	  of	  IpFcγR-‐L	  (called	  IpLITR	  1.1b/ITAM	  in	  this	  thesis;	  Fig	  4.1	  A).	  These	  

constructs	  were	  stably	  transfected	  in	  AD293	  cells	  and	  expressed	  at	  relatively	  similar	  

levels	  as	  measured	  by	  flow	  cytometry	  (compare	  Figs	  4.3	  A	  and	  4.4	  A).	  Using	  imaging	  

flow	  cytometry,	  I	  demonstrated	  that	  IpLITRs	  retained	  their	  phagocytic	  phenotype	  in	  

AD293	  cells	  (Fig	  4.6	  A	  and	  B)	  compared	  to	  previously	  documented	  observations	  in	  RBL-‐

2H3	  cells	  (Lillico	  et	  al,	  2015)	  and	  confirmed	  that	  IpLITR-‐mediated	  phagocytosis	  is	  not	  just	  
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an	  RBL-‐2H3	  –specific	  phenomenon,	  strongly	  suggestive	  that	  IpLITR	  1.1b-‐mediated	  

activities	  are	  similar	  between	  different	  cell	  types.	  Specifically,	  after	  a	  one-‐hour	  

incubation	  with	  αHA-‐coated	  beads,	  IpLITR	  1.1b/WT	  –expressing	  cells	  predominantly	  

bound	  beads	  on	  their	  surface	  but	  relatively	  fewer	  beads	  were	  fully	  internalized.	  On	  the	  

other	  hand,	  IpLITR	  1.1b/ITAM	  cells	  predominantly	  internalized	  beads,	  as	  relatively	  few	  

beads	  were	  still	  surface	  bound	  at	  the	  same	  time	  point.	  Importantly,	  I	  also	  showed	  that	  

AD293	  cells	  stably	  expressing	  IpLITRs	  co-‐transfected	  with	  Lifeact-‐GFP	  retain	  these	  

unique	  phagocytic	  phenotypes.	  The	  importance	  of	  this	  result	  was	  two-‐fold;	  during	  the	  

development	  of	  methods	  to	  identify	  bead	  position	  (i.e.	  my	  first	  aim),	  my	  preliminary	  

microscopy-‐based	  observations	  regarding	  co-‐transfection	  of	  AD293	  cells	  stably	  

expressing	  IpLITR	  1.1b/WT	  with	  Lifeact-‐GFP	  appeared	  to	  reproduce	  observations	  by	  

Lillico	  et	  al	  (2015)	  regarding	  the	  inefficiency	  of	  IpLITR	  1.1b	  to	  fully	  engulf	  targets	  in	  RBL-‐

2H3	  cells.	  However,	  I	  was	  not	  certain	  that	  this	  observation	  was	  a	  result	  of	  the	  activity	  of	  

the	  receptor	  or	  due	  to	  negative	  effects	  of	  the	  co-‐transfection	  approach.	  Specifically,	  I	  

was	  not	  certain	  that	  co-‐transfection	  with	  Lifeact-‐GFP	  was	  not	  altering	  the	  expression	  or	  

activity	  of	  IpLITR	  1.1b/WT,	  resulting	  in	  the	  overall	  lack	  of	  bead	  internalization.	  

Therefore,	  in	  order	  to	  quantify,	  at	  a	  populational	  level,	  the	  retention	  of	  IpLITR	  

expression	  as	  well	  as	  the	  phagocytic	  activities	  of	  the	  two	  receptors	  (IpLITR	  1.1b/WT	  and	  

IpLITR	  1.1b/ITAM),	  I	  employed	  the	  imaging	  flow	  cytometry-‐based	  approach	  which	  gave	  

me	  the	  ability	  to	  assess	  large	  populations	  of	  cells:	  a	  limitation	  of	  a	  microscopy-‐based	  

analyses.	  While	  the	  overall	  phagocytic	  activity	  of	  co-‐transfected	  cells	  appeared	  to	  be	  

reduced	  when	  compared	  to	  non-‐transfected	  AD293	  cells	  stably	  expressing	  receptor,	  the	  
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cells	  retained	  their	  expected	  phenotypes;	  specifically,	  IpLITR	  1.1b/ITAM-‐expressing	  cells	  

predominantly	  engulfed	  targets	  while	  IpLITR	  1.1b/WT-‐expressing	  cells	  predominantly	  

tethered	  targets.	  Therefore,	  this	  result	  validated	  my	  microscopy-‐based	  observations.	  

Finally,	  I	  imaged	  the	  temporal	  events	  of	  IpLITR	  1.1b/ITAM	  and	  IpLITR	  1.1b/WT	  -‐

mediated	  phagocytosis	  and	  their	  corresponding	  actin	  distribution	  when	  targets	  were	  

surface	  bound,	  partially	  engulfed,	  and	  internalized	  using	  confocal	  microscopy	  of	  cells	  

fixed	  at	  the	  various	  stages	  of	  target	  capture	  and	  engulfment.	  Interestingly,	  I	  observed	  

that	  the	  F-‐actin	  distributions	  during	  the	  IpLITR-‐mediated	  phagocytic	  processes	  differed	  

between	  the	  two	  receptor-‐types.	  For	  example,	  IpLITR	  1.1b/ITAM-‐mediated	  cytoskeletal	  

changes	  during	  phagocytosis	  were	  reminiscent	  of	  those	  observed	  during	  mammalian	  

FcR-‐mediated	  phagocytosis.	  F-‐actin	  polymerization	  was	  triggered	  upon	  target	  binding	  

and	  persisted	  along	  pseudopodia	  that	  extended	  around	  beads	  until	  the	  bead-‐containing	  

phagosome	  was	  sealed	  and	  internalized.	  Concurrently,	  F-‐actin	  depolymerized	  at	  the	  

base	  of	  the	  phagocytic	  cup	  promoting	  entry	  of	  the	  nascent	  phagosome	  into	  the	  cell.	  

Changes	  in	  the	  distribution	  of	  F-‐actin	  during	  IpLITR	  1.1b/WT-‐mediated	  phagocytosis	  

were	  also	  observed.	  However,	  distinct	  from	  the	  IpLITR	  1.1b/ITAM-‐mediated	  phagocytic	  

cup,	  F-‐actin-‐rich	  pseudopodia	  were	  not	  always	  evident	  during	  IpLITR	  1.1b/WT-‐mediated	  

engulfment.	  F-‐actin	  depolymerisation	  at	  the	  base	  of	  the	  phagocytic	  cup	  permitted	  the	  

entry	  of	  beads	  into	  cells,	  as	  was	  the	  case	  for	  ITAM-‐mediated	  entry.	  The	  striking	  

difference	  between	  the	  teleost	  ITAM-‐dependent	  and	  –independent	  engagement	  of	  

actin	  polymerization	  was	  not	  surprising	  since	  pharmacological	  studies	  had	  previously	  

demonstrated	  that	  IpLITR	  1.1b/WT	  operates	  independently	  of	  many	  of	  the	  molecules	  
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involved	  in	  the	  classical	  ITAM-‐mediated	  pathway	  (Lillico	  et	  al,	  2015).	  Furthermore,	  

previous	  confocal	  microscopy-‐based	  visualization	  of	  IpLITR	  1.1b-‐mediated	  phagocytosis	  

revealed	  that	  this	  receptor	  promoted	  the	  extension	  of	  membranous	  protrusions,	  with	  a	  

vast	  majority	  of	  beads	  remaining	  surface-‐bound	  in	  what	  appeared	  to	  be	  stalled	  

phagocytic	  cup-‐like	  structures	  despite	  being	  incubated	  with	  the	  cells	  for	  one	  hour	  at	  

37oC	  (Lillico	  et	  al,	  2015).	  Although	  I	  was	  not	  able	  to	  reproduce	  a	  role	  for	  membranous	  

extensions	  for	  IpLITR	  1.1b/WT	  in	  AD293	  cells,	  I	  did	  rely	  on	  longer	  bead-‐cell	  incubations	  

to	  optimize	  my	  chance	  of	  visualizing	  the	  complete	  IpLITR	  1.1b/WT-‐induced	  phagocytic	  

process	  (i.e.	  fully	  internalized	  beads).	  This	  supported	  previous	  observations	  regarding	  

the	  overall	  stalled	  phagocytic	  phenotype	  previously	  observed	  in	  RBL-‐2H3	  cells	  as	  well	  as	  

in	  my	  imaging	  flow	  cytometry-‐based	  analyses	  (Lillico	  et	  al,	  2015).	  Overall,	  my	  

observations	  demonstrate	  that	  IpLITR	  1.1b/ITAM	  and	  IpLITR	  1.1b/WT	  mediate	  distinct	  

patterns	  of	  F-‐actin	  polymerization	  that	  is	  likely	  due	  to	  unique	  activation	  and	  recruitment	  

of	  signaling	  networks	  to	  activate	  the	  actin	  polymerization	  machinery.	  	  

IpLITR	  1.1b	  was	  previously	  identified	  as	  an	  inhibitory	  receptor	  that	  abrogated	  

cytotoxicity	  in	  the	  context	  of	  mouse	  NK	  cells	  in	  an	  ITIM-‐dependent	  (via	  recruitment	  of	  

SHP2)	  and	  –independent	  (via	  recruitment	  of	  Csk)	  manner	  (Montgomery	  et	  al,	  2009;	  

Montgomery	  et	  al,	  2012).	  Additionally,	  the	  regulation	  of	  this	  effector	  response	  was	  

uniquely	  mediated	  through	  two	  independent	  pathways	  involving	  the	  proximal	  and	  distal	  

regions	  of	  the	  IpLITR	  1.1b	  cytoplasmic	  tail	  (Montgomery	  et	  al,	  2012):	  this	  lead	  to	  the	  

hypothesis	  that	  the	  two	  cytoplasmic	  regions	  of	  IpLITR	  1.1b	  independently	  mediate	  

effector	  functions	  and	  may	  work	  in	  concert	  to	  fine-‐tune	  responses.	  	  The	  cytoplasmic	  
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region	  of	  IpLITR	  1.1b	  has	  been	  broadly	  divided	  into	  a	  membrane	  proximal	  and	  

membrane	  distal	  region.	  The	  proximal	  region	  encodes	  tyrosine	  residues	  at	  positions	  

433,	  453,	  and	  463	  (i.e.	  Y433,	  Y453,	  Y463)	  that	  are	  not	  contained	  within	  recognizable	  motifs	  

such	  as	  ITIMs	  or	  ITAMs.	  The	  distal	  region	  encodes	  two	  ITIMs	  (Y477	  and	  Y499)	  as	  well	  as	  a	  

switch	  motif	  (ITSM,	  Y503).	  Interestingly,	  in	  the	  context	  of	  RBL-‐2H3	  cells,	  IpLITR	  1.1b	  

induced	  phagocytosis	  of	  4.5	  μm	  beads,	  which	  demonstrated	  that	  the	  presence	  of	  

canonical	  signaling	  motifs	  (i.e.	  ITAMs	  vs.	  ITIMs)	  does	  not	  always	  infer	  the	  activity	  of	  

receptor	  types	  (Cortes	  et	  al,	  2014).	  Specifically,	  IpLITR	  1.1b	  was	  predicted	  to	  be	  an	  

inhibitory	  receptor	  based	  on	  the	  presence	  of	  two	  ITIM	  motifs	  within	  the	  cytoplasmic	  

region	  of	  the	  receptors	  (Montgomery	  et	  al,	  2009).	  Although	  IpLITR	  1.1b	  inhibited	  cell-‐

mediated	  cytotoxicity	  in	  the	  context	  of	  mouse	  NK	  cells	  in	  a	  SHP-‐2	  –dependent	  manner	  

(Montgomery	  et	  al,	  2012),	  this	  same	  receptor	  stimulated	  target	  capture	  and	  engulfment	  

in	  RBL-‐2H3	  cells	  (Cortes	  et	  al,	  2014).	  The	  IpLITR	  1.1b-‐mediated	  phagocytic	  response	  was	  

reliant	  on	  the	  presence	  of	  the	  cytoplasmic	  tail	  suggesting	  that	  this	  region	  was	  involved	  

in	  the	  signal	  transduction	  required	  for	  phagocytosis.	  In	  order	  to	  test	  whether	  the	  IpLITR	  

1.1b-‐mediated	  phagocytic	  activity	  relied	  on	  signal	  transduction	  through	  Y477	  (ITIM)	  

and/or	  the	  ITSM	  (Y503),	  the	  phagocytic	  activity	  of	  IpLITR	  1.2a	  was	  examined.	  IpLITR	  1.2a	  

shares	  88%	  similarity	  with	  IpLITR	  1.1b	  with	  the	  exception	  that	  IpLITR	  1.2a	  lacks	  the	  

proximal	  cytoplasmic	  region	  encoding	  Y433,	  Y453,	  and	  Y463.	  Additionally,	  the	  

corresponding	  tyrosine	  at	  position	  499	  (Y499	  of	  IpLITR	  1.1b)	  encodes	  a	  serine	  instead	  of	  

tyrosine	  (i.e.	  S429);	  therefore,	  this	  ‘naturally	  mutated’	  version	  of	  IpLITR	  1.1b	  served	  as	  a	  

tool	  to	  understand	  whether	  Y477	  and	  Y503	  were	  specifically	  involved	  for	  promoting	  IpLITR	  
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1.1b-‐mediated	  phagocytosis.	  Indeed,	  IpLITR	  1.2a	  promoted	  phagocytosis	  in	  RBL-‐2H3	  

cells	  at	  levels	  comparable	  to	  IpLITR	  1.1b	  suggesting	  that	  the	  ITIM	  (Y477)	  and/or	  its	  ITSM	  

(Y503)	  played	  a	  role	  in	  IpLITR	  1.1b-‐mediated	  phagocytosis	  (Cortes	  et	  al,	  2014).	  To	  further	  

characterize	  the	  IpLITR	  1.1b-‐mediated	  signal	  transduction	  pathway,	  the	  sensitivity	  of	  

IpLITR	  1.1b-‐mediated	  phagocytosis	  to	  pharmacological	  blockers	  of	  actin,	  PI3K,	  Cdc42,	  

Src	  family	  tyrosine	  kinase,	  PDK,	  Rac,	  Akt,	  PKC,	  Syk	  kinase,	  MEK1/2,	  and	  microtubules	  

were	  subsequently	  assessed	  using	  a	  standard	  flow	  cytometric	  phagocytosis	  assay	  (Lillico	  

et	  al,	  2015).	  From	  these	  experiments,	  it	  was	  determined	  that	  IpLITR	  1.1b-‐mediated	  

phagocytosis	  required	  F-‐actin	  polymerization	  and	  perhaps	  the	  activities	  of	  Syk	  and	  Src	  

family	  kinases	  but	  it	  was	  independent	  of	  the	  common	  signaling	  components	  of	  ITAM-‐

dependent	  phagocytic	  signaling.	  Additionally,	  morphological	  assessment	  of	  the	  IpLITR	  

1.1b-‐mediated	  phagocytosis	  using	  confocal	  microscopy	  showed	  that	  this	  receptor	  was	  

capable	  of	  inducing	  internalization	  of	  beads.	  However,	  the	  overwhelming	  majority	  of	  

beads	  were	  captured	  by	  membranous	  protrusions	  or	  in	  stalled	  phagocytic	  cups:	  a	  

dramatically	  unique	  phenotype	  when	  compared	  to	  the	  ITAM-‐dependent	  (IpLITR	  2.6b)	  

receptor,	  which	  fully	  internalized	  multiple	  beads	  per	  cell	  (Lillico	  et	  al,	  2015).	  

The	  stalled	  nature	  of	  IpLITR	  1.1b-‐mediated	  phagocytic	  cups	  could	  be	  explained	  

by	  the	  insensitivity	  of	  this	  receptor	  to	  PI3K	  inhibition	  (Lillico	  et	  al,	  2015).	  PI3K	  appears	  to	  

be	  involved	  in	  the	  later	  stages	  of	  the	  phagosome	  closure	  for	  targets	  larger	  than	  ~3	  μm	  

(Araki	  et	  al,	  1996;	  Cox	  et	  al,	  1999;	  Beemiller	  et	  al,	  2006).	  However,	  the	  ability	  of	  IpLITR	  

1.1b	  to	  internalize	  some	  targets	  suggests	  that	  this	  receptor	  may	  exist	  in	  a	  primed	  state	  

that	  facilitates	  the	  rapid	  activation	  of	  the	  actin	  polymerization	  machinery	  required	  for	  
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engulfment.	  This	  model	  is	  based	  on	  the	  recently	  described	  phagocytic	  signaling	  pathway	  

of	  CEACAM3	  in	  which	  receptor	  ligation	  results	  in	  the	  rapid	  recruitment	  and	  activation	  of	  

the	  WAVE2	  complex	  in	  an	  Nck1	  and/or	  Nck2	  –dependent	  manner	  (Pils	  et	  al,	  2012).	  The	  

WAVE2	  complex	  is	  a	  small	  GTPase	  (i.e.	  Rac)	  effector,	  multi-‐protein	  complex	  known	  to	  

bind	  Arp2/3	  to	  promote	  actin	  polymerization	  when	  activated	  (Reviewed	  by	  Takenawa	  &	  

Suetsugu,	  2007).	  Nck	  binds	  the	  HIYDEV	  consensus	  sequence	  (Frese	  et	  al,	  2006),	  which	  is	  

also	  found	  in	  the	  proximal	  region	  of	  IpLITR	  1.1b	  at	  Y433	  (Stafford	  et	  al,	  2007;	  

Montgomery	  et	  al,	  2009).	  Therefore,	  we	  predict	  that	  IpLITR	  1.1b	  engagement	  promotes	  

rapid	  internalization	  of	  beads	  in	  an	  Nck-‐dependent	  fashion.	  Additionally,	  Lillico	  et	  al	  

(2015)	  demonstrated	  a	  role	  for	  Src	  family	  kinases	  and	  Syk	  kinase	  during	  IpLITR	  1.1b-‐

mediated	  phagocytosis.	  The	  cytoplasmic	  tail	  of	  PECAM-‐1	  contains	  two	  ITIMs	  spaced	  

twenty-‐two	  amino	  acids	  apart	  which	  has	  been	  shown	  to	  accommodate	  the	  two	  SH2	  

domains	  of	  Syk	  to	  mediate	  stimulatory	  signaling	  (Wang	  et	  al,	  2011).	  This	  is	  the	  exact	  

spacing	  between	  the	  ITIMs	  within	  the	  distal	  cytoplasmic	  region	  of	  IpLITR	  1.1b	  (Y477	  and	  

Y499);	  therefore,	  we	  predict	  that,	  upon	  ligation,	  IpLITR	  1.1b	  becomes	  phosphorylated	  by	  

Src	  family	  kinases	  at	  Y477	  and	  Y499,	  facilitating	  the	  recruitment	  and	  activation	  of	  Syk	  

kinase.	  Syk	  can	  then	  recruit	  and	  activate	  guanine	  exchange	  factors	  that	  promote	  the	  

activity	  of	  small	  Rho	  GTPases:	  small	  proteins	  that	  directly	  regulate	  the	  activation	  of	  the	  

actin	  polymerization	  machinery	  via	  for	  example	  the	  WAVE2	  complex	  (Mao	  &	  

Finnemann,	  2015).	  	  

To	  date,	  our	  understanding	  of	  IpLITR-‐mediated	  signal	  transduction	  is	  based	  on	  

end-‐point	  assays	  that	  do	  not	  provide	  temporal	  and	  spatial	  resolution	  for	  the	  recruitment	  
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of	  proteins	  during	  IpLITR	  1.1b-‐mediated	  phagocytosis.	  Confocal	  microscopy	  is	  a	  valuable	  

tool	  to	  visualize	  the	  localization	  and	  dynamic	  redistribution	  of	  specific	  signaling	  

molecules	  at	  the	  phagocytic	  cup	  (Grinstein,	  2010).	  By	  fixing	  cells	  in	  early	  stages	  of	  target	  

engulfment	  (binding,	  phagocytic	  cup	  formation,	  and	  complete	  engulfment),	  I	  have	  

demonstrated	  that,	  once	  engaged	  at	  the	  plasma	  membrane,	  IpLITR	  1.1b	  induces	  a	  

unique	  pattern	  of	  cytoskeletal	  changes	  compared	  to	  the	  ITAM-‐dependent	  receptor.	  

However,	  examination	  of	  static	  images	  limited	  my	  appreciation	  of	  the	  dynamic	  nature	  of	  

IpLITR	  1.1b/WT	  –mediated	  target	  binding	  and	  acquisition.	  Recent	  live	  cell	  imaging	  

studies	  of	  IpLITR	  1.1b-‐mediated	  phagocytosis	  in	  RBL-‐2H3	  cells	  expressing	  Lifeact-‐GFP	  

demonstrated	  that	  this	  receptor	  often	  induced	  the	  extension	  of	  actin-‐rich	  protrusions	  

that	  captured	  targets	  and	  mediated	  their	  engulfment	  (Lillico	  and	  Stafford,	  unpublished	  

observations).	  Using	  static	  images,	  I	  was	  not	  always	  able	  to	  observe	  a	  role	  for	  these	  

protrusions	  thus	  it	  will	  be	  necessary	  to	  carry	  these	  experiments	  out	  using	  live	  AD293	  

cells.	  However,	  my	  series	  of	  imaging-‐based	  experiments	  using	  static	  images	  can	  provide	  

preliminary	  framework	  for	  testing	  the	  localization	  of	  specific	  molecules	  (described	  

above)	  to	  the	  IpLITR	  1.1b-‐mediated	  phagocytic	  cup	  that	  can	  be	  further	  verified	  with	  the	  

development	  of	  a	  live-‐cell	  imaging	  procedure.	  	  
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Figure	  4.	  1	  IpLITR	  constructs	  and	  probes	  used	  in	  this	  chapter.	  (A)	  The	  four	  
immunoglobulin	  domain	  (D)-‐containing	  IpLITR	  1.1b/WT	  and	  1.1b/ITAM	  are	  fused	  to	  a	  
hemagglutinin	  (HA)	  epitope	  tag	  used	  to	  facilitate	  artificial	  engagement	  of	  the	  receptors	  
using	  anti-‐HA	  (αHA)	  monoclonal	  antibody	  (mAb).	  Engagement	  of	  IpLITRs	  by	  αHA-‐coated	  
4.5	  μm	  beads	  (blue	  microsphere)	  results	  in	  cytoskeletal	  rearrangements	  required	  for	  
capture	  and	  engulfment	  of	  beads.	  IpLITR	  1.1b/WT	  is	  an	  ITAM-‐independent	  receptor	  
while	  IpLITR	  1.1b/ITAM	  encodes	  two	  tandem	  ITAMs	  within	  its	  cytoplasmic	  tail.	  Tyrosines	  
(Y)	  and	  their	  respective	  locations	  within	  the	  cytoplasmic	  tail	  are	  indicated.	  (B)	  Lifeact-‐
GFP	  is	  a	  17	  amino	  acid	  probe	  fused	  to	  green	  fluorescent	  protein	  (GFP)	  that	  binds	  
filamentous	  (F)	  actin.	  Lifeact-‐GFP	  was	  used	  to	  detect	  F-‐actin	  (orange	  spheres)	  in	  cells	  
stably	  expressing	  IpLITR	  1.1b/ITAM	  or	  IpLITR	  1.1b/WT.	  2xFYVE-‐GFP	  was	  used	  to	  detect	  
phosphatidylinositol	  3-‐phosphate	  (PI[3]P)	  found	  in	  the	  cytoplasmic	  leaflet	  of	  endosomal	  
vesicles	  and	  the	  early	  maturing	  phagosome	  (Gillooly	  et	  al,	  2009).	  	  	  
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Figure	  4.	  2	  Phagocytic	  targets	  can	  be	  differentially	  stained	  based	  on	  their	  position	  
relative	  to	  the	  plasma	  membrane.	  AD293	  cells	  stably	  expressing	  IpLITR	  1.1b/ITAM	  	  
(~1.5x105	  cells)	  co-‐transfected	  with	  Lifeact-‐GFP	  (green),	  an	  F-‐actin	  marker,	  were	  
incubated	  with	  mouse	  anti-‐hemagglutinin	  (αHA)	  monoclonal	  antibody	  (mAb)	  -‐coated,	  
4.5	  μm	  Bright	  Blue®	  (BB)	  targets	  (3x105	  beads)	  then	  fixed.	  (A)	  Exposed	  αHA	  mAb	  on	  
surface	  bound	  or	  partially	  engulfed	  beads	  was	  counterstained	  with	  0.25μg	  Cy5	  (red	  
fluorophore)-‐conjugated	  goat	  anti-‐mouse	  (GαM	  Cy5)	  polyclonal	  antibody.	  AlexaFluor®	  
647	  –conjugated	  rabbit	  anti-‐mouse	  (RαM	  AF647)	  secondary	  antibody	  was	  used	  in	  flow	  
cytometry-‐based	  phagocytosis	  experiments.	  Both	  secondary	  antibodies	  bind	  the	  heavy	  
and	  light	  chains	  of	  mouse	  IgG3,	  the	  αHA	  mAb	  isotype	  used	  in	  this	  thesis.	  (B)	  
Representative	  schematic	  of	  GαM	  Cy5	  and/or	  RαM	  AF647	  accessibility	  to	  surface	  bound,	  
partially	  engulfed,	  and	  internalized	  beads.	  	  (C)	  Confocal	  microscopy-‐based	  three-‐
dimensional	  reconstruction	  of	  a	  cell	  expressing	  Lifeact-‐GFP	  (green)	  with	  an	  anti-‐HA	  
coated	  BB	  bead	  (blue)	  tightly	  associated	  with	  the	  plasma	  membrane	  (indicated	  by	  
arrow).	  Red	  fluorescence	  outlines	  exposed	  areas	  of	  beads	  (arrows)	  due	  to	  Cy5	  
counterstain.	  (D)	  Representative	  confocal	  microscopy-‐based	  images	  of	  GαM	  Cy5	  (red)	  
and	  Lifeact-‐GFP	  (green)	  distribution	  for	  beads	  (blue)	  that	  are	  surface	  bound,	  partially	  
engulfed,	  or	  internalized	  and	  corresponding	  brightfield	  view.	  Lifeact-‐GFP	  was	  used	  to	  
detect	  filamentous	  actin.	  (E)	  Representative	  GαM	  Cy5	  (red)	  and	  2xFYVE-‐GFP	  (green)	  
distribution	  for	  bead	  (blue)	  is	  internalized	  and	  corresponding	  brightfield	  view.	  2xFYVE-‐
GFP	  detected	  a	  lipid	  marker	  of	  endosomes	  and	  early	  maturing	  phagosomes	  (i.e.	  
phosphatidylinositol	  3-‐phosphate).	  Scale	  bar,	  5	  μm.	  
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Figure	  4.	  3	  Imaging	  flow	  cytometry-‐based	  co-‐expression	  analysis	  of	  Lifeact-‐GFP	  and	  
IpLITR	  1.1b/ITAM	  in	  AD293	  cells.	  AD293	  cells	  stably	  expressing	  IpLITR	  1.1b/ITAM	  
(~3x105	  cells)	  were	  transiently	  co-‐transfected	  with	  Lifeact-‐GFP	  for	  twenty-‐four	  hours	  
then	  harvested	  and	  surface	  stained	  for	  IpLITR	  co-‐expression	  with	  0.1	  μg	  αHA	  mAb	  
followed	  by	  staining	  with	  0.5	  μg	  AF647-‐conjugated	  rabbit	  α-‐mouse	  IgG.	  Lifeact-‐GFP	  and	  
IpLITR	  co-‐expression	  was	  compared	  to	  AD293	  cells	  stably	  expressing	  IpLITR	  1.1b/ITAM	  
that	  were	  not	  transfected	  with	  Lifeact-‐GFP.	  IpLITR	  1.1b/ITAM	  expression	  in	  non-‐
transfected	  cells	  (A)	  and	  co-‐transfected	  cells	  (B)	  shown.	  Axes	  represent	  intensity	  of	  
fluorescence	  in	  Channel	  11	  (AF647)	  and	  Channel	  2	  (GFP).	  Mean	  percent	  ±	  SEM	  of	  cells	  
gated	  from	  three	  independent	  experiments	  shown.	  
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Figure	  4.	  4	  Imaging	  flow	  cytometry-‐based	  co-‐expression	  analysis	  of	  Lifeact-‐GFP	  and	  
IpLITR	  1.1b/WT	  in	  AD293	  cells.	  AD293	  cells	  stably	  expressing	  IpLITR	  1.1b/WT	  (~3x105	  
cells)	  were	  transiently	  co-‐transfected	  with	  Lifeact-‐GFP	  for	  twenty-‐four	  hours	  then	  
harvested	  and	  surface	  stained	  for	  IpLITR	  co-‐expression	  with	  0.1	  μg	  αHA	  mAb	  followed	  
by	  staining	  with	  0.5	  μg	  AF647-‐conjugated	  rabbit	  α-‐mouse	  IgG.	  Lifeact-‐GFP	  and	  IpLITR	  co-‐
expression	  was	  compared	  to	  AD293	  cells	  stably	  expressing	  IpLITR	  1.1b/WT	  that	  were	  
not	  transfected	  with	  Lifeact-‐GFP.	  IpLITR	  1.1b/WT	  expression	  in	  non-‐transfected	  cells	  (A)	  
and	  co-‐transfected	  cells	  (B)	  shown.	  Axes	  represent	  intensity	  of	  fluorescence	  in	  Channel	  
11	  (AF647)	  and	  Channel	  2	  (GFP).	  Mean	  percent	  ±	  SEM	  of	  cells	  gated	  from	  three	  
independent	  experiments	  shown.	  
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Figure	  4.	  5	  Gating	  and	  component	  masking	  strategy	  for	  imaging	  flow	  cytometry-‐based	  
analysis	  of	  IpLITR	  1.1b/ITAM	  and	  1.1b/WT	  –mediated	  target	  capture	  and	  engulfment.	  
AD293	  cells	  stably	  expressing	  IpLITR	  1.1b/ITAM	  and	  1.1b/WT	  (~3x105	  cells)	  were	  
incubated	  with	  anti-‐HA	  mAb-‐coated	  BB	  beads	  (9	  ×	  105	  beads/sample;	  emission	  at	  
450nm)	  at	  37°C	  for	  one	  hour.	  Surface	  bound	  beads	  were	  counterstained	  with	  AF647-‐
conjugated	  rabbit	  anti-‐mouse	  IgG.	  Fluorescence	  intensity	  of	  AF647	  and	  BB	  beads	  were	  
plotted	  against	  each	  other	  showing	  the	  association	  of	  beads	  with	  IpLITR	  1.1b/ITAM	  (A)	  
or	  1.1b/WT	  (C)	  –expressing	  cells.	  (+)	  represents	  fluorescence	  while	  (–)	  represents	  no	  
fluorescence.	  Events	  marked	  by	  blue	  box	  represent	  cells	  that	  are	  associated	  with	  one	  or	  
more	  surface	  bound	  bead.	  The	  population	  of	  BB+	  cells	  associated	  with	  three	  or	  fewer	  
beads	  are	  sub-‐analyzed	  in	  B	  (IpLITR	  1.1b/ITAM)	  and	  D	  (1.1b/WT):	  events	  in	  region	  (R)4	  
only	  have	  internalized	  beads;	  events	  in	  R7	  have	  internalized	  at	  least	  1	  bead;	  events	  in	  R5	  
and	  R6	  only	  have	  surface	  bound	  beads.	  Numerical	  results	  graphed	  in	  below	  in	  Figure	  
4.6.	   	  
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Figure	  4.	  6	  IpLITR	  1.1b/ITAM	  and	  1.1b/WT	  retain	  their	  phagocytic	  phenotype	  after	  co-‐
transfection	  with	  Lifeact-‐GFP.	  AD293	  cells	  stably	  expressing	  IpLITR	  1.1b/ITAM	  (A)	  and	  
1.1b/WT	  (B)	  were	  co-‐transfected	  with	  Lifeact-‐GFP	  (+)	  for	  twenty-‐four	  hours.	  The	  ability	  
of	  co-‐transfected	  cells	  (3	  ×	  105	  cell/sample)	  to	  internalize	  αHA	  mAb	  or	  IgG3	  isotype	  
control	  –coated	  beads	  (9	  ×	  105	  beads/sample)	  at	  37°C	  for	  one	  hour	  was	  assessed	  by	  
imaging	  flow	  cytometry	  in	  comparison	  to	  cells	  without	  Lifeact-‐GFP	  (-‐).	  Numbers	  
represent	  the	  mean	  percent	  of	  population	  that	  had	  internalized	  at	  least	  one	  bead	  
(black),	  only	  had	  surface	  bound	  beads	  (gray),	  or	  were	  not	  associated	  with	  beads	  (white).	  
Mean	  ±	  SEM	  (error	  bars)	  of	  three	  independent	  experiments	  shown.	  
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Figure	  4.	  7	  Expected	  and	  observed	  actin	  distribution	  during	  IpLITR	  1.1b/ITAM-‐
mediated	  phagocytosis.	  Representative	  images	  of	  IpLITR	  1.1b/ITAM	  –expressing	  cells	  
binding	  beads	  (Ai-‐Aii),	  extending	  pseudopods	  (Bi-‐Bii),	  sealing	  phagosomes	  (Ci-‐Cii)	  or	  
maturing	  phagosomes	  (Di-‐Dii).	  Asterisks	  show	  location	  of	  BB	  beads	  (not	  shown).	  Lifeact-‐
GFP	  (actin)	  is	  shown	  in	  green	  and	  Cy5-‐conjugated	  goat	  anti-‐mouse	  (exposed	  αHA	  mAb	  
on	  BB	  beads)	  shown	  in	  red.	  Scale	  bar	  5	  μm.	   	  
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Figure	  4.	  9	  Expected	  and	  observed	  actin	  distribution	  during	  IpLITR	  1.1b/WT	  –mediated	  
phagocytosis.	  Representative	  images	  of	  IpLITR	  1.1b/WT	  –expressing	  cells	  binding	  beads	  
(Ai-‐Aii),	  extending	  pseudopods	  (Bi-‐Bii),	  sealing	  phagosomes	  (Ci-‐Cii)	  or	  maturing	  
phagosomes	  (Di-‐Dii).	  Asterisks	  show	  location	  of	  BB	  beads	  (not	  shown).	  Lifeact-‐GFP	  
(actin)	  is	  shown	  in	  green	  and	  Cy5-‐conjugated	  goat	  anti-‐mouse	  (exposed	  anti-‐HA	  mAb	  on	  
BB	  beads)	  shown	  in	  red.	  Scale	  bar	  5	  μm.
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CHAPTER	  5	  

	  

Development	  of	  an	  imaging-‐based	  platform	  to	  study	  IpLITR-‐mediated	  recruitment	  of	  

phosphoinositides	  and	  other	  signaling	  molecules	  during	  the	  phagocytic	  process	  

	  

5.1	  Introduction	  

Phosphoinositides	  (PIs)	  are	  plasma	  membrane	  phospholipids	  that	  are	  predominantly	  

found	  differentially	  and	  spatially	  distributed	  amongst	  the	  cytoplasmic	  leaflet	  of	  cellular	  

membranes,	  generally	  in	  low	  abundance,	  and	  critical	  in	  recruiting	  effector	  proteins	  to	  

membranes	  (Kutateladze,	  2010;	  Levin	  et	  al,	  2015;	  Swanson,	  2014).	  PIs	  are	  composed	  of	  

diacylglycerol	  linked	  to	  D-‐myo-‐inositol-‐1-‐phosphate	  via	  a	  phosphodiester	  bond.	  The	  

hydrophobic	  diacylglycerol	  inserts	  into	  membranes	  and	  D-‐myo-‐inositol-‐1-‐phosphate	  is	  

exposed	  to	  the	  intracellular	  environment.	  Hydroxyl	  groups	  on	  positions	  3,	  4,	  and	  5	  of	  

the	  inositol	  ring	  can	  be	  reversibly	  phosphorylated	  (or	  dephosphorylated)	  to	  generate	  

seven	  distinct	  PI	  species:	  monophosphorylated	  PI(3)P,	  PI(4)P,	  and	  PI(5)P;	  

bisphosphorylated	  PI(3,4)P2,	  PI(3,5)P2,	  PI(4,5)P2;	  and	  trisphosphorylated	  PI(3,4,5)P3	  

(depicted	  in	  Fig	  5.1).	  PIs	  can	  also	  be	  irreversibly	  hydrolyzed	  by	  phospholipases	  to	  

generate	  diacylglycerol	  and	  an	  inositol	  ring,	  which	  can	  also	  serve	  as	  potent	  intracellular	  

signals	  (reviewed	  by	  Kutateladze,	  2010;	  Schink	  et	  al,	  2016;	  Levin	  et	  al,	  2015).	  Differential	  

inositol	  phosphorylation	  is	  responsible	  for	  mediating	  the	  recruitment	  of	  distinct	  effector	  

molecules	  that	  have	  been	  implicated	  in	  various	  intracellular	  signaling	  networks	  

responsible	  for	  membrane	  trafficking,	  cytoskeletal	  rearrangements,	  as	  well	  as	  lipid	  
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metabolism.	  PI	  effector	  proteins	  recognize	  individual	  PI	  through	  binding	  domains	  such	  

as	  pleckstrin	  homology	  (PH)	  and	  F-‐Y-‐V-‐E	  domains	  (Kutateladze,	  2010).	  The	  FYVE	  domain	  

is	  a	  ~70	  amino	  acid	  zinc-‐binding	  domain	  with	  three	  positively	  charged,	  conserved	  

sequences	  (WxxD,	  RR/KHHCR	  and	  RVC	  motifs),	  that	  specifically	  bind	  PI(3)P	  (Kutateladze,	  

2010).	  The	  amino	  acid	  sequence	  of	  PH	  domain	  is	  highly	  variable	  between	  PH	  domain-‐

containing	  proteins	  but	  they	  form	  a	  conserved	  three-‐dimensional	  structure	  resulting	  in	  

PI	  recognition	  by	  a	  diverse	  array	  of	  molecules	  (Kutateladze,	  2010).	  At	  least	  eleven	  PI	  

binding	  domains	  have	  been	  described	  (Kutateladze,	  2010)	  but	  the	  focus	  of	  this	  thesis	  

will	  be	  on	  the	  PH	  and	  FYVE	  domains.	  

Despite	  the	  importance	  of	  PIs	  in	  regulating	  many	  cellular	  processes,	  PI-‐effector	  

protein	  interactions	  are	  difficult	  to	  study	  using	  traditional	  methods	  of	  exploring	  protein-‐

protein	  interactions	  (Grinstein,	  2010).	  Some	  PI	  species	  are	  only	  transiently	  found	  in	  cells	  

and	  many	  PI	  interactions	  are	  ephemeral.	  Biochemical	  methods	  tend	  to	  destroy	  

phospholipid	  species	  during	  processing	  while	  immunofluorescence	  requires	  

permeabilization	  of	  the	  plasma	  membrane,	  which	  largely	  removes	  PIs	  (Grinstein,	  2010).	  

Due	  to	  the	  difficulty	  of	  studying	  phosphoinositide-‐mediated	  interactions,	  there	  has	  been	  

a	  surge	  of	  imaging-‐based	  tools	  that	  mainly	  rely	  on	  the	  fluorescent	  protein	  (FP)	  tagging	  of	  

phosphoinositide	  binding	  domains	  such	  as	  pleckstrin	  homology	  domain	  and	  FYVE.	  

Confocal-‐microscopy-‐based	  examination	  of	  the	  distribution	  of	  phosphoinositides	  using	  

these	  tools	  has	  provided	  much	  information	  regarding	  the	  localization	  of	  

phosphoinositides	  during	  various	  cellular	  processes.	  For	  example,	  using	  a	  fusion	  

construct	  containing	  the	  PH	  domain	  of	  phospholipase	  C	  δ1	  (PH-‐PLCδ1-‐GFP),	  a	  protein	  
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known	  to	  selectively	  bind	  PI(4,5)P2,	  Várnai	  and	  Balla	  (1998),	  demonstrated	  that	  PI(4,5)P2	  

is	  present	  in	  the	  plasma	  membrane	  of	  resting	  cells.	  Additionally,	  by	  fusing	  two	  FYVE	  zinc	  

finger	  domains	  from	  the	  PI(3)P-‐binding	  protein	  Hrs	  (a	  protein	  known	  to	  bind	  PI(3)P)	  to	  

GFP	  (i.e.	  2×FYVE-‐GFP),	  Gillooly	  et	  al	  (2000)	  demonstrated	  that	  PI(3)P	  localizes	  to	  early	  

endosomes.	  This	  strategy	  of	  fusing	  fluorescent	  proteins	  to	  phosphoinositide-‐binding	  

domains	  to	  visualize	  phosphoinositide	  distribution	  during	  cellular	  processes	  has	  

revolutionized	  our	  understanding	  of	  the	  overall	  importance	  of	  lipid	  signaling-‐mediated	  

regulation	  of	  cellular	  events	  such	  as	  phagocytosis.	  

During	  phagocytosis,	  PI	  species	  are	  critical	  for	  promoting	  cytoskeletal	  

rearrangements,	  plasma	  membrane	  remodelling,	  and	  phagosome	  maturation	  (Swanson,	  

2008;	  Swanson,	  2014;	  Levin	  et	  al,	  2015).	  Specifically,	  during	  FcR-‐mediated	  phagocytosis,	  

receptor-‐mediated	  signal	  transduction	  results	  in	  a	  transient	  but	  localized	  increase	  in	  

PI(4,5)P2	  at	  sites	  where	  pseudopods	  form	  (Botelho	  et	  al,	  2000).	  This	  increase	  in	  PI(4,5)P2	  

occurs	  concomitantly	  with	  the	  activation	  of	  small	  RhoGTPases	  (Cdc42	  and	  Rac1)	  that	  are	  

responsible	  for	  activating	  actin	  nucleation-‐promoting	  factors	  WASP	  and	  WAVE,	  which	  

bind	  to	  Arp2/3	  and	  promote	  actin	  polymerization	  (Hoppe	  and	  Swanson,	  2004;	  

Takenawa	  &	  Suetsugu,	  2007).	  Additionally,	  receptor	  activation	  results	  in	  the	  recruitment	  

and	  activation	  of	  spleen	  tyrosine	  kinase	  (Syk)	  which	  is	  responsible	  for	  the	  activation	  of	  

downstream	  adaptor	  molecules	  that	  provide	  a	  platform	  for	  the	  localization	  of	  PI(4,5)P2	  

effector	  molecules	  to	  the	  phagocytic	  cup	  (Crowley	  et	  al,	  1997;	  Tridandapani	  et	  al,	  2000;	  

Berton	  et	  al,	  2005).	  As	  the	  phagocytic	  cup	  begins	  to	  close,	  PI(4,5)P2	  surrounding	  the	  

phagosomal	  membrane	  disappears	  via	  two	  major	  pathways:	  irreversible	  cleavage	  to	  
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diacylglycerol	  and	  inositol	  triphosphate	  (IP3)	  (Botelho	  et	  al.,	  2000)	  and	  phosphorylation	  

by	  PI-‐3-‐kinase	  to	  form	  PI(3,4,5)P3	  (Araki	  et	  al,	  1996).	  This	  disappearance	  of	  PI(4,5)P2	  

corresponds	  with	  actin	  depolymerisation	  at	  the	  base	  of	  the	  phagocytic	  cup	  and	  a	  

concomitant	  increase	  in	  PI(3,4,5)P3	  (Levin	  et	  al,	  2015).	  	  During	  FcR-‐mediated	  

phagocytosis,	  PI(3)P	  is	  absent	  from	  pseudopodia	  and	  the	  plasma	  membrane	  but	  is	  

predominantly	  detected	  surrounding	  maturing	  phagosomes	  (Levin	  et	  al,	  2015).	  	  

We	  previously	  demonstrated	  that	  the	  teleost	  ITAM-‐dependent	  functional	  

responses	  such	  as	  phagocytosis	  are	  dependent	  on	  many	  of	  the	  mediators	  that	  are	  

involved	  in	  the	  prototypical,	  mammalian	  ITAM-‐mediated	  responses	  (Cortes	  et	  al,	  2012;	  

Lillico	  et	  al,	  2015).	  Additionally,	  this	  teleost	  receptor	  induced	  a	  phagocytic	  response	  that	  

was	  visually	  reminiscent	  of	  the	  mammalian	  FcR-‐mediated	  phagocytosis.	  On	  the	  other	  

hand,	  the	  ITAM-‐independent,	  IpLITR	  1.1b/WT	  receptor	  did	  not	  appear	  to	  require	  many	  

of	  the	  signaling	  components	  of	  the	  prototypical	  ITAM-‐mediated	  signaling	  cascade	  

including	  the	  activity	  of	  PI3K;	  however,	  IpLITR	  1.1b-‐mediated	  phagocytosis	  did	  require	  

actin	  polymerization	  as	  well	  as	  the	  activities	  of	  Src	  and	  Syk	  kinases	  (Lillico	  et	  al,	  2015).	  

This	  led	  to	  the	  hypothesis	  that	  IpLITR	  1.1b-‐mediated	  phagocytosis	  could	  be	  mediated	  in	  

a	  Syk-‐dependent	  manner	  whereby	  Syk	  kinase	  is	  recruited	  to	  the	  ITIMs	  (i.e.	  Y477	  and	  Y499)	  

within	  the	  distal	  cytoplasmic	  region	  of	  IpLITR	  1.1b	  which	  are	  spaced	  twenty-‐two	  amino	  

acids	  apart:	  a	  spacing	  previously	  demonstrated	  to	  facilitate	  Syk	  recruitment	  by	  the	  ITIM-‐

containing	  receptor	  PECAM-‐1	  (Wang	  et	  al,	  2011).	  In	  addition,	  in	  RBL-‐2H3	  cells,	  IpLITR	  

1.1b-‐induced	  target	  acquisition	  often	  (but	  not	  always)	  resulted	  in	  the	  formation	  of	  

stalled	  phagocytic	  cups	  in	  which	  beads	  remained	  surface-‐bound:	  an	  observation	  that	  
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might	  be	  explained	  by	  the	  independence	  of	  IpLITR	  1.1b-‐mediated	  phagocytosis	  on	  the	  

activity	  of	  PI3K	  (Lillico	  et	  al,	  2015).	  This	  led	  to	  the	  hypothesis	  that	  IpLITR	  1.1b	  exists	  in	  a	  

primed	  state	  facilitating	  rapid	  engulfment	  of	  some	  targets.	  This	  primed	  state	  could	  be	  

dependent	  on	  Nck1-‐mediated	  recruitment	  and	  activation	  of	  the	  WAVE2	  complex	  to	  link	  

IpLITR	  1.1b	  binding	  to	  cytoskeletal	  reorganization	  (Lillico	  et	  al,	  2015).	  	  

In	  Chapter	  4,	  I	  visualized	  the	  distribution	  of	  actin	  when	  beads	  were	  surface-‐

bound,	  partially	  engulfed,	  and	  fully	  internalized	  to	  gain	  insight	  into	  the	  cytoskeletal	  

changes	  mediated	  by	  IpLITR	  1.1b.	  I	  demonstrated	  that,	  during	  the	  IpLITR	  1.1b/ITAM-‐

mediated	  phagocytic	  process,	  actin	  dynamics	  followed	  the	  mammalian	  FcR-‐induced,	  

linear	  progression	  from	  target	  binding,	  pseudopod	  extension,	  phagosome	  sealing,	  and	  

phagosome	  maturation;	  conversely,	  the	  ITAM-‐independent	  receptor,	  IpLITR	  1.1b/WT,	  

promoted	  a	  unique	  distribution	  of	  actin	  during	  the	  receptor-‐mediated	  phagocytic	  

process	  likely	  due	  to	  distinct	  signaling	  pathways	  between	  the	  two	  IpLITR-‐types.	  

Specifically,	  I	  observed	  that	  IpLITR	  1.1b	  did	  not	  promote	  the	  extension	  of	  long	  

pseudopodia	  (actin-‐rich,	  membranous	  filopodia	  that	  extend	  and	  reach	  around	  targets	  to	  

engulf	  them)	  that	  are	  characteristic	  of	  ITAM-‐mediated	  phagocytosis	  (i.e.	  FcR,	  Dectin-‐1,	  

and	  IpLITR	  1.1b/ITAM)(Flannagan	  et	  al,	  2012,	  Mao	  &	  Finnemann,	  2015).	  The	  difference	  

in	  IpLITR	  1.1b/ITAM	  and	  IpLITR	  1.1b/WT	  –mediated	  reorganization	  of	  the	  cytoskeleton	  

could	  be	  explained	  by	  distinct	  signaling	  pathways	  that	  translate	  receptor	  binding	  to	  F-‐

actin	  nucleation.	  

In	  this	  chapter,	  I	  tested	  the	  hypothesis	  that	  IpLITR	  1.1b/ITAM	  and	  IpLITR	  

1.1b/WT	  promote	  distinct	  distributions	  of	  signal	  transduction	  molecules	  during	  the	  
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IpLITR-‐mediated	  phagocytic	  process.	  To	  test	  this	  hypothesis,	  I	  used	  GFP-‐tagged	  PH-‐

PLCδ1	  and	  2xFYVE,	  probes	  for	  PI(4,5)P2	  and	  PI(3)P	  respectively,	  as	  well	  as	  a	  GFP-‐tagged	  

Syk	  kinase	  in	  order	  to	  visualize	  the	  distribution	  of	  these	  molecules	  during	  IpLITR-‐

mediated	  phagocytosis.	  My	  first	  aim	  was	  to	  test	  whether	  IpLITR	  1.1b/ITAM	  and	  IpLITR	  

1.1b/WT	  would	  induce	  a	  PI(4,5)P2	  distribution	  that	  would	  follow	  the	  pattern	  of	  actin	  

dynamics	  that	  I	  previously	  observed	  in	  Chapter	  4.	  Specifically,	  would	  IpLITR	  1.1b/ITAM	  

promote	  a	  transient	  increase	  in	  PI(4,5)P2	  at	  the	  location	  of	  receptor-‐binding	  that	  

followed	  the	  length	  of	  pseudopodia	  while	  disappearing	  from	  the	  base	  of	  the	  nascent	  

phagosome	  and	  disappear	  from	  maturing	  phagosome?	  Additionally,	  does	  PI(4,5)P2	  

localize	  to	  the	  short	  pseudopodia	  previously	  observed	  during	  IpLITR	  1.1b/WT-‐mediated	  

phagocytosis?	  Secondly,	  to	  provide	  further	  evidence	  that	  IpLITR-‐mediated	  phagocytosis	  

results	  in	  internalization	  of	  targets	  into	  a	  PI(3)P-‐enriched	  phagosome,	  I	  visualized	  the	  

distribution	  of	  2xFYVE-‐GFP	  during	  IpLITR-‐mediated	  phagocytosis	  (Fig	  5.2).	  Lastly,	  I	  

attempted	  to	  monitor	  the	  distribution	  of	  SykGFP	  during	  IpLITR-‐mediated	  phagocytosis	  

to	  study	  the	  recruitment	  of	  this	  cytoplasmic	  signaling	  protein	  to	  the	  phagocytic	  cup.	  

However,	  I	  was	  only	  able	  to	  provide	  preliminary	  observations	  regarding	  SykGFP	  

localization	  to	  the	  IpLITR	  1.1b/ITAM-‐mediated	  phagocytic	  cup.	  Overall,	  my	  studies	  

provide	  the	  first	  insights	  into	  the	  distribution	  of	  PI(4,5)P2	  and	  PI(3)P	  during	  the	  IpLITR-‐

mediated	  phagocytic	  process,	  which	  sets	  the	  stage	  for	  understanding	  the	  role	  of	  these	  

lipid	  mediators	  during	  IpLITR-‐mediated	  signal	  transduction.	  
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5.2	  Results	  

5.2.1	  Examination	  of	  the	  distribution	  of	  phosphatidylinositol	  4,5-‐bisphosphate	  during	  

IpLITR	  1.1b/ITAM	  and	  1.1b/WT	  –mediated	  phagocytosis	  using	  PH-‐PLCδ1-‐GFP	  

5.2.1.1	  Imaging	  flow	  cytometry-‐based	  validation	  of	  IpLITR	  phagocytic	  phenotypes	  

after	  AD293	  co-‐transfections	  with	  PH-‐PLCδ1-‐GFP	  

To	  determine	  if	  IpLITR	  stable	  expression	  in	  AD293	  cells	  was	  affected	  by	  co-‐transfection	  

with	  PH-‐PLCδ1-‐GFP,	  receptor	  expression	  levels	  were	  compared	  to	  that	  of	  PH-‐PLCδ1-‐GFP	  

co-‐transfected	  cells	  using	  imaging	  flow	  cytometry.	  Approximately	  98%	  and	  98.6%	  of	  

AD293	  cells	  stably	  expressing	  IpLITR	  1.1b/ITAM	  and	  IpLITR	  1.1b/WT,	  respectively,	  were	  

positive	  for	  IpLITR;	  these	  cells	  did	  not	  express	  GFP	  (Figs	  5.3A	  and	  5.4A).	  Approximately	  

46%	  of	  PH-‐PLCδ1-‐GFP	  co-‐transfected,	  IpLITR	  1.1b/ITAM-‐expressing,	  cell	  population	  

fluoresced	  in	  both	  channels	  (Fig	  5.3	  B)	  while	  only	  25%	  of	  co-‐transfected	  IpLITR	  1.1b/WT	  

cells	  were	  double	  positive	  (Fig	  5.4	  B).	  Importantly,	  the	  majority	  of	  cells	  not	  expressing	  

GFP	  retained	  IpLITR	  co-‐expression.	  Although	  there	  was	  some	  background	  with	  the	  

isotype	  control	  antibody	  (IgG3),	  the	  staining	  pattern	  did	  not	  reflect	  the	  surface	  

expression	  of	  IpLITRs	  (i.e.	  it	  was	  diffuse	  and	  usually	  debris	  that	  fell	  within	  the	  gates	  

used).	  Results	  of	  isotype	  control	  stain	  are	  in	  Figures	  A1,	  A3,	  A6,	  and	  A8	  of	  the	  appendix.	  

Simultaneously,	  the	  phagocytic	  activity	  of	  these	  cells	  was	  also	  verified	  by	  imaging	  flow	  

cytometry.	  AD293	  cells	  stably	  expressing	  IpLITRs	  retained	  their	  overall	  phagocytic	  

phenotypes	  (Fig	  5.5);	  that	  is,	  IpLITR	  1.1b/ITAM	  demonstrated	  an	  overall	  engulfment	  

phenotype	  while	  IpLITR	  1.1b/WT	  had	  an	  overall	  tethering	  phenotype.	  Approximately	  

57%	  of	  IpLITR	  1.1b/ITAM	  cells	  had	  fully	  internalized	  at	  least	  one	  bead	  and	  4.3%	  of	  cells	  
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only	  had	  surface	  bound	  beads.	  PH-‐PLCδ1-‐GFP	  co-‐transfected	  IpLITR	  1.1b/ITAM	  cells	  

retained	  a	  similar	  phenotype	  as	  47.2%	  phagocytosed	  at	  least	  one	  bead	  and	  4.3%	  had	  

surface	  bound	  beads	  only	  (Fig	  5.5A).	  IpLITR	  1.1b/WT-‐expressing	  AD293	  stables	  

predominantly	  had	  surface	  bound	  targets	  (30.4%)	  and	  only	  19.8%	  phagocytosed	  at	  least	  

one	  bead.	  Co-‐transfected	  IpLITR	  1.1b/WT	  cells	  also	  retained	  a	  similar	  phenotype	  with	  

18.3%	  fully	  internalizing	  at	  least	  one	  bead	  and	  28.9%	  with	  only	  surface	  bound	  beads	  (Fig	  

5.5B).	  Neither	  IpLITR	  1.1b/ITAM	  nor	  IpLITR	  1.1b/WT–expressing	  cells	  engulfed	  beads	  

coated	  in	  isotype	  control	  demonstrated	  by	  a	  lack	  of	  bead-‐cell	  association	  (~98%	  for	  all	  

cell	  populations	  tested).	  These	  observations	  demonstrate	  that	  when	  AD293	  cells	  stably	  

expressing	  IpLITRs	  are	  co-‐transfected	  with	  PH-‐PLCδ1-‐GFP	  they	  retain	  IpLITR	  surface	  

expression	  and	  previously	  documented	  phagocytic	  activities.	  

	  

5.2.1.2	  Confocal	  microscopy-‐based	  examination	  of	  the	  PH-‐PLCδ1-‐GFP	  distribution	  

during	  IpLITR	  1.1b/ITAM	  –mediated	  phagocytosis	  

To	  determine	  whether	  PI(4,5)P2	  is	  reorganized	  during	  IpLITR-‐mediated	  phagocytosis,	  I	  

examined	  its	  distribution	  using	  PH-‐PLCδ1-‐GFP	  which	  detects	  PI(4,5)P2.	  The	  progression	  

of	  the	  distribution	  of	  PH-‐PLCδ1-‐GFP	  during	  IpLITR	  1.1b/ITAM	  –mediated	  phagocytosis	  is	  

shown	  in	  Fig	  5.6.	  As	  was	  predicted	  based	  on	  classical	  FcR-‐mediated	  phagocytosis,	  there	  

was	  a	  transient	  increase	  in	  PI(4,5)P2	  at	  the	  base	  of	  the	  phagocytic	  cup	  upon	  binding.	  As	  

PI(4,5)P2	  –rich	  pseudopodia	  extended	  around	  targets,	  PI(4,5)P2	  disappeared	  from	  the	  

base	  of	  the	  phagocytic	  cup	  and	  was	  not	  present	  in	  the	  early	  phagosomal	  membrane.	  

Figure	  5.7	  shows	  representative	  images	  of	  the	  PH-‐PLCδ1-‐GFP	  distribution	  when	  beads	  
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observations	  demonstrate	  IpLITR	  1.1b/WT	  –induced	  changes	  in	  the	  distribution	  of	  

PI(4,5)P2	  that	  were	  unique	  from	  the	  ITAM-‐dependent	  receptor	  but	  akin	  to	  the	  IpLITR	  

1.1b-‐induced	  reorganization	  of	  F-‐actin	  previously	  reported	  in	  Chapter	  4.	  

	  

5.2.2	  Examination	  of	  the	  phosphatidylinositol	  3-‐phosphate	  distribution	  during	  IpLITR	  

1.1b/ITAM	  and	  1.1b/WT	  –mediated	  phagocytosis	  using	  2xFYVE-‐GFP	  

5.2.2.1	  Imaging	  flow	  cytometry-‐based	  validation	  of	  IpLITR	  phagocytic	  phenotypes	  

after	  AD293	  co-‐transfections	  with	  2xFYVE-‐GFP	  

To	  validate	  the	  stability	  of	  IpLITR	  expression	  during	  co-‐transfection	  with	  2xFYVE-‐GFP,	  

IpLITR	  expression	  was	  again	  monitored	  using	  imaging	  flow	  cytometry.	  When	  AD293	  cells	  

stably	  expressing	  IpLITRs	  were	  stained	  (positive	  control	  for	  IpLITR	  stable	  expression),	  

97.6%	  and	  96.8%	  of	  cell	  populations	  were	  expressing	  IpLITR	  1.1b/ITAM	  or	  96.8%	  of	  

IpLITR	  1.1b/WT	  respectively	  (Figs.	  5.10A	  and	  5.11A).	  AD293	  cells	  stably	  expressing	  IpLITR	  

1.1b/ITAM	  or	  1.1b/WT	  were	  co-‐transfected	  with	  2xFYVE-‐GFP	  then	  HA-‐epitope	  tagged	  

IpLITR	  stained	  with	  anti-‐HA	  mAb	  to	  measure	  IpLITR	  and	  GFP	  co-‐expression.	  Over	  half	  of	  

the	  co-‐transfected	  population	  of	  IpLITR	  1.1b/ITAM	  cells	  (52.6%)	  were	  double	  positive	  for	  

GFP	  and	  IpLITR	  expression	  and	  the	  majority	  of	  the	  population	  retained	  its	  IpLITR	  

expression	  regardless	  of	  GFP	  expression	  (Fig	  5.10B).	  The	  proportion	  of	  double	  positive	  

cells	  was	  lower	  for	  IpLITR	  1.1b/WT	  cells:	  seventeen	  percent	  of	  this	  population	  co-‐

expressed	  GFP	  and	  IpLITR	  (Fig	  5.11B).	  Regardless,	  IpLITR	  1.1b/WT	  expression	  remained	  

relatively	  stable	  after	  co-‐transfection.	  Lastly,	  when	  cells	  were	  treated	  with	  isotype	  

control	  antibody,	  they	  did	  not	  stain	  (Appendix	  Figure	  A4	  &	  A9).	  
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When	  assessed	  for	  phagocytic	  activity,	  both	  cell	  types	  and	  their	  co-‐transfected	  

counterparts	  retained	  their	  phagocytic	  phenotypes.	  	  For	  example,	  ~45.9%	  of	  cells	  stably	  

expressing	  IpLITR	  1.1b/ITAM	  internalized	  one	  or	  more	  beads	  and	  2.7%	  had	  surface	  

bound	  beads	  only	  (Fig	  5.12A).	  Co-‐transfected	  cells	  internalized	  at	  least	  one	  bead	  38.7%	  

of	  the	  time	  and	  2.4%	  had	  surface	  bound	  beads	  only	  (Fig	  5.12A).	  Eighteen	  percent	  of	  the	  

population	  of	  cells	  stably	  expressing	  IpLITR	  1.1b/WT	  phagocytosed	  at	  least	  one	  bead	  

while	  26%	  of	  these	  cells	  had	  surface	  bound	  beads	  only	  (Fig	  5.12B).	  In	  co-‐transfected	  

cells,	  the	  proportion	  of	  cells	  with	  phagocytosed	  beads	  was	  13.6%	  and	  28.5%	  had	  surface	  

bound	  beads	  only	  (Fig	  5.12B).	  Isotype	  control-‐coated	  beads	  did	  not	  induce	  IpLITR-‐

mediated	  internalization	  (Fig	  5.12).	  These	  results	  confirm	  that	  2xFYVE-‐GFP	  co-‐

transfection	  does	  not	  affect	  IpLITR	  expression	  levels	  and	  their	  associated	  phagocytic	  

phenotypes,	  suggesting	  that	  the	  co-‐transfection	  process	  does	  not	  alter	  the	  activity	  of	  

the	  receptors.	  

	  
5.2.2.2	  Confocal	  microscopy-‐based	  examination	  of	  the	  2xFYVE-‐GFP	  distribution	  during	  

IpLITR	  1.1b/ITAM	  –mediated	  phagocytosis	  

To	  determine	  whether	  targets	  of	  IpLITR-‐mediated	  phagocytosis	  are	  internalized	  into	  a	  

PI(3)P-‐enriched	  phagosome,	  the	  distribution	  of	  this	  phosphoinositide	  was	  detected	  

using	  2xFYVE-‐GFP.	  The	  predicted	  distribution	  of	  PI(3)P	  during	  classical	  mammalian	  

ITAM-‐mediated	  phagocytosis	  is	  shown	  in	  Fig	  5.13:	  PI(3)P	  is	  only	  localized	  to	  early	  

endosomal	  and	  phagosomal	  membranes	  and	  not	  the	  plasma	  membrane.	  This	  pattern	  

was	  observed	  during	  IpLITR	  1.1b/ITAM	  –mediated	  phagocytosis	  (Fig	  5.13	  and	  5.14).	  Only	  

fully	  internalized	  targets	  had	  recruited	  2xFYVE-‐GFP	  to	  the	  maturing	  phagosome.	  The	  
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phagocytosed	  at	  least	  one	  bead	  and	  3.1%	  of	  cells	  only	  had	  surface	  bound	  beads.	  Like	  

the	  parental	  population,	  cells	  co-‐transfected	  with	  Syk-‐GFP	  preferentially	  internalized	  at	  

least	  one	  bead:	  33.5%	  phagocytosed	  at	  least	  one	  bead	  and	  2.2%	  only	  bound	  beads	  on	  

their	  surface	  (Fig	  5.18).	  Neither	  cell	  population	  internalized	  Isotype	  (IgG3)-‐coated	  beads.	  

These	  results	  demonstrated	  that	  transfection	  with	  Syk-‐GFP	  did	  not	  alter	  the	  expression	  

of	  IpLITR	  1.1b/ITAM	  or	  the	  engulfment	  phenotype	  of	  this	  receptor.	  

	  

5.2.3.2	  Confocal	  microscopy-‐based	  examination	  of	  the	  Syk-‐GFP	  localization	  to	  the	  

phagocytic	  cup	  during	  IpLITR	  1.1b/ITAM	  –mediated	  phagocytosis	  

To	  visually	  assess	  the	  localization	  of	  Syk-‐GFP	  to	  the	  phagocytic	  cup,	  I	  co-‐transfected	  

IpLITR	  1.1b/ITAM	  –expressing	  cells	  with	  Syk-‐GFP	  and	  assessed	  GFP	  distribution	  in	  cells	  

fixed	  during	  internalization	  (Fig	  5.19).	  Shown	  in	  Figure	  5.19	  (A-‐C)	  are	  cells	  that	  have	  

bound	  beads	  to	  their	  surface.	  The	  top	  cell	  in	  panel	  D	  (Fig	  5.19)	  has	  two	  beads	  that	  are	  

partially	  engulfed;	  arrow	  indicates	  which	  bead	  is	  shown	  in	  inset.	  In	  panel	  E	  and	  F	  are	  two	  

cells	  that	  are	  no	  longer	  exposed	  to	  GαM	  Cy5	  and	  are	  therefore	  internalized.	  Insets	  show	  

exposure	  of	  beads	  to	  GαM	  Cy5	  (i),	  distribution	  of	  Syk-‐GFP	  (ii),	  and	  overlay.	  This	  

preliminary	  examination	  of	  Syk	  recruitment	  during	  IpLITR	  1.1b/ITAM-‐mediated	  

phagocytosis	  was	  performed	  twice	  and	  further	  experiments	  will	  be	  required	  to	  make	  

conclusions	  about	  Syk-‐GFP	  recruitment	  to	  the	  IpLITR	  1.1b/ITAM-‐mediated	  phagocytic	  

cup.	  
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5.3	  Discussion	  and	  Conclusions	  

My	  research	  focuses	  on	  understanding	  IpLITR-‐mediated	  regulation	  of	  immune	  

responses	  such	  as	  phagocytosis.	  In	  order	  to	  achieve	  this,	  I	  developed	  imaging-‐based	  

assays	  to	  monitor	  the	  distribution	  of	  actin	  and	  phosphoinositides	  (PIs)	  during	  the	  IpLITR-‐

mediated	  phagocytic	  process.	  In	  this	  chapter,	  I	  further	  confirmed	  that	  co-‐transfection	  of	  

AD293	  cells	  stably	  expressing	  IpLITRs	  is	  a	  useful	  way	  to	  monitor	  the	  distribution	  of	  

fluorophore-‐tagged	  signaling	  molecules	  during	  IpLITR-‐mediated	  signaling.	  Additionally,	  

my	  confocal	  microscopy-‐based	  examinations	  of	  PI(4,5)P2	  and	  PI(3)P	  distribution	  during	  

IpLITR-‐mediated	  phagocytic	  process	  represent	  the	  first	  evidence	  of	  IpLITR-‐mediated	  

changes	  in	  the	  distribution	  of	  PIs	  upon	  engagement	  of	  IpLITRs.	  I	  demonstrated	  that	  a	  

teleost	  ITAM-‐containing	  receptor	  induced	  PI	  distributions	  reminiscent	  of	  the	  

mammalian	  FcR-‐mediated	  phagocytic	  process	  while	  the	  ITAM-‐independent	  receptor	  

displayed	  a	  unique	  distribution	  of	  PI(4,5)P2.	  

During	  mammalian	  FcR-‐mediated	  phagocytosis,	  PI(4,5)P2	  is	  transiently	  enriched	  

at	  the	  phagocytic	  cup	  and	  this	  enrichment	  follows	  the	  length	  of	  pseudopodia	  as	  they	  

extend	  over	  targets	  while	  disappearing	  from	  the	  base	  of	  the	  phagocytic	  cup	  (Botelho	  et	  

al,	  2000).	  PI(4,5)P2	  is	  depleted	  from	  the	  phagosomal	  membrane	  before	  phagosome	  

closure	  (Botelho	  et	  al,	  2000).	  These	  dynamic	  changes	  in	  PI(4,5)P2	  distribution	  are	  

important	  for	  F-‐actin	  polymerization	  because	  PI(4,5)P2	  directly	  interacts	  with	  many	  

actin-‐binding	  proteins	  responsible	  for	  promoting	  actin	  polymerization	  while	  inhibiting	  

proteins	  that	  mediate	  actin	  depolymerisation	  (Saarikangas	  et	  al,	  2010).	  For	  example,	  

during	  FcR-‐mediated	  phagocytosis,	  the	  increased	  PI(4,5)P2	  concentration	  leads	  to	  the	  
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activation	  of	  RhoGTPases,	  Cdc42	  and	  Rac1	  (Hoppe	  &	  Swanson,	  2004).	  RhoGTPases	  

activate	  WASP	  and	  WAVE	  which	  in	  turn	  promote	  Arp2/3-‐mediated	  actin	  polymerization	  

(Higgs	  et	  al,	  2000).	  The	  disappearance	  of	  PI(4,5)P2	  coincides	  with	  the	  disappearance	  of	  

F-‐actin	  at	  the	  base	  of	  forming	  phagosomes	  (Scott	  et	  al,	  2005).	  Depletion	  of	  PI(4,5)P2	  is	  

mainly	  due	  its	  conversion	  to	  PI(3,4,5)P3	  (Araki	  et	  al,	  1996)	  and	  its	  cleavage	  to	  

diacylglycerol	  and	  inositol	  (1,4,5)-‐trisphosphate	  (Botelho	  et	  al,	  2000).	  Critical	  to	  the	  

recruitment	  of	  RhoGTPases	  is	  the	  activation	  and	  activity	  of	  spleen	  tyrosine	  kinase	  (Syk),	  

which	  is	  responsible	  for	  phosphorylation	  of	  adaptor	  proteins	  that	  localize	  RhoGTPases	  

to	  the	  phagocytic	  cup	  (Flannagan	  et	  al,	  2012;	  Berton	  et	  al,	  2005).	  Loss	  of	  Syk	  activity	  in	  

macrophages	  has	  been	  associated	  with	  failure	  to	  close	  phagocytic	  cups	  (Crowley	  et	  al	  

1997).	  Once	  internalized,	  the	  phagosomal	  membrane	  gains	  PI(3)P	  identity,	  an	  important	  

regulator	  of	  phagosome	  maturation	  (Levin	  et	  al,	  2015;	  Schink	  et	  al,	  2016).	  PI(3)P	  is	  

absent	  in	  the	  pseudopodia	  and	  plasma	  membrane	  of	  phagocytes	  but	  it	  is	  mainly	  found	  

on	  endosomes.	  

Akin	  to	  the	  distribution	  of	  PI(4,5)P2	  and	  PI(3)P	  during	  mammalian	  FcR-‐mediated	  

phagocytosis,	  the	  teleost	  ITAM-‐dependent	  receptor	  (i.e.	  IpLITR	  1.1b/ITAM)	  induced	  a	  

similar	  distribution	  of	  these	  phosphoinositides	  during	  internalization	  (Summarized	  in	  

Figure	  5.20).	  This	  observation	  further	  supported	  the	  notion	  that	  a	  teleost	  ITAM-‐

containing	  receptor	  mediates	  phagocytosis	  through	  a	  canonical	  ITAM-‐mediated	  

pathway.	  The	  ITAM-‐independent,	  IpLITR	  1.1b/WT	  appeared	  to	  induce	  a	  very	  transient	  

increase	  in	  PI(4,5)P2	  upon	  target	  binding	  that	  disappeared	  rapidly.	  In	  addition,	  IpLITR	  

1.1b/WT	  did	  not	  induce	  the	  formation	  of	  PI(4,5)P2-‐rich	  pseudopods	  that	  extended	  or	  
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reached	  around	  the	  phagocytic	  targets.	  Instead,	  targets	  appeared	  to	  be	  pulled	  into	  cells	  

(Fig	  5.7).	  This	  observation	  was	  reminiscent	  of	  the	  IpLITR	  1.1b/WT	  –induced	  cytoskeletal	  

reorganization	  observed	  in	  Chapter	  4	  of	  this	  thesis.	  Once	  internalized,	  phagosomes	  

containing	  targets	  were	  enriched	  with	  PI(3)P	  during	  the	  IpLITR	  1.1b/ITAM	  and	  1.1b/WT-‐

mediated	  phagocytic	  process.	  More	  detailed	  examination	  of	  the	  IpLITR	  1.1b/ITAM	  and	  

1.1b/WT-‐mediated	  signaling	  events	  is	  required	  to	  understand	  how	  these	  changes	  in	  PI	  

distribution	  are	  coordinated	  and	  how	  they	  coordinate	  with	  IpLITR-‐mediated	  signal	  

transduction	  to	  result	  in	  F-‐actin	  redistribution	  and	  phagosome	  maturation.	  A	  common	  

theme	  observed	  during	  mammalian	  phagocytic	  receptor	  signaling	  is	  that	  receptor	  

binding	  results	  in	  the	  formation	  of	  signaling	  complexes	  initiated	  by	  kinases	  (e.g.	  spleen	  

tyrosine	  kinase,	  Syk)	  during	  mammalian	  FcR-‐signaling	  that	  localize	  small	  RhoGTPases,	  

PI(4,5)P2	  effectors,	  to	  the	  plasma	  membrane	  (Flannagan	  et	  al,	  2012).	  These	  

spatiotemporally	  regulated	  events	  are	  critical	  for	  the	  appropriate	  coordination	  of	  events	  

that	  lead	  to	  receptor-‐mediated	  dynamic	  changes	  in	  the	  cytoskeletal	  organization	  

required	  for	  phagocytosis.	  	  

The	  finding	  that	  IpLITR	  1.1b/WT	  could	  mediate	  inhibitory	  signaling	  through	  two	  

independent	  mechanisms	  (i.e.	  Csk	  [Y453]	  and	  SHP-‐2	  [Y477	  and	  Y499]	  –dependent)	  yet	  

promote	  phagocytosis	  in	  RBL-‐2H3	  cells	  were	  pivotal	  in	  providing	  testable	  models	  to	  

understand	  how	  this	  unique	  receptor	  may	  regulate	  immune	  responses	  (Montgomery	  et	  

al,	  2009;	  Montgomery	  et	  al,	  2012;	  Cortes	  et	  al,	  2014;	  Lillico	  et	  al,	  2015).	  These	  models	  

were	  based	  on	  the	  observation	  that	  IpLITR	  1.1b	  –mediated	  target	  acquisition	  was	  rapid,	  

was	  reliant	  on	  actin	  polymerization,	  Src	  family	  kinase	  and	  Syk	  kinase	  activities	  that	  link	  



	   131	  

phosphorylation	  of	  IpLITR	  1.1b	  to	  effectors	  of	  actin	  polymerization	  (Lillico	  et	  al,	  2015;	  Fei	  

et	  al,	  2016).	  It	  was	  predicted	  that	  ligation	  of	  IpLITR	  1.1b	  induced	  variable	  signaling	  

protein	  recruitment	  to	  the	  proximal	  and	  distal	  cytoplasmic	  regions	  of	  this	  receptor;	  thus	  

the	  two	  regions	  would	  differentially	  regulate	  phagocytosis.	  Furthermore,	  the	  presence	  

of	  an	  Nck	  –consensus-‐binding	  sequence	  (HIYDEV,	  Frese	  et	  al,	  2006)	  within	  the	  IpLITR	  

1.1b	  proximal	  cytoplasmic	  region	  (Y433)	  suggested	  that	  this	  receptor	  could	  recruit	  Nck	  

when	  engaged	  by	  its	  ligand.	  The	  recruitment	  of	  Nck	  would	  then	  facilitate	  the	  

recruitment	  and	  activation	  of	  the	  actin	  polymerization-‐promoting	  WAVE2	  complex	  to	  

promote	  IpLITR	  1.1b-‐mediated	  actin	  reorganization:	  a	  short-‐circuited	  signaling	  pathway	  

employed	  by	  mammalian	  CEACAM3	  to	  promote	  the	  rapid	  phagocytosis	  of	  bacteria	  (Pils	  

et	  al,	  2012).	  Additionally,	  it	  was	  predicted	  that	  the	  twenty-‐two	  amino	  acid	  spacing	  

between	  the	  tandem	  ITIMs	  (Y477	  and	  Y499)	  within	  the	  distal	  cytoplasmic	  region	  of	  IpLITR	  

1.1b	  could	  accommodate	  and	  recruit	  the	  two	  SH2	  domains	  of	  Syk	  kinase:	  a	  unique	  

ability	  of	  the	  PECAM-‐1	  receptor	  (Wang	  et	  al,	  2011).	  Syk	  kinase	  would	  then	  induce	  the	  

recruitment	  and	  activation	  of	  guanine	  exchange	  factors,	  and	  promote	  the	  activity	  of	  

small	  RhoGTPases	  and	  lipid	  kinases,	  such	  as	  PI3K.	  This	  collection	  of	  events	  would	  

regulate	  the	  activation	  of	  WAVE2	  or	  WASP	  and,	  by	  extension,	  activation	  of	  the	  F-‐actin-‐

nucleation	  promoting	  Arp2/3	  complex.	  Using	  fusion	  proteins	  encoding	  the	  IpLITR	  1.1b	  

proximal,	  distal,	  or	  full-‐length	  cytoplasmic	  region	  fused	  to	  GST,	  Zwozdesky	  et	  al	  (2016)	  

biochemically	  examined	  the	  association	  of	  SHP-‐2,	  Csk,	  Syk,	  Grb2,	  Nck1,	  PI3K	  p85α,	  Vav1	  

and	  Vav3	  with	  each	  cytoplasmic	  region.	  This	  demonstrated	  that	  the	  IpLITR1.1b	  proximal	  

cytoplasmic	  region	  associated	  with	  Csk,	  Grb2,	  Nck1,	  Vav1	  and	  PI3K	  p85α	  but	  not	  SHP2,	  
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Syk,	  or	  Vav3.	  In	  contrast,	  the	  distal	  region	  recruited	  SHP2,	  Syk	  and	  PI3K	  p85α,	  but	  not	  

Csk,	  Grb2,	  Nck1,	  or	  Vav.	  The	  recruitment	  of	  Csk	  to	  the	  proximal	  region	  and	  SHP-‐2	  to	  the	  

distal	  region	  concurred	  with	  previous	  observations	  (Montgomery	  et	  al,	  2012)	  providing	  

validity	  to	  this	  biochemical	  approach.	  These	  results	  supported	  the	  hypotheses	  that	  upon	  

receptor	  phosphorylation,	  Nck1	  is	  recruited	  to	  the	  proximal	  region	  of	  the	  IpLITR	  1.1b	  

cytoplasmic	  tail	  while	  Syk	  is	  recruited	  to	  the	  distal	  cytoplasmic	  region.	  Furthermore,	  the	  

hypothesis	  that	  the	  distal	  and	  proximal	  cytoplasmic	  regions	  of	  IpLITR	  1.1b	  

independently	  regulate	  IpLITR	  1.1b-‐mediated	  functional	  responses	  (i.e.	  phagocytosis)	  

was	  also	  examined	  in	  AD293	  cells	  stably	  expressing	  mutant	  IpLITR	  1.1b	  constructs	  

encoding	  either	  the	  distal	  or	  proximal	  regions	  of	  the	  receptor.	  Using	  imaging	  flow	  

cytometry,	  Zwozdesky	  et	  al	  (2016)	  demonstrated	  that	  the	  two	  cytoplasmic	  regions	  

independently	  induced	  IpLITR	  1.1b-‐mediated	  phagocytosis	  and	  reproduced	  the	  overall	  

tethering	  (i.e.	  predominantly	  surface	  bound	  targets	  versus	  fully	  internalized)	  phenotype	  

previously	  reported	  for	  the	  full-‐length	  IpLITR	  1.1b	  receptor	  in	  RBL-‐2H3	  cells	  (Lillico	  et	  al,	  

2015).	  Collectively	  these	  results	  supported	  two	  overarching	  hypotheses:	  (1)	  the	  distal	  

and	  proximal	  region	  of	  the	  IpLITR	  1.1b	  cytoplasmic	  tail	  function	  independently	  of	  one	  

another	  to	  promote	  the	  same	  functional	  response	  (2)	  IpLITR	  1.1b	  could	  recruit	  Nck1	  and	  

Syk	  to	  its	  proximal	  and	  distal	  regions	  respectively	  (Zwozdesky	  et	  al,	  2016).	  However,	  

these	  results	  do	  not	  confirm	  the	  precise	  role	  that	  these	  molecules	  play	  during	  IpLITR	  

1.1b-‐mediated	  phagocytosis.	  The	  remaining	  questions	  are:	  (1)	  are	  these	  molecules	  

recruited	  to	  the	  IpLITR	  1.1b-‐mediated	  phagocytic	  cup?	  (2)	  If	  so,	  when	  (temporal	  

resolution)?	  (3)	  And	  where	  along	  the	  phagocytic	  cup	  (spatial	  resolution)?	  (4)	  Most	  
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importantly,	  what	  molecular	  mechanisms	  drive	  the	  IpLITR	  1.1b-‐mediated	  phagocytic	  

response?	  

This	  biochemical	  assessment	  of	  potential	  IpLITR	  associations	  provided	  useful	  

insights	  into	  molecules	  that	  are	  recruited	  to	  the	  artificially	  phosphorylated	  receptors.	  

The	  role	  of	  these	  signaling	  molecules	  during	  IpLITR-‐mediated	  signal	  transduction	  can	  be	  

validated	  using	  microscopy	  techniques	  and	  phagocytosis	  assays	  to	  visualize	  the	  

spatiotemporal	  recruitment	  of	  signaling	  components	  to	  the	  phagocytic	  cup:	  the	  location	  

at	  which	  IpLITR-‐mediated	  signaling	  is	  taking	  place.	  In	  order	  to	  visually	  demonstrate	  a	  

role	  for	  Syk	  kinase	  distribution	  during	  IpLITR	  1.1b/ITAM	  and	  1.1b/WT-‐mediated	  signal	  

transduction,	  I	  examined	  the	  distribution	  of	  GFP-‐tagged	  Syk	  kinase	  during	  the	  IpLITR-‐

mediated	  phagocytic	  process.	  I	  was	  only	  able	  to	  provide	  preliminary	  demonstrations	  of	  

Syk-‐GFP	  localization	  to	  the	  IpLITR	  1.1b/ITAM-‐induced	  phagocytic	  cup	  during	  the	  early	  

stage	  of	  target	  binding;	  however,	  a	  role	  for	  Syk	  in	  teleost	  ITAM-‐mediated	  phagocytosis	  

must	  be	  further	  assessed	  in	  order	  to	  propose	  a	  distribution	  pattern	  during	  the	  IpLITR-‐

induced	  phagocytic	  process.	  Future	  studies	  will	  concentrate	  on	  determining	  the	  

dynamics	  of	  SHP2,	  Csk,	  Syk,	  Grb2,	  Nck1,	  PI3K	  p85α,	  and	  Vav1	  during	  the	  IpLITR	  1.1b/WT-‐

mediated	  phagocytic	  process	  using	  imaging-‐based	  techniques.	  Furthermore,	  using	  

receptor	  constructs	  encoding	  the	  distal	  or	  proximal	  tail	  independently	  as	  well	  as	  

tyrosine	  to	  phenylalanine	  mutants	  will	  aid	  in	  understanding	  the	  role	  each	  of	  the	  

signaling	  cassettes	  play	  in	  regulating	  IpLITR-‐mediated	  signal	  transduction.	  

	   By	  capturing	  cells	  fixed	  in	  early	  stages	  of	  target	  acquisition	  and	  engulfment,	  I	  

attempted	  to	  identify	  recruitment,	  generation,	  localization,	  or	  redistribution	  of	  signaling	  
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molecules	  during	  the	  IpLITR-‐mediated	  phagocytic	  process.	  Despite	  the	  wealth	  of	  visual	  

information	  regarding	  redistribution	  of	  PI(4,5)P2	  and	  the	  generation	  of	  PI(3)P	  during	  

IpLITR-‐mediated	  phagocytic	  process,	  these	  experiments	  only	  suggest	  a	  role	  for	  these	  

molecules	  during	  the	  IpLITR-‐mediated	  signal	  transduction.	  However,	  the	  mechanism	  by	  

which	  these	  molecules	  may	  be	  involved	  in	  the	  IpLITR	  –mediated	  signal	  transduction	  will	  

require	  more	  detail	  experimentation.	  For	  example,	  confocal	  microscopy-‐based	  

comparison	  of	  IpLITR-‐mediated	  phagocytosis	  in	  the	  presence	  and	  absence	  of	  inhibitors	  

(either	  pharmacological	  or	  inhibitory	  RNA-‐based)	  may	  shed	  light	  on	  the	  requirement	  for	  

certain	  molecules.	  My	  experiments	  are	  limited	  by	  being	  snapshots	  in	  time,	  yet	  signal	  

transduction	  and	  phagocytosis	  are	  dynamic	  and	  temporal	  processes.	  Early	  events	  of	  

target	  capture	  are	  difficult	  to	  appreciate	  in	  fixed	  cells	  for	  multiple	  reasons:	  (1)	  it	  is	  

difficult	  to	  know	  when	  targets	  are	  captured	  by	  thin	  membrane	  extensions	  (e.g.	  

filopodia)	  versus	  not	  associated	  with	  cells	  (2)	  cellular	  events	  that	  would	  have	  occurred	  

after	  the	  stage	  being	  visualized	  are	  lost.	  Live	  cell	  imaging	  is	  a	  valuable	  tool	  to	  

understand	  the	  temporal	  regulation	  of	  IpLITR-‐mediated	  signaling	  that	  was	  recently	  used	  

to	  monitor	  the	  F-‐actin	  organization	  during	  the	  IpLITR	  –mediated	  phagocytic	  process	  in	  

RBL-‐2H3	  cells	  (Lillico	  et	  al,	  unpublished	  observations).	  These	  observations	  demonstrated	  

that,	  in	  RBL-‐2H3	  cells,	  IpLITR	  1.1b	  induced	  multiple	  phenotypes	  of	  actin	  reorganization	  

that	  uniquely	  differed	  from	  the	  linear	  ITAM-‐mediated	  progression	  from	  receptor	  

binding,	  pseudopod	  extension,	  and	  uptake.	  This	  demonstrated	  the	  dynamic	  nature	  of	  

IpLITR	  1.1b/WT-‐mediated	  phagocytosis	  and	  the	  lack	  of	  temporal	  resolution	  when	  

assessing	  static	  images.	  Nevertheless,	  static	  images	  of	  the	  phagocytic	  process	  are	  useful	  
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Figure	  5.	  1	  Phosphoinositide	  species	  found	  in	  the	  cytoplasmic	  leaflet	  of	  eukaryotic	  
cellular	  membranes.	  Hydroxyl	  groups	  within	  the	  inositol	  head-‐groups	  (red	  hexagons)	  
are	  phosphorylated	  (black	  circles)	  or	  dephosphorylated	  (kinase	  versus	  phosphatase	  
activity)	  at	  position	  3,	  4,	  and/or	  5	  to	  generate	  seven	  distinct	  phosphoinositide	  (PI)	  
species:	  phosphatidylinositol	  3,4,5-‐trisphosphate	  PI(3,4,5)P3;	  phosphatidylinositol	  4,5-‐
bisphosphate	  PI(4,5)P2;	  phosphatidylinositol	  3,5-‐bisphosphate	  PI(3,5)P2;	  
phosphatidylinositol	  3,4-‐bisphosphate	  PI(4,5)P4;	  phosphatidylinositol	  5-‐phosphate	  
PI(5)P;	  phosphatidylinositol	  4-‐phosphate	  PI(4)P;	  and	  phosphatidylinositol	  3-‐phosphate	  
PI(3)P.	  
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Figure	  5.	  3	  Imaging	  flow	  cytometry-‐based	  co-‐expression	  analysis	  of	  PH-‐PLCδ1-‐GFP	  and	  
IpLITR	  1.1b/ITAM	  in	  AD293	  cells.	  In	  order	  to	  demonstrate	  that	  transient	  co-‐transfection	  
with	  PH-‐PLCδ1-‐GFP	  did	  not	  alter	  the	  stable	  expression	  of	  IpLITR	  1.1b/ITAM	  in	  AD293	  
cells,	  co-‐expression	  of	  PH-‐PLCδ1-‐GFP	  and	  IpLITR	  1.1b/ITAM	  was	  assessed	  at	  a	  
populational	  level	  using	  imaging	  flow	  cytometry.	  AD293	  cells	  stably	  expressing	  IpLITR	  
1.1b/ITAM	  (~3x105	  cells)	  were	  transiently	  co-‐transfected	  with	  PH-‐PLCδ1-‐GFP	  for	  twenty-‐
four	  hours	  then	  harvested	  and	  surface	  stained	  for	  IpLITR	  co-‐expression	  with	  0.1	  μg	  anti-‐
hemagglutinin	  (HA)	  mAb	  followed	  by	  staining	  with	  0.5	  μg	  AF647-‐conjugated	  rabbit	  anti-‐
mouse	  IgG.	  PH-‐PLCδ1-‐GFP	  and	  IpLITR	  co-‐expression	  was	  compared	  to	  AD293	  cells	  stably	  
expressing	  IpLITR	  1.1b/ITAM	  that	  were	  not	  transfected	  with	  PH-‐PLCδ1-‐GFP.	  IpLITR	  
1.1b/ITAM	  expression	  in	  non-‐transfected	  cells	  (A)	  and	  co-‐transfected	  cells	  (B)	  shown.	  
Axes	  represent	  intensity	  of	  fluorescence	  in	  Channel	  11	  (AF647	  IpLITR	  1.1b/ITAM)	  and	  
Channel	  2	  (PH-‐PLCδ1-‐GFP).	  Mean	  percent	  ±	  SEM	  of	  cells	  gated	  from	  three	  independent	  
experiments	  shown	  (8x103	  collected	  events	  per	  experiment).	  
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Figure	  5.	  4	  Imaging	  flow	  cytometry-‐based	  co-‐expression	  analysis	  of	  PH-‐PLCδ1-‐GFP	  and	  
IpLITR	  1.1b/WT	  in	  AD293	  cells.	  In	  order	  to	  demonstrate	  that	  transient	  co-‐transfection	  
with	  PH-‐PLCδ1-‐GFP	  did	  not	  alter	  the	  stable	  expression	  of	  IpLITR	  1.1b/WT	  in	  AD293	  cells,	  
co-‐expression	  was	  assessed	  at	  a	  populational	  level	  using	  imaging	  flow	  cytometry.	  AD293	  
cells	  stably	  expressing	  IpLITR	  1.1b/WT	  (~3x105	  cells)	  were	  transiently	  co-‐transfected	  
with	  PH-‐PLCδ1-‐GFP	  for	  twenty-‐four	  hours	  then	  harvested	  and	  surface	  stained	  for	  IpLITR	  
co-‐expression	  with	  0.1	  μg	  anti-‐hemagglutinin	  (HA)	  mAb	  followed	  by	  staining	  with	  0.5	  μg	  
AF647-‐conjugated	  rabbit	  anti-‐mouse	  IgG.	  PH-‐PLCδ1-‐GFP	  and	  IpLITR	  co-‐expression	  was	  
compared	  to	  AD293	  cells	  stably	  expressing	  IpLITR	  1.1b/WT	  that	  were	  not	  transfected	  
with	  PH-‐PLCδ1-‐GFP.	  IpLITR	  1.1b/WT	  expression	  in	  non-‐transfected	  cells	  (A)	  and	  co-‐
transfected	  cells	  (B)	  shown.	  Axes	  represent	  intensity	  of	  fluorescence	  in	  Channel	  11	  
(AF647	  IpLITR	  1.1b/WT)	  and	  Channel	  2	  (PH-‐PLCδ1-‐GFP).	  Mean	  percent	  ±	  SEM	  of	  cells	  
gated	  from	  three	  independent	  experiments	  shown	  (8x103	  collected	  events	  per	  
experiment).	  
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Figure	  5.	  5	  IpLITR	  1.1b/ITAM	  and	  1.1b/WT	  retain	  their	  phagocytic	  phenotype	  after	  co-‐
transfection	  with	  PH-‐PLCδ1-‐GFP.	  To	  demonstrate	  that	  transient	  co-‐transfection	  of	  
AD293	  cells	  stably	  expressing	  IpLITR	  with	  PH-‐PLCδ1-‐GFP	  did	  not	  alter	  the	  receptors’	  
overall	  phenotype	  of	  target	  acquisition	  and	  engulfment,	  the	  phagocytic	  activities	  of	  co-‐
transfected	  cells	  was	  measured	  at	  a	  populational	  level	  using	  imaging	  flow	  cytometry.	  
AD293	  cells	  stably	  expressing	  IpLITR	  1.1b/ITAM	  (A)	  and	  1.1b/WT	  (B)	  were	  co-‐transfected	  
with	  PH-‐PLCδ1-‐GFP	  (+)	  for	  twenty-‐four	  hours.	  The	  ability	  of	  co-‐transfected	  cells	  (3	  ×	  105	  
cell/sample)	  to	  internalize	  αHA	  mAb	  or	  IgG3	  isotype	  control	  –coated	  beads	  (9	  ×	  105	  
beads/sample)	  at	  37°C	  for	  one	  hour	  was	  assessed	  by	  imaging	  flow	  cytometry	  in	  
comparison	  to	  cells	  without	  PH-‐PLCδ1-‐GFP	  (-‐).	  Numbers	  represent	  the	  mean	  percent	  of	  
population	  that	  had	  internalized	  at	  least	  one	  bead	  (black),	  only	  had	  surface	  bound	  beads	  
(gray),	  or	  were	  not	  associated	  with	  beads	  (white).	  Error	  bars	  represent	  mean	  ±	  SEM	  of	  
three	  independent	  experiments.	  
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Figure	  5.	  6	  Expected	  and	  observed	  phosphatidylinositol	  (4,5)-‐bisphosphate	  (PI[4,5]P2)	  
distribution	  during	  IpLITR	  1.1b	  /ITAM	  –mediated	  phagocytosis.	  Representative	  images	  
of	  IpLITR	  1.1b/ITAM	  –expressing	  cells	  binding	  beads	  (Ai-‐Aii),	  extending	  pseudopods	  (Bi-‐
Bii),	  sealing	  phagosomes	  (Ci-‐Cii)	  or	  maturing	  phagosomes	  (Di-‐Dii).	  Asterisks	  show	  
location	  of	  BB	  beads.	  PH-‐PLCδ1-‐GFP	  (a	  marker	  of	  PI[4,5]P2)	  is	  shown	  in	  green	  and	  Cy5-‐
conjugated	  goat	  anti-‐mouse	  (detects	  exposed	  anti-‐HA	  mAb	  on	  BB	  beads)	  shown	  in	  red.	  
Predicted	  PI[4,5]P2	  based	  on	  mammalian	  FcR-‐mediated	  phagocytosis.	  Basal	  levels	  of	  
PI[4,5]P2	  in	  plasma	  membrane	  shown	  in	  dark	  green;	  transient	  increase	  in	  PI[4,5]P2	  is	  
shown	  in	  bright	  green;	  absence	  of	  PI[4,5]P2	  from	  nascent	  phagosomal	  membrane	  shown	  
in	  gray.	  Scale	  bar	  5	  μm.	  
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Figure	  5.	  8	  Expected	  and	  observed	  phosphatidylinositol	  (4,5)-‐bisphosphate	  (PI[4,5]P2)	  
distribution	  during	  IpLITR	  1.1b	  /WT	  –mediated	  phagocytosis.	  Representative	  images	  of	  
IpLITR	  1.1b/WT	  –expressing	  cells	  binding	  beads	  (Ai-‐Aii),	  extending	  pseudopods	  (Bi-‐Bii),	  
sealing	  phagosomes	  (Ci-‐Cii)	  or	  maturing	  phagosomes	  (Di-‐Dii).	  Asterisks	  show	  location	  of	  
BB	  beads.	  PH-‐PLCδ1-‐GFP	  (a	  marker	  of	  PI[4,5]P2)	  is	  shown	  in	  green	  and	  Cy5-‐conjugated	  
goat	  anti-‐mouse	  (detects	  exposed	  anti-‐HA	  mAb	  on	  BB	  beads)	  shown	  in	  red.	  Predicted	  
PI[4,5]P2	  based	  on	  mammalian	  FcR-‐mediated	  phagocytosis.	  Basal	  levels	  of	  PI[4,5]P2	  in	  
plasma	  membrane	  shown	  in	  dark	  green;	  transient	  increase	  in	  PI[4,5]P2	  is	  shown	  in	  bright	  
green;	  absence	  of	  PI[4,5]P2	  from	  nascent	  phagosomal	  membrane	  shown	  in	  gray.	  Scale	  
bar	  5	  μm.	  
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Figure	  5.	  10	  Imaging	  flow	  cytometry-‐based	  co-‐expression	  analysis	  of	  2xFYVE-‐GFP	  and	  
IpLITR	  1.1b/ITAM	  in	  AD293	  cells.	  In	  order	  to	  demonstrate	  that	  transient	  co-‐transfection	  
with	  2xFYVE-‐GFP	  did	  not	  alter	  the	  stable	  expression	  of	  IpLITR	  .1b/ITAM	  in	  AD293	  cells,	  
co-‐expression	  was	  assessed	  at	  a	  populational	  level	  using	  imaging	  flow	  cytometry.	  AD293	  
cells	  stably	  expressing	  IpLITR	  1.1b/ITAM	  (~3x105	  cells)	  were	  transiently	  co-‐transfected	  
with	  2xFYVE-‐GFP	  for	  twenty-‐four	  hours	  then	  harvested	  and	  surface	  stained	  for	  IpLITR	  
co-‐expression	  with	  0.1	  μg	  anti-‐hemagglutinin	  (HA)	  mAb	  followed	  by	  staining	  with	  0.5	  μg	  
AF647-‐conjugated	  rabbit	  anti-‐mouse	  IgG.	  2xFYVE-‐GFP	  and	  IpLITR	  co-‐expression	  was	  
compared	  to	  AD293	  cells	  stably	  expressing	  IpLITR	  1.1b/ITAM	  that	  were	  not	  transfected	  
with	  2xFYVE-‐GFP.	  IpLITR	  1.1b/ITAM	  expression	  in	  non-‐transfected	  cells	  (A)	  and	  co-‐
transfected	  cells	  (B)	  shown.	  Axes	  represent	  intensity	  of	  fluorescence	  in	  Channel	  11	  
(AF647	  IpLITR	  1.1b/ITAM)	  and	  Channel	  2	  (2xFYVE-‐GFP).	  Mean	  percent	  ±	  SEM	  of	  cells	  
gated	  from	  three	  independent	  experiments	  shown	  (8x103	  collected	  events	  per	  
experiment).	  
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Figure	  5.	  11	  Imaging	  flow	  cytometry-‐based	  co-‐expression	  analysis	  of	  2xFYVE-‐GFP	  and	  
IpLITR	  1.1b/WT	  in	  AD293	  cells.	  In	  order	  to	  demonstrate	  that	  transient	  co-‐transfection	  
with	  2xFYVE-‐GFP	  did	  not	  alter	  the	  stable	  expression	  of	  IpLITR	  .1b/WT	  in	  AD293	  cells,	  co-‐
expression	  was	  assessed	  at	  a	  populational	  level	  using	  imaging	  flow	  cytometry.	  AD293	  
cells	  stably	  expressing	  IpLITR	  1.1b/WT	  (~3x105	  cells)	  were	  transiently	  co-‐transfected	  
with	  2xFYVE-‐GFP	  for	  twenty-‐four	  hours	  then	  harvested	  and	  surface	  stained	  for	  IpLITR	  
co-‐expression	  with	  0.1	  μg	  anti-‐hemagglutinin	  (HA)	  mAb	  followed	  by	  staining	  with	  0.5	  μg	  
AF647-‐conjugated	  rabbit	  anti-‐mouse	  IgG.	  2xFYVE-‐GFP	  and	  IpLITR	  co-‐expression	  was	  
compared	  to	  AD293	  cells	  stably	  expressing	  IpLITR	  1.1b/WT	  that	  were	  not	  transfected	  
with	  2xFYVE-‐GFP.	  IpLITR	  1.1b/WT	  expression	  in	  non-‐transfected	  cells	  (A)	  and	  co-‐
transfected	  cells	  (B)	  shown.	  Axes	  represent	  intensity	  of	  fluorescence	  in	  Channel	  11	  
(AF647	  IpLITR	  1.1b/WT)	  and	  Channel	  2	  (2xFYVE-‐GFP).	  Mean	  percent	  ±	  SEM	  of	  cells	  gated	  
from	  three	  independent	  experiments	  shown	  (8x103	  collected	  events	  per	  experiment).	  
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Figure	  5.	  12	  IpLITR	  1.1b/ITAM	  and	  1.1b/WT	  retain	  their	  phagocytic	  phenotype	  after	  
co-‐transfection	  with	  2xFYVE-‐GFP.	  To	  demonstrate	  that	  transient	  co-‐transfection	  of	  
AD293	  cells	  stably	  expressing	  IpLITR	  with	  PH-‐PLCδ1-‐GFP	  did	  not	  alter	  the	  receptors’	  
overall	  phenotype	  of	  target	  acquisition	  and	  engulfment,	  the	  phagocytic	  activities	  of	  co-‐
transfected	  cells	  was	  measured	  at	  a	  populational	  level	  using	  imaging	  flow	  cytometry.	  
AD293	  cells	  stably	  expressing	  IpLITR	  1.1b/ITAM	  (A)	  and	  1.1b/WT	  (B)	  were	  co-‐transfected	  
with	  2xFYVE-‐GFP	  (+)	  for	  twenty-‐four	  hours.	  The	  ability	  of	  co-‐transfected	  cells	  (3	  ×	  105	  
cell/sample)	  to	  internalize	  αHA	  mAb	  or	  IgG3	  isotype	  control	  –coated	  beads	  (9	  ×	  105	  
beads/sample)	  at	  37°C	  for	  one	  hour	  was	  assessed	  by	  imaging	  flow	  cytometry	  in	  
comparison	  to	  cells	  without	  2xFYVE-‐GFP	  (-‐).	  Numbers	  represent	  the	  mean	  percent	  of	  
population	  that	  had	  internalized	  at	  least	  one	  bead	  (black),	  only	  had	  surface	  bound	  beads	  
(gray),	  or	  were	  not	  associated	  with	  beads	  (white).	  Error	  bars	  represent	  mean	  ±	  SEM	  of	  
three	  independent	  experiments.	  
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Figure	  5.	  13	  Expected	  and	  observed	  phosphatidylinositol	  (3)-‐phosphate	  (PI[3]P)	  
distribution	  during	  IpLITR	  1.1b	  /ITAM	  –mediated	  phagocytosis.	  Representative	  images	  
of	  IpLITR	  1.1b/ITAM	  –expressing	  cells	  binding	  beads	  (Ai-‐Aii),	  extending	  pseudopods	  (Bi-‐
Bii),	  in	  early	  phagosome	  maturation	  (Ci-‐Cii)	  or	  later	  maturation	  (Di-‐Dii).	  Asterisks	  show	  
location	  of	  BB	  beads.	  2xFYVE-‐GFP	  (PI[3]P)	  is	  shown	  in	  green	  and	  Cy5-‐conjugated	  goat	  
anti-‐mouse	  (exposed	  anti-‐HA	  mAb	  on	  BB	  beads)	  shown	  in	  red.	  Predicted	  PI[3]P	  based	  on	  
mammalian	  FcR-‐mediated	  phagocytosis.	  PI[3]P	  is	  not	  detectable	  in	  plasma	  membrane	  
(gray);	  transient	  increase	  in	  PI[3]P	  during	  early	  phagosomal	  maturation	  shown	  in	  bright	  
green;	  absence	  of	  PI[3]P	  from	  phagosomal	  membrane	  in	  later	  stages	  of	  maturation	  
shown	  in	  gray.	  Scale	  bar	  5	  μm.	  
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Figure	  5.	  15	  Expected	  and	  observed	  phosphatidylinositol	  (3)-‐phosphate	  (PI[3]P)	  
distribution	  during	  IpLITR	  1.1b/WT	  –mediated	  phagocytosis.	  Representative	  images	  of	  
IpLITR	  1.1b/WT–expressing	  cells	  binding	  beads	  (Ai-‐Aii),	  extending	  pseudopods	  (Bi-‐Bii),	  in	  
early	  phagosome	  maturation	  (Ci-‐Cii)	  or	  later	  maturation	  (Di-‐Dii).	  Asterisks	  show	  location	  
of	  BB	  beads.	  2xFYVE-‐GFP	  (green)	  detects	  PI[3]P	  surrounding	  early	  maturing	  
phagosomes.	  Cy5-‐conjugated	  goat	  anti-‐mouse	  (GαM	  Cy5)	  detects	  exposed	  anti-‐
hemagglutinin	  antibody	  on	  Bright	  Blue	  beads	  and	  is	  shown	  in	  red.	  Predicted	  PI[3]P	  
based	  on	  mammalian	  FcR-‐mediated	  phagocytosis.	  PI[3]P	  is	  not	  detectable	  in	  plasma	  
membrane	  (gray);	  transient	  increase	  in	  PI[3]P	  during	  early	  phagosomal	  maturation	  
shown	  in	  bright	  green;	  absence	  of	  PI[3]P	  from	  phagosomal	  membrane	  in	  later	  stages	  of	  
maturation	  shown	  in	  gray.	  Scale	  bar	  5	  μm.	  
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Figure	  5.	  16	  Confocal	  microscopic	  visualization	  of	  phosphatidylinositol	  3-‐phosphate	  
distribution	  on	  maturing	  phagosomes	  during	  IpLITR	  1.1b/WT–mediated	  phagocytosis.	  	  
To	  determine	  whether	  targets	  of	  IpLITR	  1.1b/WT-‐mediated	  phagocytosis	  are	  
internalized	  into	  PI(3)P-‐enriched	  phagosomes,	  the	  distribution	  of	  this	  phospholipid	  was	  
monitored	  with	  2xFYVE-‐GFP	  (a	  marker	  of	  PI(3)P;	  green)	  during	  the	  IpLITR	  1.1b/WT-‐
induced	  phagocytic	  process.	  AD293	  cells	  stably	  expressing	  IpLITR	  1.1b/WT	  (~1.5x105	  
cells)	  co-‐transfected	  with	  2xFYVE-‐GFP	  were	  incubated	  with	  mAb	  anti-‐HA	  coated,	  4.5	  μm	  
targets	  (3x105	  Bright	  Blue	  beads)	  then	  fixed	  prior	  to	  imaging.	  External	  regions	  of	  beads	  
were	  counterstained	  with	  a	  Cy5-‐conjugated	  goat	  anti-‐mouse	  polyclonal	  antibody	  (GαM	  
Cy5;	  red).	  Surface	  bound	  and	  partially	  engulfed	  targets	  (A-‐E),	  and	  internalized	  (K-‐O)	  are	  
representative	  images	  from	  three	  independent	  experiments	  with	  five	  replicates	  within	  
each	  experiment.	  Scale	  bar,	  5	  μm.	  
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Figure	  5.	  17	  Imaging	  flow	  cytometry-‐based	  co-‐expression	  analysis	  of	  Syk-‐GFP	  and	  
IpLITR	  1.1b/ITAM	  in	  AD293	  cells.	  To	  demonstrate	  that	  transient	  co-‐transfection	  with	  
Syk-‐GFP	  did	  not	  alter	  the	  stable	  expression	  of	  IpLITR	  1.1b/ITAM	  in	  AD293	  cells,	  IpLITR	  
1.1b/ITAM	  and	  SykGFP	  co-‐expression	  was	  analyzed	  using	  imaging	  flow	  cytometry.	  
AD293	  cells	  stably	  expressing	  IpLITR	  1.1b/ITAM	  (~3x105	  cells)	  were	  transiently	  co-‐
transfected	  with	  Syk-‐GFP	  for	  twenty-‐four	  hours	  then	  harvested	  and	  surface	  stained	  for	  
IpLITR	  co-‐expression	  with	  0.1	  μg	  anti-‐HA	  mAb	  followed	  by	  staining	  with	  0.5	  μg	  AF647-‐
conjugated	  rabbit	  anti-‐mouse	  IgG.	  Syk-‐GFP	  and	  IpLITR	  co-‐expression	  was	  compared	  to	  
AD293	  cells	  stably	  expressing	  IpLITR	  1.1b/ITAM	  that	  were	  not	  transfected	  with	  Syk-‐GFP.	  
IpLITR	  1.1b/ITAM	  expression	  in	  non-‐transfected	  cells	  (A)	  and	  co-‐transfected	  cells	  (B)	  
shown.	  Axes	  represent	  intensity	  of	  fluorescence	  in	  Channel	  11	  (AF647	  IpLITR	  1.1b/ITAM)	  
and	  Channel	  2	  (Syk-‐GFP).	  Mean	  percent	  ±	  SEM	  of	  cells	  gated	  from	  three	  independent	  
experiments	  shown	  (8x103	  collected	  events	  per	  experiment).	  
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Figure	  5.	  18	  IpLITR	  1.1b/ITAM	  retains	  its	  phagocytic	  phenotype	  after	  co-‐transfection	  
with	  Syk-‐GFP.	  To	  show	  that	  transient	  co-‐transfection	  of	  AD293	  cells	  stably	  expressing	  
IpLITR	  1.1b/ITAM	  did	  not	  alter	  the	  receptor’s	  overall	  phagocytic	  phenotype,	  the	  
phagocytic	  activity	  of	  co-‐transfected	  cells	  was	  measured	  at	  a	  populational	  level.	  AD293	  
cells	  stably	  expressing	  IpLITR	  1.1b/ITAM	  were	  co-‐transfected	  with	  Syk-‐GFP	  (+)	  for	  
twenty-‐four	  hours.	  The	  ability	  of	  co-‐transfected	  cells	  (3	  ×	  105	  cell/sample)	  to	  internalize	  
αHA	  mAb	  or	  IgG3	  isotype	  control	  –coated	  beads	  (9	  ×	  105	  beads/sample)	  at	  37°C	  for	  one	  
hour	  was	  assessed	  by	  imaging	  flow	  cytometry	  in	  comparison	  to	  cells	  without	  Syk-‐GFP	  (-‐).	  
Numbers	  represent	  the	  mean	  percent	  of	  population	  that	  had	  internalized	  at	  least	  one	  
bead	  (black),	  only	  had	  surface	  bound	  beads	  (gray),	  or	  were	  not	  associated	  with	  beads	  
(white).	  Error	  bars	  represent	  mean	  ±	  SEM	  of	  three	  independent	  experiments.	  
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Figure	  5.	  19	  Confocal	  microscopy	  visualization	  of	  IpLITR	  1.1b/ITAM-‐mediated	  changes	  
in	  SykGFP	  distribution	  during	  internalization.	  To	  visualize	  the	  distribution	  of	  spleen	  
tyrosine	  kinase	  (Syk)	  during	  IpLITR	  1.1b/ITAM-‐mediated	  phagocytosis,	  AD293	  cells	  stably	  
expressing	  IpLITR	  1.1b/ITAM	  (~1.5x105	  cells)	  co-‐expressing	  Syk-‐GFP	  were	  incubated	  with	  
anti-‐hemagglutinin	  coated,	  4.5	  μm	  targets	  (3x105	  beads)	  then	  fixed	  prior	  to	  imaging.	  
External	  regions	  of	  beads	  were	  counterstained	  with	  Cy5-‐conjugated	  goat	  anti-‐mouse	  
(GαM	  Cy5)	  polyclonal	  antibody.	  A-‐F	  show	  cells	  engulfing	  targets.	  Arrows	  point	  to	  beads	  
shown	  in	  insets.	  (i)	  GαM	  Cy5	  (ii)	  SykGFP	  (iii)	  Cy5/GFP	  overlay.	  Scale	  bars,	  5	  μm.	  
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Figure	  5.	  20	  Proposed	  model	  for	  the	  distribution	  of	  actin,	  PI(4,5)P2,	  and	  PI(3)P	  during	  
IpLITR	  –mediated	  phagocytosis.	  The	  blue	  circle	  represents	  a	  αHA	  coated,	  4.5μm	  bead.	  
The	  dark	  green	  color	  represents	  PI(4,5)P2	  in	  the	  plasma	  membrane	  of	  AD293	  cells.	  The	  
magenta	  color	  represents	  filamentous	  actin.	  Bright	  green	  represents	  PI(3)P	  present	  in	  
the	  membrane	  of	  the	  early	  phagosome.	  Gray	  color	  represents	  membrane	  (e.g.	  plasma	  
membrane	  or	  nascent	  phagosome)	  that	  is	  not	  enriched	  in	  either	  PI(4,5)P2	  or	  PI(3)P.	  
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CHAPTER	  6	  

	  

General	  Discussion	  and	  Conclusions	  

	  

6.1	  Summary	  of	  findings	  

Phagocytosis	  is	  an	  important	  cell	  biological	  process	  used	  by	  all	  animals	  for	  innate	  

immune	  protection	  from	  pathogens	  (Greenberg	  &	  Grinstein,	  2002;	  Underhill	  &	  Ozinsky,	  

2002;	  Henneke	  &	  Golenbock,	  2004;	  Arandjelovic	  &	  Ravichandran,	  2015;	  Barreda	  et	  al.,	  

2016).	  The	  process	  of	  phagocytosis	  is	  regulated	  by	  dedicated	  phagocytic	  receptors	  that	  

bind	  distinct	  targets	  and	  induce	  their	  internalization	  via	  cytoskeletal	  changes	  that	  drive	  

plasma	  membrane	  movements.	  These	  movements	  are	  coordinated	  through	  diverse	  

intracellular	  signaling	  pathways	  facilitated	  by	  the	  cytoplasmic	  signaling	  domain	  of	  

phagocytic	  receptors	  that	  link	  receptor	  activation	  with	  F-‐actin	  polymerization	  (reviewed	  

by	  Flannagan	  et	  al,	  2012;	  Swanson,	  2014).	  The	  early	  stages	  of	  phagocytosis	  are	  

classically	  described	  as	  (1)	  target	  acquisition	  (or	  binding),	  (2)	  formation	  of	  a	  phagocytic	  

cup	  and	  membrane	  extension	  around	  targets,	  (3)	  scission	  of	  target	  containing	  vesicle	  

(phagosome)	  from	  the	  plasma	  membrane,	  (4)	  and	  phagosome	  maturation	  (reviewed	  by	  

Flannagan	  et	  al,	  2012).	  	  

Much	  effort	  has	  been	  focused	  on	  understanding	  the	  phagocytic	  process	  

mammalian	  model	  systems	  but	  little	  is	  known	  of	  this	  process	  in	  other	  vertebrates	  such	  

as	  fish.	  It	  was	  recently	  reported	  that	  channel	  catfish	  LITRs	  can	  induce	  phagocytosis	  in	  

the	  context	  of	  mammalian	  myeloid	  cells	  (Cortes	  et	  al,	  2012;	  2014),	  and	  that	  two	  IpLITR	  
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types	  induce	  distinct	  modes	  of	  target	  acquisition	  and	  engulfment	  (Lillico	  et	  al,	  2015).	  An	  

ITAM-‐encoding	  IpLITR	  type	  was	  able	  to	  efficiently	  induce	  phagocytosis	  of	  large	  targets	  

(i.e.	  4.5	  μm)	  in	  an	  ITAM-‐dependent	  manner;	  this	  demonstrated	  that	  a	  canonical	  ITAM	  

pathway	  is	  conserved	  in	  fish	  (Cortes	  et	  al,	  2012;	  Lillico	  et	  al,	  2015).	  Surprisingly,	  an	  ITIM-‐

containing	  IpLITR	  type	  also	  induced	  phagocytosis	  in	  mammalian	  myeloid	  cells	  (Cortes	  et	  

al,	  2014).	  However,	  ligation	  of	  this	  same	  IpLITR	  type,	  known	  as	  IpLITR	  1.1b,	  

demonstrated	  an	  inhibitory	  function	  in	  the	  context	  of	  mammalian	  lymphoid	  NK	  cells	  

(Montgomery	  et	  al,	  2009;	  2012);	  a	  concept	  described	  as	  functional	  plasticity	  (Cortes	  et	  

al,	  2014).	  In	  the	  context	  of	  the	  myeloid	  cells,	  IpLITR	  1.1b	  induced	  a	  mode	  of	  target	  

acquisition	  and	  engulfment	  that	  was	  distinct	  to	  the	  ITAM-‐containing	  IpLITR-‐type	  (Lillico	  

et	  al,	  2015).	  Specifically,	  IpLITR	  1.1b	  induced	  the	  formation	  of	  membranous	  protrusions	  

that	  anchored	  targets	  and	  retracted	  them	  to	  the	  cell	  surface	  (Lillico	  et	  al,	  2015).	  In	  some	  

cases	  these	  targets	  were	  fully	  engulfed	  but,	  in	  many	  cases,	  targets	  remained	  tethered	  at	  

the	  cell	  surface	  (Lillico	  et	  al,	  2015).	  The	  overall	  goal	  of	  my	  thesis	  work	  was	  to	  develop	  

techniques	  to	  further	  examine	  the	  IpLITR	  1.1b-‐induced	  mechanisms	  that	  coordinate	  

target	  acquisition	  and	  engulfment.	  In	  order	  to	  achieve	  this,	  I	  developed	  imaging	  flow	  

cytometry	  and	  confocal	  microscopy	  –based	  techniques	  to	  observe	  the	  IpLITR-‐mediated	  

phagocytic	  process	  temporally	  using	  F-‐actin	  and	  PI	  distribution	  as	  markers	  for	  the	  

discrete	  stages	  of	  IpLITR-‐mediated	  phagocytosis.	  First,	  I	  successfully	  developed	  a	  

counterstaining	  strategy	  to	  identify	  beads	  that	  were	  surface	  bound,	  partially	  engulfed,	  

or	  fully	  internalized.	  Using	  imaging	  flow	  cytometry,	  I	  demonstrated	  that,	  at	  the	  

population	  level,	  AD293	  cells	  stably	  expressing	  IpLITRs	  retained	  previously	  described	  
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IpLITR-‐mediated	  modes	  of	  target	  acquisition	  and	  engulfment	  phenotypes	  (Lillico	  et	  al,	  

2015).	  Additionally,	  cells	  co-‐expressing	  IpLITRs	  and	  fluorophore-‐tagged	  markers	  for	  F-‐

actin,	  PI(4,2)P2,	  and	  PI(3)P	  also	  retained	  their	  phagocytic	  activities.	  Subsequently,	  I	  

showed	  that	  IpLITR	  1.1b/WT	  induced	  a	  unique	  redistribution	  of	  F-‐actin	  during	  the	  

phagocytic	  process	  that	  was	  mirrored	  by	  the	  distribution	  of	  PI(4,5)P2.	  The	  ITAM-‐

dependent	  receptor	  induced	  F-‐actin	  and	  PI(4,5P)2	  distributions	  that	  were	  reminiscent	  of	  

the	  well-‐characterized	  mammalian	  FcR-‐mediated	  phagocytosis.	  Lastly,	  I	  showed	  that	  

IpLITR	  targets	  are	  internalized	  into	  a	  PI(3)P-‐enriched	  phagosome.	  These	  findings	  provide	  

new	  information	  regarding	  the	  reorganization	  of	  the	  cytoskeleton	  and	  phosphoinositide	  

species	  during	  the	  IpLITR	  1.1b/ITAM	  and	  IpLITR	  1.1b/WT	  –mediated	  phagocytic	  

processes.	  	  

	  

6.1.1	  Development	  of	  imaging	  based-‐assays	  to	  the	  monitor	  IpLITR-‐mediated	  

phagocytic	  process	  using	  F-‐actin	  as	  a	  surrogate	  for	  location	  of	  signal	  transduction	  

IpLITRs	  were	  previously	  demonstrated	  to	  induce	  phagocytosis	  (targets	  4.5	  μm	  in	  

size)	  in	  the	  context	  of	  a	  mammalian	  immune	  cell	  line	  (i.e.	  RBL-‐2H3	  cells;	  Cortes	  et	  al,	  

2012	  and	  2014).	  Two	  representative	  receptor-‐types,	  IpLITR	  1.1b	  and	  IpLITR	  2.6b,	  

demonstrated	  vastly	  different	  modes	  of	  target	  acquisition	  and	  engulfment	  likely	  due	  to	  

their	  distinct	  signalling	  potential;	  however,	  it	  was	  unknown	  how	  the	  two	  receptors	  

accomplished	  these	  activities.	  Additionally,	  we	  did	  not	  know	  whether	  this	  IpLITR-‐

mediated	  activity	  was	  an	  RBL-‐2H3	  –specific	  phenomenon	  or	  if	  this	  activity	  was	  
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conserved	  amongst	  different	  cell-‐types.	  This	  was	  important	  because	  our	  model	  was	  

dependent	  on	  the	  heterologous	  expression	  of	  teleost	  receptors	  in	  mammalian	  cell	  lines.	  	  

The	  main	  objective	  of	  my	  thesis	  was	  to	  develop	  imaging	  based	  bioassays	  to	  

examine	  the	  IpLITR-‐induced	  phagocytic	  process	  with	  the	  goal	  to	  apply	  these	  

experiments	  to	  test	  whether	  candidate-‐signaling	  molecules	  are	  recruited	  to	  the	  IpLITR-‐

induced	  phagocytic	  cup,	  as	  well	  as	  characterize	  spatial	  and	  temporal	  distributions	  of	  

these	  molecules	  during	  the	  IpLITR-‐mediated	  phagocytic	  process.	  First,	  I	  developed	  a	  

counterstaining	  method	  to	  discriminate	  surface-‐bound,	  partially	  engulfed,	  and	  

internalized	  beads.	  This	  technique	  has	  been	  used	  in	  a	  variety	  of	  ways	  (e.g.	  biotinylation,	  

quantum	  dots,	  immunofluorescence)	  to	  examine	  the	  phagocytic	  process	  induced	  by	  

mammalian	  receptor-‐types	  (examples:	  Flannagan,	  et.	  al.,	  2014;	  Schlam	  et.	  al.,	  2015;	  

Jaumouillé	  et	  al,	  2014).	  In	  the	  preparation	  of	  IpLITR	  targets	  (i.e.	  4.5	  μm	  

microspheres/beads),	  beads	  are	  coated	  with	  anti-‐hemagglutinin	  monoclonal	  IgG3	  

isotype	  antibody	  raised	  in	  mouse	  (i.e.	  αHA	  mAb).	  Therefore,	  I	  reasoned	  that	  I	  could	  

specifically	  detect	  beads	  using	  a	  fluorophore-‐conjugated	  secondary	  antibody	  raised	  

against	  mouse	  fragment	  crystallisable	  (Fc)	  of	  IgG3.	  I	  showed	  that	  when	  beads	  are	  

surface-‐bound,	  they	  are	  mostly	  exposed	  to	  the	  secondary	  antibody	  and	  thus	  fluoresce	  in	  

two	  colors:	  blue	  (bead	  emission	  wavelength)	  and	  red	  (antibody	  emission	  wavelength).	  

When	  beads	  are	  partially	  engulfed,	  areas	  of	  beads	  that	  are	  tightly	  associated	  with	  the	  

cellular	  plasma	  membrane	  do	  not	  fluoresce	  in	  red	  because	  the	  antibody	  is	  excluded	  

from	  this	  area.	  However,	  the	  areas	  of	  beads	  that	  are	  exposed	  to	  the	  secondary	  antibody	  
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fluoresce	  red.	  Lastly,	  Internalized	  beads	  are	  not	  accessible	  to	  the	  secondary	  antibody	  

and	  thus	  only	  fluoresce	  in	  the	  blue	  wavelength.	  

To	  address	  the	  question	  regarding	  the	  ability	  of	  IpLITRs	  to	  mediate	  phagocytic	  

activity	  in	  other	  cell-‐types,	  I	  transfected	  IpLITRs	  into	  the	  human	  epithelioid,	  non-‐

immune,	  non-‐phagocytic	  (i.e.	  do	  not	  express	  phagocytic	  receptors)	  AD293	  cell	  line.	  

AD293	  cells	  are	  easily	  transfectable	  and	  have	  been	  shown	  to	  support	  receptor-‐mediated	  

phagocytosis	  when	  heterologously	  transfected	  with	  phagocytic	  receptors	  (Flannagan	  et	  

al,	  2014);	  therefore,	  by	  demonstrating	  that	  IpLITRs	  can	  mediate	  phagocytosis	  in	  non-‐

phagocytic	  cells,	  we	  could	  establish	  that	  these	  receptors	  are	  ‘bona-‐fide’	  phagocytic	  

receptors.	  In	  mammals,	  ‘bona-‐fide’	  phagocytic	  receptors	  are	  phagocytic	  receptors	  (e.g.	  

FcR	  and	  Dectin-‐1)	  that,	  when	  heterologously	  expressed	  in	  non-‐phagocytic	  cells,	  induce	  

phagocytosis	  (Reviewed	  by	  Flannagan	  et	  al,	  2012;	  Underhill	  &	  Goodridge,	  2012).	  

Molecules	  that	  participate	  in	  the	  polymerization	  of	  actin	  are	  highly	  conserved	  through	  

evolution	  due	  to	  the	  requirement	  for	  cytoskeletal	  changes	  that	  facilitate	  cell-‐cell	  or	  cell-‐

matrix	  adhesion	  as	  well	  as	  cell	  migration	  (Barreda	  et	  al,	  2016;	  Cougoule	  et	  al,	  2004);	  

thus	  making	  it	  possible	  to	  induce	  receptor-‐mediated	  phagocytosis	  in	  otherwise	  non-‐

phagocytic	  cells.	  	  

Using	  imaging	  flow	  cytometry,	  I	  demonstrated	  that	  the	  co-‐transfection	  approach	  

did	  not	  alter	  the	  overall	  expression	  of	  IpLITRs	  and	  their	  ability	  to	  mediate	  target	  

acquisition	  and	  engulfment	  phenotypes	  that	  were	  previously	  described	  (Lillico	  et	  al,	  

2015).	  This	  strategy	  allowed	  me	  to	  specifically	  identify	  cells	  that	  had	  engulfed	  at	  least	  

one	  bead	  from	  those	  that	  only	  had	  surface	  bound	  beads.	  This	  was	  made	  possible	  by	  
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modifying	  the	  counterstaining	  strategy	  that	  I	  previously	  developed	  for	  microscopy	  to	  

accommodate	  the	  laser	  and	  filter	  requirements	  of	  the	  imaging	  flow	  cytometer.	  	  

The	  signal	  transduction	  events	  that	  take	  place	  during	  phagocytosis	  are	  localized	  

to	  the	  site	  where	  receptors	  are	  triggered	  (i.e.	  phagocytic	  cup)	  and	  culminate	  in	  actin	  

redistribution,	  allowing	  for	  the	  plasma	  membrane	  remodelling	  required	  for	  

accommodating	  target	  engulfment.	  Since	  these	  events	  culminate	  in	  cytoskeletal	  

rearrangements,	  I	  chose	  to	  develop	  my	  microscopy-‐based	  assay	  using	  F-‐actin	  as	  a	  

surrogate	  for	  the	  location	  at	  which	  signal	  transduction	  will	  take	  place.	  I	  monitored	  

IpLITR	  1.1b/ITAM	  and	  IpLITR	  1.1b/WT	  –induced	  changes	  in	  F-‐actin	  polymerization	  to	  

gain	  insight	  into	  the	  spatial	  and	  temporal	  distribution	  of	  these	  structures.	  I	  found	  that	  

IpLITR	  1.1b/WT	  –induced	  a	  very	  unique	  pattern	  of	  actin	  reorganization	  that	  I	  did	  not	  

observe	  during	  the	  IpLITR	  1.1b/ITAM	  –induced	  response.	  Specifically,	  IpLITR	  1.1b/WT	  

did	  not	  extend	  F-‐actin	  rich	  pseudopodia.	  Instead,	  F-‐actin	  depolymerized	  from	  the	  base	  

of	  the	  phagocytic	  cup	  and	  essentially	  allowed	  targets	  to	  sink	  or	  be	  retracted	  into	  the	  

cell.	  This	  was	  vastly	  different	  from	  the	  IpLITR	  1.1b/ITAM	  response,	  which	  did	  induce	  the	  

formation	  of	  long	  pseudopodia	  to	  facilitate	  entry.	  	  

These	  findings	  provided	  new	  information	  regarding	  the	  F-‐actin	  changes	  induced	  

by	  two	  IpLITR-‐types	  to	  promote	  target	  entry,	  while	  also	  validating	  that	  IpLITR-‐mediated	  

induction	  of	  F-‐actin	  polymerization	  is	  conserved	  across	  cell-‐types.	  Lastly,	  I	  provided	  a	  

method	  for	  detecting	  bead	  position	  relative	  to	  the	  cell	  membrane	  as	  a	  method	  to	  

discriminate	  the	  phagocytic	  activities	  of	  the	  two	  receptors.	  
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6.1.2	  Imaging-‐based	  examination	  of	  phosphoinositides	  during	  IpLITR-‐mediated	  

phagocytosis	  

In	  Chapter	  4	  of	  this	  thesis,	  I	  demonstrated	  that	  two	  IpLITR-‐types	  induced	  distinct	  

patterns	  of	  actin	  reorganization.	  Phosphoinositides	  serve	  as	  molecular	  addresses	  to	  

localize	  very	  specific	  subsets	  of	  molecules	  to	  membranes	  and	  thus	  are	  directly	  involved	  

in	  the	  regulation	  of	  many	  cellular	  responses	  including	  phagocytosis.	  PI(4,5)P2	  is	  found	  in	  

the	  inner	  leaflet	  of	  the	  plasma	  membrane	  of	  cells	  and	  has	  been	  shown	  to	  play	  a	  role	  in	  

mammalian	  FcR-‐mediated	  phagocytosis	  (Botelho	  et	  al,	  2000).	  PI(4,5)P2	  cooperation	  with	  

small	  RhoGTPases	  is	  important	  for	  the	  activation	  of	  the	  actin	  polymerization	  machinery	  

(Reviewed	  by	  Levin	  et	  al,	  2015).	  To	  gain	  further	  insight	  into	  IpLITR-‐mediated	  changes	  in	  

F-‐actin	  distribution,	  I	  developed	  imaging-‐based	  assays	  to	  monitor	  the	  distribution	  of	  

phosphoinositides	  during	  the	  IpLITR-‐induced	  phagocytic	  process.	  I	  hypothesized	  that	  

IpLITRs-‐induced	  PI	  reorganization	  would	  mirror	  my	  previous	  observations	  regarding	  the	  

distribution	  of	  F-‐actin	  during	  the	  IpLITR-‐mediated	  phagocytic	  process	  (Figure	  5.19).	  	  

I	  showed	  that	  IpLITR	  1.1b/ITAM	  induced	  PI(4,5)P2	  redistribution	  similar	  to	  what	  

has	  been	  reported	  during	  the	  mammalian	  FcR-‐induced	  phagocytic	  process.	  That	  is,	  upon	  

target	  binding,	  IpLITR	  1.1b/ITAM	  induced	  a	  transient	  increase	  of	  phosphoinositides	  at	  

the	  base	  of	  the	  phagocytic	  cup.	  PI(4,5)P2	  enrichment	  followed	  the	  leading	  edges	  of	  

pseudopodia	  until	  the	  phagosome	  sealed.	  Concurrently,	  PI(4,5)P2	  disappeared	  from	  the	  

base	  of	  the	  phagocytic	  cup	  (i.e.	  the	  nascent	  phagosome)	  and	  this	  disappearance	  

followed	  behind	  the	  extending	  pseudopodia.	  PI(4,5)P2	  did	  not	  surround	  the	  phagosomal	  

membranes	  of	  any	  internalized	  targets.	  	  
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Once	  again,	  the	  IpLITR	  1.1b/WT	  did	  not	  induce	  the	  formation	  of	  long	  

pseudopodia.	  That	  is,	  PI(4,5)P2	  transiently	  increased	  at	  the	  base	  of	  the	  phagocytic	  cup	  

but	  disappeared	  rapidly	  (during	  the	  ‘surface	  bound’	  stage).	  As	  signaling	  precedes	  

function,	  a	  possible	  reason	  for	  the	  lack	  of	  F-‐actin	  rich	  pseudopodia	  during	  IpLITR	  1.1b-‐

mediated	  phagocytosis	  is	  the	  rapid	  disappearance	  of	  PI(4,5)P2,	  however,	  further	  studies	  

are	  required	  to	  confirm	  this.	  

PI(3)P	  is	  predominantly	  found	  on	  the	  cytoplasmic	  leaflet	  of	  intracellular	  vesicles	  

(Gillooly	  et	  al,	  2000)	  and	  on	  phagosomal	  membranes	  where	  it	  plays	  a	  role	  in	  the	  

maturation	  of	  these	  vesicles	  (Swanson,	  2014;	  Levin	  et	  al,	  2015).	  As	  was	  expected,	  

targets	  of	  both	  IpLITR-‐types	  were	  internalized	  into	  a	  phagosome	  that	  became	  

transiently	  enriched	  in	  PI(3)P.	  These	  results	  confirmed	  the	  complete	  internalization	  of	  

particles.	  	  

Taken	  together,	  these	  findings	  provide	  new	  information	  regarding	  IpLITR-‐

induced	  reorganization	  of	  the	  cytoskeleton	  and	  redistribution	  of	  phosphoinositide	  

species	  during	  the	  phagocytic	  process.	  Here	  I	  demonstrate	  that	  a	  teleost	  ITAM-‐

dependent	  receptor	  promotes	  canonical	  ITAM-‐mediated	  changes	  in	  F-‐actin	  

polymerization	  and	  PI(4,5)P2	  redistribution.	  However,	  the	  ITAM-‐independent	  receptor	  

induced	  distinctly	  different	  patterns	  of	  F-‐actin	  and	  PI(4,5)P2	  redistribution	  (when	  

compared	  to	  the	  teleost	  ITAM	  receptor),	  which	  is	  likely	  due	  to	  the	  ability	  of	  this	  receptor	  

to	  induce	  unique	  signaling	  pathways.	  Additionally,	  IpLITR-‐induced	  phagocytosis	  results	  

in	  target	  internalization	  into	  PI(3)P-‐enriched	  phagosomes;	  during	  an	  immune	  response	  

PI(3)P	  enrichment	  of	  phagosomes	  is	  important	  phagosome	  maturation	  (i.e.	  fusion	  with	  
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other	  vesicles	  such	  as	  lysosomes	  and	  endosomes)	  into	  a	  potent	  antimicrobial	  

compartment	  (Jeschke	  and	  Haas,	  2016).	  I	  could	  have	  also	  monitored	  other	  

phosphoinositides	  (i.e.	  PI(3,4,5)P3)	  using	  a	  GFP	  chimeric	  construct	  fused	  to	  the	  PH	  

domain	  of	  Akt	  (kindly	  provided	  by	  Dr.	  Touret);	  however,	  I	  did	  not	  have	  time	  to	  

accomplish	  this.	  Examination	  of	  PI(3,4,5)P3	  levels	  during	  IpLITR-‐mediated	  phagocytosis	  

would	  have	  demonstrated	  PI3K	  activity	  since	  it	  is	  believed	  to	  be	  the	  main	  contributor	  to	  

the	  conversion	  of	  PI(4,5)P2	  to	  PI(3,4,5)P3	  during	  mammalian	  FcR-‐mediated	  phagocytosis	  

(Levin	  et	  al,	  2015).	  	  

	  
6.1.3	  Phagocytosis	  as	  a	  bioassay	  to	  map	  IpLITR-‐mediated	  signal	  transduction	  	  

Phagocytosis	  is	  a	  conserved	  physiological	  process	  that	  is	  highly	  dependent	  on	  

filamentous	  (F)-‐actin	  remodelling	  (Reviewed	  by	  Levin	  et	  al,	  2015;	  Flannagan	  et	  al,	  2012).	  

The	  cytoskeletal	  network	  actively	  participates	  in	  the	  capture	  and	  engulfment	  of	  

phagocytic	  targets	  (e.g.	  pathogens).	  Therefore,	  in	  order	  for	  phagocytic	  receptors	  to	  

mediate	  target	  internalization;	  they	  must	  be	  able	  to	  translate	  extracellular	  binding	  into	  

dynamic	  F-‐actin	  reorganization.	  Interestingly,	  other	  cellular	  processes	  such	  as	  cell-‐cell	  

adhesion,	  cell-‐matrix	  adhesion,	  cell	  migration,	  as	  well	  as	  synapse	  formation	  all	  require	  F-‐

actin	  remodelling	  (Reviewed	  by	  Cougoule	  et	  al,	  2004;	  Niedergang	  et	  al,	  2016).	  As	  a	  

result,	  there	  is	  a	  striking	  similarity	  in	  the	  types	  of	  molecules	  that	  phagocytic	  receptors	  

and	  adhesion	  molecules	  (e.g.	  integrins)	  recruit	  and	  activate	  upon	  ligation	  (Cougoule	  et	  

al,	  2004).	  These	  signaling	  molecules	  include:	  (1)	  guanine	  exchange	  factors	  which	  

promote	  activation	  of	  (2)	  small	  RhoGTPases	  (3)	  GTPases	  activate	  WASP	  and	  or	  WAVE	  (4)	  

then	  activated	  WAVE	  and/or	  WASP	  play	  pivotal	  roles	  in	  activating	  the	  Arp2/3-‐
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dependent	  polymerization	  of	  F-‐actin.	  Although	  the	  precise	  identity	  of	  molecules	  that	  

different	  receptors	  use	  can	  vary,	  their	  coordinate	  signaling	  activities	  achieve	  the	  same	  

objective	  in	  that	  they	  network	  cell	  surface	  binding	  into	  F-‐actin	  mediated	  cytoskeletal	  

rearrangements.	  The	  importance	  of	  F-‐actin	  polymerization	  is	  underscored	  by	  the	  ability	  

of	  many	  pathogens	  to	  exploit	  the	  phagocytic	  process	  to	  induce	  infection.	  For	  example,	  

Salmonella	  induces	  F-‐actin	  polymerization	  in	  host	  cells	  to	  promote	  its	  internalization.	  

This	  is	  accomplished	  by	  injecting	  a	  virulence	  factor	  (SopE)	  that	  functionally	  mimics	  host	  

guanine	  exchange	  factors:	  molecules	  that	  promote	  the	  activation	  of	  small	  RhoGTPases	  

(Humphreys	  et	  al,	  2012).	  The	  ability	  of	  primitive	  organisms	  such	  as	  bacteria	  to	  

manipulate	  eukaryotic	  cellular	  functions	  demonstrates	  the	  importance	  and	  conservation	  

of	  signaling	  networks	  that	  promote	  cytoskeletal	  remodelling.	  	  

The	  ability	  of	  teleost	  receptors	  to	  promote	  F-‐actin	  remodelling	  in	  two	  distinctly	  

different	  surrogate	  cells	  (i.e.	  rat	  immune	  cells	  and	  human	  epithelioid	  cells)	  is	  highly	  

suggestive	  of	  the	  ability	  of	  these	  receptors	  to	  mediate	  similar	  activities	  in	  teleost	  cells	  

due	  to	  the	  conserved	  nature	  of	  signaling	  that	  culminates	  in	  F-‐actin	  remodelling.	  

Therefore	  it	  is	  tempting	  to	  predict	  that	  these	  receptors	  are	  capable	  of	  mediating	  

cytoskeletal	  remodelling	  that	  is	  required	  for	  innate	  immune	  activities	  such	  as	  

immunological	  synapse	  formation,	  phagocytosis,	  cell	  migration,	  and	  degranulation	  in	  

teleost.	  In	  addition	  to	  being	  related	  to	  human	  LRC	  encoded	  proteins	  and	  FcR/FCRLs,	  

IpLITRs	  are	  related	  to	  adhesion	  molecules	  such	  as	  the	  human	  SIGLECs	  and	  CEACAMs	  (Fei	  

et	  al,	  2016).	  These	  LRC-‐related	  proteins	  are	  involved	  in	  adhesion	  as	  well	  as	  pathogen	  

sensing	  (Trowsdale,	  2001).	  Therefore	  it	  is	  plausible	  that	  IpLITR	  roles	  in	  teleost	  immunity	  
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may	  range	  from	  immune	  sensing	  and	  immune-‐modulation	  to	  adhesion,	  all	  activities	  that	  

likely	  require	  the	  ability	  of	  receptors	  to	  translate	  extracellular	  binding	  to	  cytoskeletal	  

reorganization.	  However,	  without	  knowing	  the	  natural	  ligands	  of	  IpLITRs	  and	  the	  lack	  of	  

IpLITR-‐specific	  reagents	  poses	  a	  challenge	  to	  examine	  the	  precise	  roles	  that	  IpLITRs	  

undertake.	  As	  a	  result,	  characterization	  of	  IpLITRs	  relies	  on	  heterologous	  

overexpression.	  The	  ability	  of	  IpLITRs	  to	  mediate	  phagocytosis	  in	  surrogate	  cell	  systems	  

can	  be	  exploited	  to	  elucidate	  the	  precise	  signaling	  mechanisms	  that	  IpLITRs	  employ	  to	  

network	  to	  the	  actin	  polymerization	  machinery.	  Phagocytosis	  provides	  a	  useful	  bioassay	  

to	  gain	  insight	  into	  IpLITR-‐mediated	  signal	  transduction	  because	  these	  events	  are	  

localized	  to	  the	  specific	  area	  of	  the	  plasma	  membrane	  that	  is	  engaged	  (i.e.	  the	  

‘phagocytic	  synapse’)	  and	  the	  size	  of	  this	  structure	  can	  be	  manipulated	  by	  the	  size	  of	  

targets	  (Grinstein,	  2010).	  Furthermore,	  these	  signaling	  events	  occur	  within	  seconds	  to	  

minutes	  and	  thus	  can	  be	  captured	  using	  microscopy	  techniques	  to	  achieve	  spatial	  and	  

temporal	  resolution	  for	  the	  recruitment	  and	  activation	  of	  molecules.	  As	  a	  result,	  

valuable	  information	  regarding	  the	  spatiotemporal	  regulation	  of	  IpLITR-‐mediated	  signal	  

transduction	  can	  be	  gained	  using	  phagocytic	  assays	  coupled	  with	  confocal	  microscopy	  to	  

understand	  how	  these	  receptors	  promote	  dynamic	  actin	  remodelling	  and	  provide	  

insight	  into	  how	  these	  receptors	  may	  function	  in	  their	  native	  cell	  types.	  

	  

6.2	  Future	  Directions	  

	   The	  unique	  organization	  of	  the	  IpLITR	  1.1b	  cytoplasmic	  region	  gives	  this	  receptor	  

the	  ability	  to	  control	  functional	  responses	  that	  are	  independently	  mediated	  by	  the	  
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proximal	  and	  distal	  cytoplasmic	  domains	  (Montgomery	  et	  al,	  2009;	  Montgomery	  et	  al,	  

2012;	  Cortes	  et	  al,	  2014;	  Lillico	  et	  al,	  2015;	  Zwozdesky	  et	  al,	  2016).	  Montgomery	  et	  al	  

demonstrated	  that	  IpLITR	  1.1b	  induced	  an	  inhibitory	  function	  in	  the	  context	  of	  mouse	  

NK	  cells	  via	  two	  independent	  mechanisms:	  a	  Csk-‐dependent	  (2012)	  and	  SHP-‐2	  –

dependent	  manner	  (2009).	  The	  uniqueness	  of	  this	  receptor	  was	  further	  reinforced	  by	  

the	  discovery	  that	  IpLITR	  1.1b	  could	  stimulate	  phagocytosis	  in	  RBL	  cells	  (Cortes	  et	  al,	  

2014)	  in	  a	  manner	  biochemically	  and	  morphologically	  unique	  to	  classical	  ITAM-‐mediated	  

phagocytosis	  (Lillico	  et	  al,	  2015).	  Zwozdesky	  et	  al	  (2016)	  recently	  confirmed	  the	  

independent	  functionality	  of	  the	  proximal	  and	  distal	  IpLITR	  1.1b	  cytoplasmic	  regions	  to	  

mediate	  IpLITR	  1.1b-‐induced	  target	  acquisition	  and	  engulfment.	  Using	  biochemical	  

techniques,	  Zwozdesky	  et	  al	  (2016)	  also	  explored	  the	  recruitment	  of	  candidate	  signaling	  

molecules	  and	  showed	  that	  the	  proximal	  region	  associated	  with	  Csk,	  Grb2,	  Nck1,	  Vav	  

and	  PI3K	  p85α	  but	  not	  SHP-‐2,	  Syk	  or	  Vav3.	  The	  distal	  region	  associated	  with	  SHP-‐2,	  Syk	  

and	  PI3K	  p85α	  but	  not	  Csk,	  Grb2,	  Nck1,	  or	  Vav	  (Zwozdesky	  et	  al,	  2016).	  These	  

observations	  contributed	  to	  the	  development	  of	  multiple	  models	  to	  explain	  potential	  

signalosomes	  that	  IpLITR	  1.1b	  engages	  in	  order	  to	  translate	  extracellular	  binding	  to	  F-‐

actin	  polymerization:	  a	  requirement	  for	  IpLITR	  1.1b-‐mediated	  phagocytosis	  (Cortes	  et	  al,	  

2014;	  Lillico	  et	  al,	  2014)	  and	  the	  formation	  of	  an	  immunological	  synapse	  between	  an	  NK	  

cell	  and	  its	  target	  cell	  (Carpen	  et	  al,	  1983;	  Wülfing	  et	  al,	  2003;	  Orange	  et	  al,	  2003).	  These	  

models	  are	  based	  on	  the	  differential	  recruitment	  of	  Nck1,	  Grb2,	  Syk	  and	  SHP-‐2	  to	  the	  

individual	  IpLITR	  1.1b	  cytoplasmic	  regions	  (Zwozdesky	  et	  al,	  2016).	  Importantly,	  the	  
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proposed	  models	  are	  supported	  by	  signaling	  pathways	  that	  have	  been	  deciphered	  for	  

other	  receptors	  capable	  of	  networking	  to	  the	  F-‐actin	  polymerization	  machinery.	  

Cooperative	  signaling	  between	  the	  proximal	  and	  distal	  regions	  could	  coordinate	  

IpLITR	  1.1b-‐mediated	  target	  acquisition	  and	  engulfment.	  In	  this	  model,	  receptor	  

engagement	  and	  phosphorylation	  of	  proximal	  (Y433)	  and	  distal	  (Y477	  &	  Y499)	  could	  result	  

in	  the	  recruitment	  and	  activation	  of	  Nck1	  and	  Syk	  to	  the	  proximal	  and	  distal	  regions	  

respectively.	  Activation	  of	  Nck1	  could	  localize	  the	  WAVE2	  complex	  in	  close	  proximity	  to	  

the	  site	  of	  receptor	  engagement.	  Activated	  Syk	  could	  bind	  to	  a	  guanine	  exchange	  factor	  

such	  as	  Vav	  and/or	  PI3K	  p85α	  that	  can	  activate	  the	  WAVE2	  complex.	  In	  turn,	  the	  

activated	  WAVE2	  complex	  activates	  Arp2/3,	  a	  nucleator	  of	  F-‐actin	  polymerization.	  This	  

proposed	  signaling	  mechanism	  mimics	  a	  short-‐circuit	  pathway	  recently	  described	  for	  

human	  CEACAM3,	  a	  phagocytic	  receptor	  for	  Neisseria	  gonorrhoeae	  (Pils	  et	  al,	  2012).	  In	  

an	  alternative	  model,	  based	  on	  the	  reported	  human	  NKG2D	  signaling	  pathway	  (Upshaw	  

et	  al.,	  2006),	  Nck1	  and	  Grb2	  are	  recruited	  to	  Y433	  and	  Y463,	  respectively,	  within	  the	  distal	  

cytoplasmic	  region.	  As	  in	  the	  previous	  model,	  Nck1	  would	  localize	  the	  WAVE2	  complex	  

in	  the	  vicinity	  of	  the	  activated	  receptor.	  Syk	  recruitment	  to	  the	  tandem	  ITIMs	  in	  the	  

distal	  cytoplasmic	  region	  of	  IpLITR	  1.1b	  (Y477	  and	  Y499)	  could	  phosphorylate	  Grb2	  and	  

induce	  Grb2-‐dependent	  recruitment	  of	  Vav1	  and	  Syk-‐dependent	  activation	  of	  Vav1.	  

Vav1	  would	  then	  activate	  a	  small	  rho	  GTPase	  that	  would	  activate	  the	  WAVE2	  complex	  

leading	  to	  WAVE2-‐mediated	  activation	  of	  the	  actin	  polymerization	  machinery.	  	  

The	  observation	  that	  the	  distal	  and	  proximal	  cytoplasmic	  regions	  could	  

independently	  mediate	  acquisition	  and	  engulfment	  suggest	  that	  each	  domain	  can	  
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independently	  network	  to	  the	  F-‐actin	  polymerization	  machinery	  (Zwozdesky	  et	  al,	  

2016).	  The	  proximal	  cytoplasmic	  domain	  of	  IpLITR	  1.1b	  could	  recruit	  Nck1	  to	  Y433	  and	  

Grb2	  to	  Y463.	  Grb2-‐dependent	  recruitment	  of	  the	  guanine	  exchange	  factor	  Sos1	  can	  lead	  

to	  the	  activation	  of	  the	  small	  GTPase	  Ras;	  activated	  Ras	  can	  lead	  to	  Arp2/3-‐dependent	  F-‐

actin	  polymerization	  (Gomez-‐Cambronero,	  2011).	  Formation	  of	  a	  Grb2-‐Gab2-‐PI3K	  

complex	  is	  another	  potential	  mechanism	  of	  promoting	  activation	  of	  F-‐actin	  

polymerization	  activities	  (Bennett	  et	  al.,	  1994;	  Li	  et	  al.,	  1994;	  Gu	  et	  al.,	  1998;	  Brummer	  

et	  al.,	  2010).	  In	  this	  model,	  phosphorylated	  Y463	  would	  result	  in	  the	  Grb2-‐dependent	  

formation	  of	  this	  heterotrimeric	  complex	  and	  promote	  the	  activation	  of	  Vav,	  Vav	  

activates	  Rac,	  and	  Rac	  facilitates	  WAVE2-‐mediated	  activation	  of	  Arp2/3.	  In	  this	  model,	  

WAVE2	  recruitment	  would	  be	  mediated	  by	  PI3K-‐dependent	  production	  of	  PI(3,4,5)P3	  

(Rougerie	  et	  al.,	  2013).	  SHP-‐binding	  is	  generally	  associated	  with	  inhibitory	  signaling,	  

however,	  phosphorylation	  of	  a	  C-‐terminal	  tyrosine	  can	  give	  SHP-‐2	  the	  ability	  to	  scaffold	  

the	  recruitment	  and	  activation	  of	  the	  Grb2-‐Gab2-‐PI3K	  signaling	  complex	  (Gu	  et	  al.,	  

2003).	  SHP-‐2	  recruitment	  to	  the	  ITIMs	  or	  ITSM	  within	  the	  distal	  region	  (Y477,	  Y499	  and	  Y503	  

respectively)	  could	  promote	  PI3K-‐dependent	  IpLITR	  1.1b-‐induced	  F-‐actin	  

polymerization.	  An	  alternate	  SHP-‐2	  –dependent	  mechanism	  could	  also	  be	  initiated	  

when	  SHP-‐2	  with	  a	  C-‐terminal	  phosphorylated	  tyrosine	  (Y542).	  Phosphorylation	  at	  this	  

position	  can	  reveal	  a	  cryptic	  ITAM	  (Deng	  et	  al.,	  2015).	  Recruitment	  of	  two	  Y542	  –

phosphorylated	  SHP-‐2	  molecules	  to	  two	  tandem	  IpLITR	  1.1b	  molecules	  could	  facilitate	  

the	  recruitment	  and	  activation	  of	  Syk.	  Syk	  activation	  would	  then	  trigger	  Syk-‐dependent	  

recruitment	  of	  PI3K	  and	  PI(3,4,5)P3-‐dependent	  localization	  of	  a	  guanine	  exchange	  factor,	  
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such	  as	  Vav1.	  Vav1	  could	  facilitate	  WAVE2-‐dependent	  activation	  of	  Arp2/3.	  It	  is	  likely	  

that	  other	  signaling	  molecules	  play	  a	  role	  in	  IpLITR	  1.1b-‐mediated	  signal	  transduction;	  

however,	  the	  proposed	  models	  provide	  a	  basis	  for	  the	  design	  of	  new	  experiments	  to	  

test	  the	  spatiotemporal	  recruitment	  and	  activation	  of	  these	  molecules	  using	  

microscopy-‐based	  techniques.	  	  

	   Confocal	  microscopy-‐based	  studies	  allow	  for	  direct,	  visual	  examination	  of	  cellular	  

processes;	  therefore	  a	  plethora	  of	  tools	  and	  techniques	  have	  been	  developed	  and	  

extensively	  used	  in	  the	  quest	  to	  characterize	  mammalian	  phagocytic	  receptors	  (e.g.	  

Várnai	  &	  Balla,	  1998;	  Botelho	  et	  al,	  2000;	  Lu	  et	  al,	  2017;	  Riedl	  et	  al,	  2008;	  Gillooly	  et	  al,	  

2000).	  PH,	  2xFYVE,	  and	  Lifeact	  constructs	  have	  been	  fused	  to	  many	  fluorophores	  in	  

order	  to	  monitor	  the	  activities	  of	  multiple	  molecules	  (or	  phagocytic	  targets)	  during	  the	  

phagocytic	  process.	  For	  example,	  Jaumouillé	  et	  al	  (2014)	  used	  red	  fluorescent	  protein	  –

tagged	  Lifeact	  to	  monitor	  the	  cytoskeleton	  and	  FcR-‐GFP	  when	  cells	  were	  treated	  with	  a	  

pharmacological	  drug.	  In	  the	  same	  research	  article,	  the	  researchers	  used	  GFP-‐tagged	  

Lifeact	  to	  monitor	  actin	  during	  the	  FcR-‐mediated	  internalization	  of	  red	  beads.	  The	  main	  

objective	  of	  my	  thesis	  was	  to	  develop	  and	  apply	  many	  of	  these	  imaging-‐based	  tools	  to	  

monitor	  the	  IpLITR-‐mediated	  phagocytic	  process.	  I	  used	  markers	  for	  F-‐actin	  and	  

PI(4,5)P2	  distribution	  in	  conjunction	  with	  a	  counterstain	  for	  extracellular	  targets	  to	  

visualize	  discrete	  stages	  of	  the	  IpLITR	  1.1b-‐induced	  phagocytic	  process.	  My	  work	  

provided	  preliminary	  observations	  regarding	  the	  patterns	  of	  F-‐actin	  polymerization	  and	  

PI(4,5)P2	  distribution	  at	  various	  stages	  of	  the	  IpLITR	  1.1b-‐mediated	  phagocytic	  process.	  

In	  addition,	  I	  cloned	  human	  Csk,	  Grb2,	  Nck1,	  SH2D1A,	  SHP-‐2,	  and	  PI3K	  p85α	  into	  a	  GFP-‐
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encoding	  plasmid	  to	  facilitate	  future	  studies	  regarding	  the	  role	  of	  these	  molecules	  

during	  the	  IpLITR-‐mediated	  phagocytic	  process.	  These	  studies	  using	  fixed	  cells	  can	  be	  

complemented	  with	  live-‐cell	  imaging	  to	  temporally	  define	  the	  phagocytic	  activity	  of	  

IpLITR	  1.1b	  in	  AD293	  cells.	  	  

The	  actin	  distribution	  during	  the	  IpLITR	  1.1b-‐mediated	  phagocytic	  process	  was	  

recently	  monitored	  in	  live	  RBL-‐2H3	  cells	  and	  demonstrated	  that	  this	  receptor	  mediates	  a	  

variety	  of	  actin	  reorganization	  patterns	  (i.e.	  modes	  of	  target	  acquisition	  and	  engulfment)	  

(Lillico	  &	  Stafford,	  unpublished).	  These	  studies	  demonstrated	  that	  in	  RBL-‐2H3	  cells,	  

IpLITR	  induced	  a	  similar	  mode	  of	  engulfment	  (lack	  of	  long	  pseudopodia	  during	  the	  

process	  of	  internalization)	  further	  confirming	  my	  observations	  in	  AD293	  cells.	  One	  

downside	  of	  live-‐cell	  imaging	  is	  the	  inability	  to	  monitor	  large	  populations	  of	  cells	  at	  one	  

time.	  This	  pitfall	  gives	  value	  to	  using	  static	  images	  as	  well	  as	  imaging	  flow	  cytometry,	  

which	  provide	  a	  broader	  snapshot	  in	  time.	  Nevertheless,	  these	  strategies	  make	  it	  more	  

difficult	  to	  appreciate	  the	  dynamic	  nature	  of	  cellular	  processes	  such	  as	  phagocytosis.	  

Using	  confocal	  microscopy,	  Lillico	  et	  al	  (2015)	  demonstrated	  in	  the	  RBL-‐2H3	  system,	  

IpLITR	  1.1b	  induced	  the	  formation	  of	  membranous	  extensions	  that	  captured	  targets.	  I	  

was	  unable	  to	  reproduce	  this	  observation	  in	  AD293	  cells:	  possibly	  due	  to	  the	  different	  

nature	  of	  the	  two	  cell	  types	  (i.e.	  innate	  immune	  cell	  versus	  epithelial	  cell).	  Being	  an	  

innate	  immune	  cell	  line,	  RBL-‐2H3	  may	  be	  more	  motile	  than	  epithelial	  cells.	  

Nevertheless,	  IpLITR	  1.1b	  I	  was	  able	  to	  reproduce	  the	  overall	  tethering	  phenotype	  using	  

both	  imaging	  flow	  cytometry	  and	  confocal	  microscopy	  of	  fixed	  cells.	  As	  a	  result,	  a	  

combination	  of	  imaging	  flow	  cytometry,	  fixed	  cell	  imaging	  and	  live-‐cell	  imaging	  –based	  
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experiments	  will	  be	  a	  useful	  approach	  to	  examine	  the	  recruitment	  and	  spatiotemporal	  

distribution	  of	  candidate	  signaling	  molecules	  during	  the	  IpLITR	  1.1b	  phagocytic	  process.	  	  

	  
	   	  



	  

	   196	  

CHAPTER	  7	  
REFERENCES	  

	  
	  

Akula,	  S.,	  Mohammadamin,	  S.,	  Hellman,	  L.	  (2014).	  Fc	  receptors	  for	  immunoglobulins	  and	  their	  
appearance	  during	  vertebrate	  evolution.	  PLoS	  ONE	  9(5):e96903.	  

	  
Alfonso,	  A.,	  Lousada,	  S.,	  Silva,	  J.,	  Ellis,	  A.	  E.,	  &	  Silva,	  M.	  T.	  (1998).	  Neutrophil	  and	  macrophage	  

responses	  to	  inflammation	  in	  the	  peritoneal	  cavity	  of	  rainbow	  trout	  onchorhynchus	  
mykiss.	  A	  light	  and	  electron	  microscopic	  cytochemical	  study.	  Dist	  Aquat	  Organ,	  34(1),	  
27-‐37.	  

	  
Álvarez-‐Errico,	  D.,	  Sayós,	  J.,	  &	  López-‐Botet,	  M.	  (2007).	  The	  IREM-‐1	  (CD300f)	  inhibitory	  receptor	  

associates	  with	  the	  p85α	  subunit	  of	  phosphoinositide	  3-‐kinase.	  J.	  Immunol.,	  178(2),	  808-‐
816.	  

	  
Aoukaty,	  A.,	  &	  Tan,	  R.	  (2002).	  Association	  of	  the	  X-‐linked	  lymphoproliferative	  disease	  gene	  

product	  SAP/SH2D1A	  with	  2B4,	  a	  natural	  killer	  cell-‐activating	  molecule,	  is	  dependent	  on	  
phosphoinositide	  3-‐kinase.	  J.	  Biol.	  Chem.,	  277(15),	  13331-‐13337.	  
doi:10.1074/jbc.M112029200	  

	  
Araki,	  N.,	  Johnson,	  M.	  T.,	  &	  Swanson,	  J.	  A.	  (1996).	  A	  role	  for	  phosphoinositide	  3-‐kinase	  in	  the	  

completion	  of	  macropinocytosis	  and	  phagocytosis	  by	  macrophages.	  J.	  Cell.	  Biol.,	  135(5),	  
1249-‐1260.	  

	  
Arandjelovic,	  S.,	  Ravichandran,	  K.	  S.	  (2015).	  Phagocytosis	  of	  apoptotic	  cells	  in	  homeostasis.	  Nat.	  

Immunol.	  16(9),	  907-‐917.	  
	  
Asati,	  V.,	  Mahapatra,	  D.	  K.,	  &	  Bharti,	  S.	  K.	  (2016).	  PI3K/akt/mTOR	  and	  ras/raf/MEK/ERK	  

signaling	  pathways	  inhibitors	  as	  anticancer	  agents:	  Structural	  and	  pharmacological	  
perspectives.	  Eur.	  J.	  Med.	  Chem.,	  109,	  314-‐341.	  
doi://dx.doi.org/10.1016/j.ejmech.2016.01.012	  

	  
Barreda,	  D.	  R.,	  Neely,	  H.	  R.,	  &	  Flajnik,	  M.	  F.	  (2016).	  Evolution	  of	  myeloid	  cells.	  Microbiol.	  Spectr.,	  

4(3)	  doi:10.1128/microbiolspec.MCHD-‐0007-‐2015	  
	  

Beemiller,	  P.,	  Hoppe,	  A.	  D.,	  &	  Swanson,	  J.	  A.	  (2006).	  A	  phosphatidylinositol-‐3-‐kinase-‐dependent	  
signal	  transition	  regulates	  ARF1	  and	  ARF6	  during	  Fcγ	  receptor-‐mediated	  phagocytosis.	  
PLoS	  Biol,	  4(6),	  e162.	  

	  
Belov,	  A.	  A.,	  &	  Mohammadi,	  M.	  (2012).	  Grb2,	  a	  double-‐edged	  sword	  of	  receptor	  tyrosine	  kinase	  

signaling.	  Science	  Signaling,	  5(249),	  pe49.	  doi:10.1126/scisignal.2003576	  
	  

	   	  



	  

	   197	  

Bennett,	  A.	  M.,	  Tang,	  T.	  L.,	  Sugimoto,	  S.,	  Walsh,	  C.	  T.,	  Neel,	  B.	  G.	  (1994)	  Protein-‐tyrosine-‐
phosphatase	  SHPTP2	  couples	  platelet-‐derived	  growth	  factor	  receptor	  beta	  to	  Ras.	  Proc.	  
Natl.	  Acad.	  Sci.	  U.	  S.	  A.	  91(15):7335-‐7339.	  

	  
Berton,	  G.,	  Mócsai,	  A.,	  &	  Lowell,	  C.	  A.	  (2005).	  Src	  and	  syk	  kinases:	  Key	  regulators	  of	  phagocytic	  

cell	  activation.	  Trends	  Immunol.,	  26(4),	  208-‐214.	  doi:10.1016/j.it.2005.02.002	  
	  
Beutler,	  B.	  (2004).	  Innate	  immunity:	  An	  overview.	  Mol.	  Immunol.,	  40(12),	  845-‐859.	  

doi:10.1016/j.molimm.2003.10.005	  
	  
Botelho,	  R.	  J.,	  Teruel,	  M.,	  	  Dierckman,	  R.,	  Anderson,	  R.	  Wells,	  A.,	  York,	  J.	  D.,	  Meyer,	  T.,	  Grinstein,	  

S.	  (2000)	  Localized	  biphasic	  changes	  in	  phosphatidylinositol-‐4,5-‐bisphosphate	  at	  sites	  of	  
phagocytosis.	  J.	  Cell	  Biol.	  151(7):1353-‐68.	  

	  
Braathen,	  R.,	  Hohman,	  V.	  S.,	  Brandtzaeg,	  P.,	  &	  Johansen,	  F.	  (2007).	  Secretory	  antibody	  

formation:	  Conserved	  binding	  interactions	  between	  J	  chain	  and	  polymeric	  ig	  receptor	  
from	  humans	  and	  amphibians.	  J.	  Immunol.	  (Baltimore,	  Md.:	  1950),	  178(3),	  1589-‐1597.	  

	  
Brummer,	  T.,	  Schmitz-‐Peiffer,	  C.,	  &	  Daly,	  R.	  J.	  (2010).	  Docking	  proteins.	  FEBS	  J.,	  277(21),	  4356-‐

4369.	  doi:10.1111/j.1742-‐4658.2010.07865.x	  
	  
Buchmann,	  K.	  (2014).	  Evolution	  of	  innate	  immunity:	  Clues	  from	  invertebrates	  via	  fish	  to	  

mammals.	  Front.	  Immunol.,	  5,	  459.	  
	  
Cannon,	  J.	  P.,	  Haire,	  R.	  N.,	  Magis,	  A.	  T.,	  Eason,	  D.	  D.,	  Winfrey,	  K.	  N.,	  Hernandez	  Prada,	  J.	  A.,	  .	  .	  .	  

Ostrov,	  D.	  A.	  (2008).	  A	  bony	  fish	  immunological	  receptor	  of	  the	  NITR	  multigene	  family	  
mediates	  allogeneic	  recognition.	  Immunity,	  29(2),	  228-‐237.	  
doi:10.1016/j.immuni.2008.05.018	  

	  
Carpen,	  O.,	  Virtanen,	  I.,	  Lehto,	  V.	  P.,	  Saksela,	  E.	  (1983)	  Polarization	  of	  NK	  cell	  cytoskeleton	  upon	  

conjugation	  with	  sensitive	  target	  cells.	  J.	  Immunol.	  131:2695-‐2698.	  
	  
Carrillo-‐Bustamante,	  P.,	  Keşmir,	  C.,	  &	  de	  Boer,	  R.,J.	  (2016).	  The	  evolution	  of	  natural	  killer	  cell	  

receptors.	  Immunogenetics,	  68,	  3-‐18.	  doi:10.1007/s00251-‐015-‐0869-‐7	  
	  
Chemnitz,	  J.	  M.,	  Parry,	  R.	  V.,	  Nichols,	  K.	  E.,	  June,	  C.	  H.,	  &	  Riley,	  J.	  L.	  (2004).	  SHP-‐1	  and	  SHP-‐2	  

associate	  with	  immunoreceptor	  tyrosine-‐based	  switch	  motif	  of	  programmed	  death	  1	  
upon	  primary	  human	  T	  cell	  stimulation,	  but	  only	  receptor	  ligation	  prevents	  T	  cell	  
activation.	  J	  Immunol.,	  173(2),	  945-‐954.	  

	  
Chen,	  K.,	  Xu,	  W.,	  Wilson,	  M.,	  He,	  B.,	  Miller,	  N.	  W.,	  Bengten,	  E.,	  .	  .	  .	  Cerutti,	  A.	  (2009).	  

Immunoglobulin	  D	  enhances	  immune	  surveillance	  by	  activating	  antimicrobial,	  
proinflammatory	  and	  B	  cell-‐stimulating	  programs	  in	  basophils.	  Nat.	  Immunol.,	  10(8),	  
889-‐898.	  



	  

	   198	  

Chong,	  Y.,	  Mulhern,	  T.	  D.,	  &	  Cheng,	  H.	  (2005).	  C-‐terminal	  src	  kinase	  (CSK)	  and	  CSK-‐homologous	  
kinase	  (CHK)-‐-‐endogenous	  negative	  regulators	  of	  src-‐family	  protein	  kinases.	  Growth	  
Factors,	  23(3),	  233-‐244.	  doi:10.1080/08977190500178877	  

	  
Condon,	  N.	  D.,	  Wall,	  A.	  A.,	  Yeo,	  J.	  C.,	  Hamilton,	  N.	  A.,	  &	  Stow,	  J.	  L.	  (2017).	  Image-‐based	  analysis	  

of	  phagocytosis:	  Measuring	  engulfment	  and	  internalization.	  Methods	  Mol.	  Biol.	  
1519:201-‐214.	  doi:10.1007/978-‐1-‐4939-‐6581-‐6_13	  
	  

Cortes,	  H.	  D.,	  Lillico,	  D.	  M.	  E.,	  Zwozdesky,	  M.	  A.,	  Pemberton,	  J.	  G.,	  O'Brien,	  A.,	  Montgomery,	  B.	  
C.	  S.,	  .	  .	  .	  Stafford,	  J.	  L.	  (2014).	  Induction	  of	  phagocytosis	  and	  intracellular	  signaling	  by	  an	  
inhibitory	  channel	  catfish	  leukocyte	  immune-‐type	  receptor:	  Evidence	  for	  
immunoregulatory	  receptor	  functional	  plasticity	  in	  teleosts.	  J.	  Innate	  Immun.,	  6(4),	  435-‐
455.	  doi:10.1159/000356963	  

	  
Cortes,	  H.	  D.,	  Montgomery,	  B.	  C.,	  Verheijen,	  K.,	  Garcia-‐Garcia,	  E.,	  &	  Stafford,	  J.	  L.	  (2012).	  

Examination	  of	  the	  stimulatory	  signaling	  potential	  of	  a	  channel	  catfish	  leukocyte	  
immune-‐type	  receptor	  and	  associated	  adaptor.	  Dev.	  Comp.	  Immunol.,	  36,	  62-‐73.	  
doi:10.1016/j.dci.2011.06.004	  

	  
Cougoule,	  C.,	  Wiedemann,	  A.,	  Lim,	  J.,	  &	  Caron,	  E.	  (2004).	  Phagocytosis,	  an	  alternative	  model	  

system	  for	  the	  study	  of	  cell	  adhesion.	  Sem.	  Cell	  Dev.	  Biol.,	  15(6),	  679-‐689.	  
doi:10.1016/S1084-‐9521(04)00087-‐4	  

	  
Cox,	  D.,	  Tseng,	  C.	  C.,	  Bjekic,	  G.,	  &	  Greenberg,	  S.	  (1999).	  A	  requirement	  for	  phosphatidylinositol	  

3-‐kinase	  in	  pseudopod	  extension.	  J.	  Biol.	  Chem.,	  274(3),	  1240-‐1247.	  
	  
Crowley,	  M.	  T.,	  Costello,	  P.	  S.,	  Fitzer-‐Attas,	  C.,	  Turner,	  M.,	  Meng,	  F.,	  Lowell,	  C.,	  .	  .	  .	  DeFranco,	  A.	  

L.	  (1997).	  A	  critical	  role	  for	  syk	  in	  signal	  transduction	  and	  phagocytosis	  mediated	  by	  fcγ	  
receptors	  on	  macrophages.	  J	  Exp.	  Med.	  186(7),	  1027.	  

	  
Daëron,	  M.,	  Jaeger,	  S.,	  Du	  Pasquier,	  L.,	  &	  Vivier,	  E.	  (2008b).	  Immunoreceptor	  tyrosine-‐based	  

inhibition	  motifs:	  A	  quest	  in	  the	  past	  and	  future.	  Immunol.	  Rev.,	  224(1),	  11-‐43.	  
doi:10.1111/j.1600-‐065X.2008.00666.x	  

	  
Dal	  Porto,	  J.	  M.,	  Gauld,	  S.	  B.,	  Merrell,	  K.	  T.,	  Mills,	  D.,	  Pugh-‐Bernard,	  A.	  E.,	  &	  Cambier,	  J.	  (2004).	  B	  

cell	  antigen	  receptor	  signaling	  101.	  Mol.	  Immunol.,	  41(6-‐7),	  599-‐613.	  
doi:10.1016/j.molimm.2004.04.008	  

	  
Davis,	  R.	  S.	  (2007).	  Fc	  receptor-‐like	  molecules.	  Annu.	  Rev.	  Immunol.	  25:525-‐560.	  
	  
Davis,	  R.	  S.,	  Ehrhardt,	  G.	  R.,	  Leu,	  C.	  M.	  ,	  Hirano,	  M.	  Cooper,	  M.	  D.	  (2005)	  An	  extended	  family	  of	  

Fc	  receptor	  relatives.	  Eur.	  J.	  Immunol.	  35-‐674-‐680.	  
	  

	   	  



	  

	   199	  

Dezfuli,	  B.	  S.,	  &	  Giari,	  L.	  (2008).	  Mast	  cells	  in	  the	  gills	  and	  intestines	  of	  naturally	  infected	  fish:	  
Evidence	  of	  migration	  and	  degranulation.	  J.	  Fish	  Dis.,	  31(11),	  845-‐852.	  
doi:10.1111/j.1365-‐2761.2008.00961.x	  

	  
do	  Vale,	  A.,	  Alfonso,	  A.,	  Silva,	  M.	  T.	  (2002).	  The	  professional	  phagocytes	  of	  sea	  bass	  

(Dicentrarchus	  labrax	  L.):	  Cytochemical	  characterization	  of	  neutrophils	  and	  
macrophages	  in	  the	  normal	  and	  inflamed	  peritoneal	  cavity.	  Fish	  Shellfish	  Immunol.	  
13(3):183-‐198.	  

	  
Edholm,	  E.,	  Stafford,	  J.,	  Sahoo,	  M.,	  Bengten,	  E.,	  Miller,	  N.,	  &	  Wilson,	  M.	  (2008).	  Three	  different	  

IgD	  cell	  populations	  in	  channel	  catfish,	  Ictaulurus	  punctatus.	  The	  FASEB	  Journal,	  22(1),	  
863.4.	  

	  
Engstad,	  R.	  E.,	  &	  Robertsen,	  B.	  ∅.	  (1993).	  Recognition	  of	  yeast	  cell	  wall	  glucan	  by	  atlantic	  

salmon	  (Salmo	  salar	  L.)	  macrophages.	  Dev.	  Com.	  Immunol.,	  17(4),	  319-‐330.	  
doi://dx.doi.org/10.1016/0145-‐305X(93)90004-‐A	  

	  
Esteban,	  M.	  A.,	  &	  Meseguer,	  J.	  (1997).	  Factors	  influencing	  phagocytic	  response	  of	  macrophages	  

from	  the	  sea	  bass	  (Dicentrarchus	  labrax	  L.):	  An	  ultrastructural	  and	  quantitative	  study.	  
Anat.	  Rec.,	  248(4),	  533-‐541.	  doi:AID-‐AR5>3.0.CO;2-‐M	  

	  
Fayngerts,	  S.	  A.,	  Najakshin,	  A.	  M.,	  Taranin,	  A.	  V.	  (2007)	  Species-‐specific	  evolution	  of	  the	  FcR	  

family	  in	  endothermic	  vertebrates.	  Immunogenetics	  59(6):493-‐506.	  
	  
Fei,	  C.,	  Pemberton,	  J.	  G.,	  Lillico,	  D.	  M.	  E.,	  Zwozdesky,	  M.	  A.,	  &	  Stafford,	  J.	  L.	  (2016b).	  Biochemical	  

and	  functional	  insights	  into	  the	  integrated	  regulation	  of	  innate	  immune	  cell	  responses	  
by	  teleost	  leukocyte	  immune-‐type	  receptors.	  Biology,	  5(1),	  13.	  
doi:10.3390/biology5010013	  

	  
Feng,	  J.,	  Call,	  M.	  E.,	  &	  Wucherpfennig,	  K.	  W.	  (2006).	  The	  assembly	  of	  diverse	  immune	  receptors	  

is	  focused	  on	  a	  polar	  membrane-‐embedded	  interaction	  site.	  PLoS	  Biology,	  4(5),	  e142.	  
doi:10.1371/journal.pbio.0040142	  

	  
Feng,	  L.,	  Lu,	  D.,	  Bei,	  J.,	  Chen,	  J.,	  Liu,	  Y.,	  Zhang,	  Y.,	  .	  .	  .	  Lin,	  H.	  (2009).	  Molecular	  cloning	  and	  

functional	  analysis	  of	  polymeric	  immunoglobulin	  receptor	  gene	  in	  orange-‐spotted	  
grouper	  (Epinephelus	  coioides).	  Comp.	  Biochem.	  Physiol.	  B	  Biochem.	  Mol.	  Biol.,	  154(3),	  
282-‐289.	  doi:10.1016/j.cbpb.2009.07.003	  

	  
Flannagan,	  R.	  S.,	  Canton,	  J.,	  Furuya,	  W.,	  Glogauer,	  M.,	  &	  Grinstein,	  S.	  (2014).	  The	  

phosphatidylserine	  receptor	  TIM4	  utilizes	  integrins	  as	  coreceptors	  to	  effect	  
phagocytosis.	  Mol.	  Biol.	  Cell,	  25(9),	  1511-‐1522.	  doi:10.1091/mbc.E13-‐04-‐0212	  

	  
	   	  



	  

	   200	  

Flannagan,	  R.	  S.,	  Jaumouillé,	  V.,	  &	  Grinstein,	  S.	  (2012).	  The	  cell	  biology	  of	  phagocytosis.	  Annu.	  
Rev.	  Pathol.,	  7(1),	  61-‐98.	  doi:10.1146/annurev-‐pathol-‐011811-‐132445	  

	  
Freeman,	  S.	  A.,	  &	  Grinstein,	  S.	  (2014).	  Phagocytosis:	  Receptors,	  signal	  integration,	  and	  the	  

cytoskeleton.	  Immunol.	  Rev.,	  262(1),	  193-‐215.	  doi:10.1111/imr.12212	  
	  
Frese,	  S.,	  Schubert,	  W.	  D.,	  Findeis,	  A.	  J.,	  Marquardt,	  T.,	  Roske	  Y.	  S.,	  Stradal,	  T.	  E.	  B.,	  &	  Heinz,	  D.	  

W.	  (2006).	  The	  phosphotyrosine	  peptide	  binding	  specificity	  of	  Nck1	  and	  Nck2	  src	  
homology	  2	  domains.	  J.	  Biol.	  Chem.,	  281(26),	  18236-‐18245.	  
doi:10.1074/jbc.M512917200	  

	  
Frøystad,	  M.K.,	  Rode,	  M.,	  Berg,	  T.,	  Gjøen,	  T.	  (1998)	  A	  role	  for	  scavenger	  receptors	  in	  

phagocytosis	  of	  protein-‐coated	  particles	  in	  rainbow	  trout	  head	  kidney	  macrophages.	  
Dev.	  Com.	  Immunol.	  22:533-‐549.	  

	  
Gillooly,	  D.	  J.,	  Morrow,	  I.	  C.,	  Lindsay,	  M.,	  Gould,	  R.,	  Bryant,	  N.	  J.,	  Gaullier,	  J.,	  .	  .	  .	  Stenmark,	  H.	  

(2000).	  Localization	  of	  phosphatidylinositol	  3-‐phosphate	  in	  yeast	  and	  mammalian	  cells.	  
Embo	  J,	  19(17),	  4577.	  

	  
Gillooly,	  D.	  J.,	  Simonsen,	  A.,	  &	  Stenmark,	  H.	  (2001).	  Phosphoinositides	  and	  phagocytosis.	  J.	  Cell	  

Biol.,	  155(1),	  15-‐17.	  doi:10.1083/jcb.200109001	  
	  
Gobel,	  T.	  W.,	  Chen,	  C.	  L.,	  Shrimp,	  J.,	  Grossi,	  C.	  E.,	  Bernot,	  A.,	  Bucy,	  R.	  P.,	  Auffray,	  C.,	  Cooper,	  M.	  

D.	  (1994)	  Characterization	  of	  avian	  natural	  killer	  cells	  and	  their	  intracellular	  CD3	  protein	  
complex.	  Eur.	  J.	  Immunol.	  24:1685-‐1691.	  

	  
Gomez,	  D.,	  Sunyer,	  J.	  O.,	  &	  Salinas,	  I.	  (2013).	  The	  mucosal	  immune	  system	  of	  fish:	  The	  evolution	  

of	  tolerating	  commensals	  while	  fighting	  pathogens.	  Fish	  &	  Shellfish	  Immunol.,	  35(6),	  
1729-‐1739.	  doi://dx.doi.org/10.1016/j.fsi.2013.09.032	  

	  
Gomez-‐Cambronero,	  J.	  (2011)	  The	  exquisite	  regulation	  of	  PLD2	  by	  a	  wealth	  of	  interacting	  

proteins:	  S6K,	  Grb2,	  Sos,	  WASp	  and	  Rac2	  (and	  a	  surprise	  discovery:	  PLD2	  is	  a	  GEF).	  Cell	  
Signal.	  23(12):1885-‐1895.	  

	  
Gordon,	  S.	  (2016).	  Phagocytosis:	  An	  immunobiologic	  process.	  Immunity,	  44(3),	  463.	  

doi:10.1016/j.immuni.2016.02.026	  
	  
Goyos,	  A.,	  Robert,	  J.	  (2009)	  Tumorigenesis	  and	  anti-‐tumor	  immune	  responses	  in	  Xenopus.	  

Front.	  Biosci.	  14:167-‐176.	  
	  
Greenberg,	  S.,	  Grinstein	  S.	  (2002)	  Phagocytosis	  and	  innate	  immunity.	  Curr.	  Opin.	  Immunol.,	  

14(1):136-‐145.	  
	  



	  

	   201	  

Grinstein	  S.	  (2010)	  Imaging	  signal	  transduction	  during	  phagocytosis:	  phospholipids,	  surface	  
charge,	  and	  electrostatic	  interactions.	  Am.	  J.	  Physiol.	  Cell	  Physiol.	  299(5):C876-‐81.	  

	  
Gu,	  H.,	  Pratt,	  J.	  C.,	  Burakoff,	  S.	  J.,	  Neel,	  B.	  G.	  (1998)	  Cloning	  of	  p97/Gab2,	  the	  major	  SHP2-‐

binding	  protein	  in	  hematopoietic	  cells,	  reveals	  a	  novel	  pathway	  for	  cytokine-‐induced	  
gene	  activation.	  Mol.	  Cell,	  2(6):729-‐740.	  

	  
Gu,	  H.,	  Botelho,	  R.	  J.,	  Yu,	  M.,	  Grinstein,	  S.,	  Neel,	  B.	  G.	  (2003)	  Critical	  role	  for	  scaffolding	  adapter	  

Gab2	  in	  Fc	  gamma	  R-‐mediated	  phagocytosis.	  J.	  Cell	  Biol.,	  161(6):1151-‐1161.	  
	  
Guselnikov,	  S.	  V.,	  Reshetnikova,	  E.	  S.,	  Najakshin,	  A.	  M.,	  Mechetina,	  L.	  V.,	  Robert,	  J.,	  Av,	  T.	  (2010)	  

The	  amphibians	  Xenopus	  laevis	  and	  Silurana	  tropicalis	  possess	  a	  family	  of	  activating	  KIR-‐
related	  immunoglobulin-‐like	  receptors.	  Dev.	  Comp.	  Immunol.	  34:308-‐315.	  

	  
Hamerman,	  J.	  A.,	  Ni,	  M.,	  Killebrew,	  J.	  R.,	  Chu,	  C.,	  &	  Lowell,	  C.	  A.	  (2009).	  The	  expanding	  roles	  of	  

ITAM	  adapters	  FcRγ	  and	  DAP12	  in	  myeloid	  cells.	  Immunol.	  Rev.	  232(1):42-‐58.	  
	  
Hamuro,	  K.,	  Suetake,	  H.,	  Saha,	  N.	  R.,	  Kikuchi,	  K.,	  &	  Suzuki,	  Y.	  (2007).	  A	  teleost	  polymeric	  ig	  

receptor	  exhibiting	  two	  ig-‐like	  domains	  transports	  tetrameric	  IgM	  into	  the	  skin.	  J.	  
Immunol.,	  178(9):5682-‐5689.	  

	  
Henneke,	  P.	  Golenbock,	  D.	  T.	  (2004).	  Phagocytosis,	  innate	  immunity,	  and	  host-‐pathogen	  

specificity.	  J.	  Exp.	  Med.,	  199(1):1-‐4.	  
	  
Higgs,	  H.	  N.,	  &	  Pollard,	  T.	  D.	  (2000).	  Activation	  by	  Cdc42	  and	  PIP2	  of	  Wiskott-‐Aldrich	  syndrome	  

protein	  (WASP)	  stimulates	  actin	  nucleation	  by	  Arp2/3	  complex.	  J.	  Cell.	  Biol.,	  
150(6):1311.	  

	  
Hodgkinson,	  J.	  W.,	  Ge,	  J.,	  Katzenback,	  B.	  A.,	  Havixbeck,	  J.	  J.,	  Barreda,	  D.	  R.,	  Stafford,	  J.	  L.,	  &	  

Belosevic,	  M.	  (2015).	  Development	  of	  an	  in	  vitro	  model	  system	  to	  study	  the	  interactions	  
between	  mycobacterium	  marinum	  and	  teleost	  neutrophils.	  Dev.	  Com.	  Immunol.,	  53(2),	  
349-‐357.	  doi://dx.doi.org/10.1016/j.dci.2015.07.016	  

	  
Horton,	  T.	  L.,	  Ritchie,	  P.,	  Watson,	  M.	  D.,	  Horton,	  J.	  D.	  (1996)	  NK-‐like	  activity	  against	  allogeneic	  

tumor	  cells	  demonstrated	  in	  the	  spleen	  of	  control	  and	  thymectomized	  Xenopus.	  
Immunol.	  Cell.	  Biol.	  74:365-‐373.	  

	  
Humphreys,	  D.,	  Davidson,	  A.,	  Hume,	  P.,	  &	  Koronakis,	  V.	  (2012).	  Salmonella	  virulence	  effector	  

SopE	  and	  host	  GEF	  ARNO	  cooperate	  to	  recruit	  and	  activate	  WAVE	  to	  trigger	  bacterial	  
invasion.	  Cell	  Host	  &	  Microbe,	  11(2),	  129-‐139.	  
doi://dx.doi.org/10.1016/j.chom.2012.01.006	  

	  
	   	  



	  

	   202	  

Izawa,	  K.,	  Kitaura,	  J.,	  Yamanishi,	  Y.,	  Matsuoka,	  T.,	  Kaitani,	  A.,	  Sugiuchi,	  M.,	  .	  .	  .	  Kitamura,	  T.	  
(2009).	  An	  activating	  and	  inhibitory	  signal	  from	  an	  inhibitory	  receptor	  LMIR3/CLM-‐1:	  
LMIR3	  augments	  lipopolysaccharide	  response	  through	  association	  with	  FcRγ	  in	  mast	  
cells.	  J.	  Immunol.,	  183(2),	  925-‐936.	  

	  
Jaumouillé	  V.,	  Farkash	  Y.,	  Jaqaman	  K.,	  Das	  R.,	  Lowell	  C.	  A.,	  Grinstein	  S.	  (2014)	  Actin	  cytoskeleton	  

reorganization	  by	  Syk	  regulates	  Fcgamma	  receptor	  responsiveness	  by	  increasing	  its	  
lateral	  mobility	  and	  clustering.	  Dev.	  Cell.	  29(5):534-‐46.	  

	  
Jeschke,	  A.,	  &	  Haas,	  A.	  (2016).	  Deciphering	  the	  roles	  of	  phosphoinositide	  lipids	  in	  

phagolysosome	  biogenesis.	  Commun.	  Integr.	  Biol.,	  9(3),	  e1174798.	  
doi:10.1080/19420889.2016.1174798	  

	  
Katzenback,	  B.	  A.,	  &	  Belosevic,	  M.	  (2009).	  Isolation	  and	  functional	  characterization	  of	  

neutrophil-‐like	  cells,	  from	  goldfish	  (carassius	  auratus	  L.)	  kidney.	  Dev.	  Com.	  Immunol.,	  
33(4),	  601-‐611.	  doi://dx.doi.org/10.1016/j.dci.2008.10.011	  

	  
Kock,	  H.,	  &	  Fischer,	  U.	  (2008).	  A	  novel	  immunoglobulin-‐like	  transcript	  from	  rainbow	  trout	  with	  

two	  ig-‐like	  domains	  and	  two	  isoforms.	  Mol.	  Immunol.,	  45(6),	  1612-‐1622.	  
doi:10.1016/j.molimm.2007.10.005	  

	  
Kutateladze,	  T.	  G.	  (2010).	  Translation	  of	  the	  phosphoinositide	  code	  by	  PI	  effectors.	  Nat.	  Chem.	  

Biol.,	  6(7),	  507-‐513.	  doi:10.1038/nchembio.390	  
	  
Lee,	  C.,	  Herant,	  M.,	  &	  Heinrich,	  V.	  (2011).	  Target-‐specific	  mechanics	  of	  phagocytosis:	  Protrusive	  

neutrophil	  response	  to	  zymosan	  differs	  from	  the	  uptake	  of	  antibody-‐tagged	  pathogens.	  
J.	  Cell	  Sci.,	  124(7),	  1106-‐1114.	  doi:10.1242/jcs.078592	  

	  
Levin,	  R.,	  Grinstein,	  S.,	  &	  Schlam,	  D.	  (2015).	  Phosphoinositides	  in	  phagocytosis	  and	  

macropinocytosis.	  BBA	  -‐	  Molecular	  and	  Cell	  Biology	  of	  Lipids;	  Phosphoinositides,	  
1851(6),	  805-‐823.	  doi://dx.doi.org/10.1016/j.bbalip.2014.09.005	  

	  
Li,	  C.,	  Schibli,	  D.,	  &	  Li,	  S.	  S.	  (2009).	  The	  XLP	  syndrome	  protein	  SAP	  interacts	  with	  SH3	  proteins	  to	  

regulate	  T	  cell	  signaling	  and	  proliferation.	  Cell.	  Signal.,	  21(1),	  111-‐119.	  
doi:10.1016/j.cellsig.2008.09.014	  

	  
Li,	  J.,	  Barreda,	  D.	  R.,	  Zhang,	  Y.,	  Boshra,	  H.,	  Gelman,	  A.	  E.,	  Lapatra,	  S.,	  .	  .	  .	  Sunyer,	  J.	  O.	  (2006).	  B	  

lymphocytes	  from	  early	  vertebrates	  have	  potent	  phagocytic	  and	  microbicidal	  abilities.	  
Nat.	  Immunol.,	  7(10),	  1116-‐1124.	  doi:10.1038/ni1389	  

	  
Li,	  W.,	  Nishimura,	  R.,	  Kashishian,	  A.,	  Batzer,	  A.	  G.,	  Kim,	  W.	  J.,	  Cooper,	  J.	  A.,	  Schlessinger,	  J.	  

(1994)	  A	  new	  function	  for	  a	  phosphotyrosine	  phosphatase:	  linking	  GRB2-‐Sos	  to	  a	  
receptor	  tyrosine	  kinase.	  Mol.	  Cell	  Biol.	  14(1):509-‐517.	  

	  



	  

	   203	  

Lillico,	  D.	  M.	  E.,	  Zwozdesky,	  M.	  A.,	  Pemberton,	  J.	  G.,	  Deutscher,	  J.	  M.,	  Jones,	  L.	  O.,	  Chang,	  J.	  P.,	  &	  
Stafford,	  J.	  L.	  (2015).	  Teleost	  leukocyte	  immune-‐type	  receptors	  activate	  distinct	  
phagocytic	  modes	  for	  target	  acquisition	  and	  engulfment.	  J.	  Leukoc.	  Biol.,	  98(2),	  235-‐248.	  
doi:10.1189/jlb.2A0215-‐039RR	  

	  
Litman,	  G.	  W.,	  Hawke,	  N.	  A.,	  &	  Yoder,	  J.	  A.	  (2001).	  Novel	  immune-‐type	  receptor	  genes.	  

Immunol.	  Rev.,	  181,	  250-‐259.	  
	  

Mao,	  Y.,	  &	  Finnemann,	  S.	  C.	  (2015).	  Regulation	  of	  phagocytosis	  by	  rho	  GTPases.	  Small	  GTPases,	  
6(2),	  89-‐99.	  doi:10.4161/21541248.2014.989785	  

	  
Mewes,	  J.,	  Verheijen,	  K.,	  Montgomery,	  B.	  C.	  S.,	  &	  Stafford,	  J.	  L.	  (2009).	  Stimulatory	  catfish	  

leukocyte	  immune-‐type	  receptors	  (IpLITRs)	  demonstrate	  a	  unique	  ability	  to	  associate	  
with	  adaptor	  signaling	  proteins	  and	  participate	  in	  the	  formation	  of	  homo-‐	  and	  
heterodimers.	  Mol.	  Immunol.,	  47(2),	  318-‐331.	  
doi://dx.doi.org/10.1016/j.molimm.2009.09.014	  

	  
Mikhalap,	  S.	  V.,	  Shlapatska,	  L.	  M.,	  Berdova,	  A.	  G.,	  Law,	  C.	  L.,	  Clark,	  E.	  A.,	  &	  Sidorenko,	  S.	  P.	  

(1999).	  CDw150	  associates	  with	  src-‐homology	  2-‐containing	  inositol	  phosphatase	  and	  
modulates	  CD95-‐mediated	  apoptosis.	  J.	  Immunol.,	  162(10),	  5719-‐5727.	  

	  
Miller,	  N.	  W.,	  Rycyzyn,	  M.	  A.,	  Wilson,	  M.	  R.,	  Warr,	  G.	  W.,	  Naftel,	  J.	  P.,	  &	  Clem,	  L.	  W.	  (1994a).	  

Development	  and	  characterization	  of	  channel	  catfish	  long	  term	  B	  cell	  lines.	  J	  Immunol.,	  
152(5),	  2180-‐2189.	  

	  
Miller,	  N.,	  Wilson,	  M.,	  Bengtén,	  E.,	  Stuge,	  T.,	  Warr,	  G.,	  &	  Clem,	  W.	  (1998).	  Functional	  and	  

molecular	  characterization	  of	  teleost	  leukocytes.	  Immunol.	  Rev.,	  166,	  187-‐197.	  
	  
Montgomery,	  B.	  C.	  S.,	  Mewes,	  J.,	  Davidson,	  C.,	  Burshtyn,	  D.	  N.,	  &	  Stafford,	  J.	  L.	  (2009).	  Cell	  

surface	  expression	  of	  channel	  catfish	  leukocyte	  immune-‐type	  receptors	  (IpLITRs)	  and	  
recruitment	  of	  both	  src	  homology	  2	  domain-‐containing	  protein	  tyrosine	  phosphatase	  
(SHP)-‐1	  and	  SHP-‐2.	  Dev.	  Comp.	  Immunol.,	  33(4),	  570-‐582.	  
doi://dx.doi.org/10.1016/j.dci.2008.10.006	  

	  
Montgomery,	  B.	  C.,	  Cortes,	  H.	  D.,	  Burshtyn,	  D.	  N.,	  &	  Stafford,	  J.	  L.	  (2012).	  Channel	  catfish	  

leukocyte	  immune-‐type	  receptor	  mediated	  inhibition	  of	  cellular	  cytotoxicity	  is	  facilitated	  
by	  SHP-‐1-‐dependent	  and	  -‐independent	  mechanisms.	  Dev.	  Comp.	  Immunol.,	  37(1),	  151-‐
163.	  doi:10.1016/j.dci.2011.09.005	  

	  
Montgomery,	  B.	  C.,	  Cortes,	  H.	  D.,	  Mewes-‐Ares,	  J.,	  Verheijen,	  K.,	  &	  Stafford,	  J.	  L.	  (2011).	  Teleost	  

IgSF	  immunoregulatory	  receptors.	  Dev.	  Comp.	  Immunol.,	  35(12),	  1223-‐1237.	  
doi:10.1016/j.dci.2011.03.010	  

	  
	   	  



	  

	   204	  

Nagasawa,	  T.,	  Nakayasu,	  C.,	  Rieger,	  A.	  M.,	  Barreda,	  D.	  R.,	  Somamoto,	  T.,	  &	  Nakao,	  M.	  (2014).	  
Phagocytosis	  by	  thrombocytes	  is	  a	  conserved	  innate	  immune	  mechanism	  in	  lower	  
vertebrates.	  Front.	  Immunol.,	  5,	  445.	  doi:10.3389/fimmu.2014.00445	  

	  
Neumann,	  N.	  F.,	  Barreda,	  D.,	  &	  Belosevic,	  M.	  (1998).	  Production	  of	  a	  macrophage	  growth	  

factor(s)	  by	  a	  goldfish	  macrophage	  cell	  line	  and	  macrophages	  derived	  from	  goldfish	  
kidney	  leukocytes.	  Dev.	  Com.	  Immunol.,	  22(4),	  417-‐432.	  
doi://dx.doi.org/10.1016/S0145-‐305X(98)00023-‐8	  

	  
Niedergang,	  F.,	  Di	  Bartolo,	  V.,	  &	  Alcover,	  A.	  (2016).	  Comparative	  anatomy	  of	  phagocytic	  and	  

immunological	  synapses.	  Front.	  Immunol.,	  7:18.	  
	  
Nikolaidis,	  N.,	  Klein,	  J.,	  &	  Nei,	  M.	  (2005).	  Origin	  and	  evolution	  of	  the	  ig-‐like	  domains	  present	  in	  

mammalian	  leukocyte	  receptors:	  Insights	  from	  chicken,	  frog,	  and	  fish	  homologues.	  
Immunogenetics,	  57(1-‐2),	  151-‐157.	  doi:10.1007/s00251-‐004-‐0764-‐0	  

	  
Nimmerjahn,	  F.,	  &	  Ravetch,	  J.	  V.	  (2006).	  Fcgamma	  receptors:	  Old	  friends	  and	  new	  family	  

members.	  Immunity,	  24(1),	  19-‐28.	  doi:10.1016/j.immuni.2005.11.010	  
	  
Nimmerjahn,	  F.,	  &	  Ravetch,	  J.	  V.	  (2007).	  Fc-‐Receptors	  as	  regulators	  of	  immunity.	  Ad.	  

Immunol.96:179-‐204.	  doi://dx.doi.org/10.1016/S0065-‐2776(07)96005-‐8	  
	  
Nimmerjahn,	  F.,	  &	  Ravetch,	  J.	  V.	  (2008).	  Fcgamma	  receptors	  as	  regulators	  of	  immune	  

responses.	  Nat.	  Rev.	  Immunol.,	  8(1),	  34-‐47.	  doi:10.1038/nri2206	  
	  
Ohta,	  Y.	  Goetz,	  W.	  Hossain,	  M.	  Z.,	  Nonaka,	  M.,	  Flajnik,	  M.	  F.	  (2006)	  Ancestral	  organization	  of	  the	  

MHC	  revealed	  in	  the	  amphibian	  Xenopus.	  J.	  Immunol.	  176:3674-‐3685.	  
	  
Okada,	  M.,	  Nada,	  S.,	  Yamanashi,	  Y.,	  Yamamoto,	  T.,	  &	  Nakagawa,	  H.	  (1991).	  CSK:	  A	  protein-‐

tyrosine	  kinase	  involved	  in	  regulation	  of	  src	  family	  kinases.	  J.	  Biol.	  Chem.,	  266(36),	  
24249-‐24252.	  

	  
Orange,	  J.	  S.,	  Harris,	  K.	  E.,	  Andzelm,	  M.	  M.,	  Valter,	  M.	  M.,	  Geha,	  R.	  S.,	  Strominger,	  J.	  L.	  (2003)	  

The	  mature	  activating	  natural	  killer	  cell	  immunological	  synapse	  is	  formed	  in	  distinct	  
stages.	  PNAS	  100(24):14151-‐14156.	  

	  
Østergaard,	  A.	  E.,	  Martin,	  S.	  A.	  M.,	  Wang,	  T.,	  Stet,	  R.	  J.	  M.,	  &	  Secombes,	  C.	  J.	  (2009).	  Rainbow	  

trout	  (Oncorhynchus	  mykiss)	  possess	  multiple	  novel	  immunoglobulin-‐like	  transcripts	  
containing	  either	  an	  ITAM	  or	  ITIMs.	  Dev.	  Com.	  Immunol.,	  33(4),	  525-‐532.	  
doi://dx.doi.org/10.1016/j.dci.2008.10.002	  

	  
	   	  



	  

	   205	  

Østergaard,	  A.,E.,	  Lubieniecki,	  K.	  P.,	  Martin,	  S.	  A.	  M.,	  Stet,	  R.	  J.	  M.,	  Davidson,	  W.	  S.,	  &	  Secombes,	  
C.	  J.	  (2010).	  Genomic	  organisation	  analysis	  of	  novel	  immunoglobulin-‐like	  transcripts	  in	  
atlantic	  salmon	  (Salmo	  salar)	  reveals	  a	  tightly	  clustered	  and	  multigene	  family.	  BMC	  
Genomics,	  11,	  697.	  doi:10.1186/1471-‐2164-‐11-‐697	  

	  
Pils,	  S.,	  Kopp,	  K.,	  Peterson,	  L.,	  Delgado	  Tascón,	  J.,	  Nyffenegger-‐Jann,	  N.	  J.,	  &	  Hauck,	  C.	  R.	  (2012).	  

The	  adaptor	  molecule	  nck	  localizes	  the	  WAVE	  complex	  to	  promote	  actin	  polymerization	  
during	  CEACAM3-‐mediated	  phagocytosis	  of	  bacteria.	  PloS	  One,	  7(3),	  e32808.	  
doi:10.1371/journal.pone.0032808	  

	  
Pitcher,	  L.	  A.,	  &	  van	  Oers,	  Nicolai	  S	  C.	  (2003).	  T-‐cell	  receptor	  signal	  transmission:	  Who	  gives	  an	  

ITAM?	  Trends	  Immunol.,	  24(10),	  554-‐560.	  
	  
Praveen,	  K.,	  Leary	  III,	  J.,H.,	  Evans,	  D.	  L.,	  &	  Jaso-‐Friedmann,	  L.	  (2006).	  Nonspecific	  cytotoxic	  cells	  

of	  teleosts	  are	  armed	  with	  multiple	  granzymes	  and	  other	  components	  of	  the	  granule	  
exocytosis	  pathway.	  Mol.	  Immunol.,	  43(8),	  1152-‐1162.	  
doi://dx.doi.org/10.1016/j.molimm.2005.07.027	  
	  

Pridgeon,	  J.	  W.,	  Mu,	  X.,	  &	  Klesius,	  P.	  H.	  (2012).	  Expression	  profiles	  of	  seven	  channel	  catfish	  
antimicrobial	  peptides	  in	  response	  to	  Edwardsiella	  ictaluri	  infection.	  J.	  Fish	  Dis.,	  35(3),	  
227-‐237.	  doi:10.1111/j.1365-‐2761.2011.01343.x	  

	  
Rajendran,	  K.	  V.,	  Zhang,	  J.,	  Liu,	  S.,	  Kucuktas,	  H.,	  Wang,	  X.,	  Liu,	  H.,	  .	  .	  .	  Liu,	  Z.	  (2012).	  Pathogen	  

recognition	  receptors	  in	  channel	  catfish:	  I.	  identification,	  phylogeny	  and	  expression	  of	  
NOD-‐like	  receptors.	  Dev.	  Comp.	  Immunol.,	  37(1),	  77-‐86.	  doi:10.1016/j.dci.2011.12.005	  

	  
Reite,	  O.	  B.,	  &	  Evensen,	  Ø.	  (2006).	  Inflammatory	  cells	  of	  teleostean	  fish:	  A	  review	  focusing	  on	  

mast	  cells/eosinophilic	  granule	  cells	  and	  rodlet	  cells.	  Fish	  Shellfish	  Immunol.,	  20(2),	  192-‐
208.	  doi://dx.doi.org/10.1016/j.fsi.2005.01.012	  

	  
Riedl,	  J.,	  Crevenna,	  A.	  H.,	  Kessenbrock,	  K.,	  Yu,	  J.	  H.,	  Neukirchen,	  D.,	  Bista	  M.,	  Bradke	  F.,	  Jenne	  D.,	  

Holad,	  T.	  A.,	  Werb,	  Z.,	  Sixt,	  M.,	  Wedlich-‐Soldner,	  R.	  (2008)	  Lifeact:	  a	  versatile	  marker	  to	  
visualize	  F-‐actin.	  Nat.	  Methods	  5:605-‐607.	  

	  
Rivera,	  J.,	  &	  Gilfillan,	  A.	  M.	  (2006).	  Molecular	  regulation	  of	  mast	  cell	  activation.	  J.	  Allergy	  Clin.	  

Immunol.,	  117(6),	  1225;	  quiz	  1226.	  doi:10.1016/j.jaci.2006.04.015	  
	  
Rodríguez-‐Nunez,	  I.,	  Wcisel,	  D.	  J.,	  Litman,	  G.	  W.,	  &	  Yoder,	  J.	  A.	  (2014a).	  Multigene	  families	  of	  

immunoglobulin	  domain-‐containing	  innate	  immune	  receptors	  in	  zebrafish:	  Deciphering	  
the	  differences.	  Dev.	  Com.	  Immunol.,	  46(1),	  24-‐34.	  doi:10.1016/j.dci.2014.02.004	  

	  
Rogers,	  S.	  L.,	  Viertlboeck,	  B.	  C.,	  Gobel,	  T.	  W.,	  Kaufman,	  J.	  (2008)	  Avian	  NK	  activities,	  cells	  and	  

receptors.	  Semin	  Immunol.	  20:353-‐360.	  
	  



	  

	   206	  

Rombout,	  J	  H	  W	  M,	  van	  der	  Tuin,	  S	  J	  L,	  Yang,	  G.,	  Schopman,	  N.,	  Mroczek,	  A.,	  Hermsen,	  T.,	  &	  
Taverne-‐Thiele,	  J.	  J.	  (2008).	  Expression	  of	  the	  polymeric	  immunoglobulin	  receptor	  (pIgR)	  
in	  mucosal	  tissues	  of	  common	  carp	  (Cyprinus	  carpio	  L.).	  Fish	  Shellfish	  Immunol.,	  24(5),	  
620-‐628.	  doi:10.1016/j.fsi.2008.01.016	  

	  
Rougerie,	  P.,	  Miskolci,	  V.,	  Cox,	  D.	  (2013)	  Generation	  of	  membrane	  structures	  during	  

phagocytosis	  and	  chemotaxis	  of	  macrophages:	  role	  and	  regulation	  of	  the	  actin	  
cytoskeleton.	  Immunol.	  Rev.	  256(1):222-‐239.	  

	  
Saarikangas,	  J.,	  Zhao,	  H.,	  Lappalainen,	  P.	  (2010)	  Regulation	  of	  the	  actin	  cytoskeleton-‐plasma	  

membrane	  interplay	  by	  phosphoinositides.	  Physiol.	  Rev.	  90(1):259-‐89.	  
	  
Schink,	  K.	  O.,	  Tan,	  K.,	  &	  Stenmark,	  H.	  (2016).	  Phosphoinositides	  in	  control	  of	  membrane	  

dynamics.	  Annu.	  Rev.	  Cell	  Dev.	  Biol.,	  32(1),	  143-‐171.	  doi:10.1146/annurev-‐cellbio-‐
111315-‐125349	  

	  
Schlam,	  D.,	  Bagshaw,	  R.	  D.,	  Freeman,	  S.	  A.,	  Collins,	  R.	  F.,	  Pawson,	  T.,	  Fairn,	  G.	  D.,	  &	  Grinstein,	  S.	  

(2015).	  Phosphoinositide	  3-‐kinase	  enables	  phagocytosis	  of	  large	  particles	  by	  terminating	  
actin	  assembly	  through	  rac/Cdc42	  GTPase-‐activating	  proteins.	  Nat.	  Commun.,	  6,	  8623.	  
doi:10.1038/ncomms9623	  

	  
Schreeder,	  D.	  M.,	  Cannon,	  J.	  P.,	  	  Wu,	  J.,	  Li,	  R.,	  Schakhmatov,	  M.	  A.,	  et	  al.	  (2010)	  Cutting	  edge:	  

FcR-‐like	  6	  is	  an	  MHC	  class	  II	  receptor.	  J.	  Immunol.	  185:23-‐27.	  
	  
Scott,	  C.	  C.,	  Dobson,	  W.,	  Botelho,	  R.	  J.,	  Coady-‐Osberg,	  N.,	  Chavrier,	  P.,	  Knecht,	  D.	  A.,	  Health,	  C.	  

Stahl,	  P.	  Grinstein,	  S.	  (2005)	  Phosphatidyliositol-‐4,5-‐bisphosphate	  hydrolysis	  directs	  
actin	  remodelling	  during	  phagocytosis.	  J.	  Cell	  Biol.	  169(1):139-‐49.	  

	  
Shen,	  L.,	  Stuge,	  T.	  B.,	  Bengtén,	  E.,	  Wilson,	  M.,	  Chinchar,	  V.	  G.,	  Naftel,	  J.	  P.,	  .	  .	  .	  Miller,	  N.	  W.	  

(2004).	  Identification	  and	  characterization	  of	  clonal	  NK-‐like	  cells	  from	  channel	  catfish	  
(ictalurus	  punctatus).	  Dev.	  Com.	  Immunol.,	  28(2),	  139-‐152.	  
doi://dx.doi.org/10.1016/S0145-‐305X(03)00119-‐8	  

	  
Shen,	  L.,	  Stuge,	  T.	  B.,	  Bengtén,	  E.,	  Wilson,	  M.,	  Chinchar,	  V.	  G.,	  Naftel,	  J.	  P.,	  .	  .	  .	  Miller,	  N.	  W.	  

(2004).	  Identification	  and	  characterization	  of	  clonal	  NK-‐like	  cells	  from	  channel	  catfish	  
(ictalurus	  punctatus).	  Dev.	  Com.	  Immunol.,	  28(2),	  139-‐152.	  
doi://dx.doi.org/10.1016/S0145-‐305X(03)00119-‐8	  

	  
Shen,	  L.,	  Stuge,	  T.	  B.,	  Evenhuis,	  J.	  P.,	  Bengtén,	  E.,	  Wilson,	  M.,	  Chinchar,	  V.	  G.,	  .	  .	  .	  Miller,	  N.	  W.	  

(2003).	  Channel	  catfish	  NK-‐like	  cells	  are	  armed	  with	  IgM	  via	  a	  putative	  FcμR.	  Dev.	  Com.	  
Immunol.,	  27(8),	  699-‐714.	  doi://dx.doi.org/10.1016/S0145-‐305X(03)00042-‐9	  
	  
	   	  



	  

	   207	  

Shen,	  L.,	  Stuge,	  T.	  B.,	  Zhou,	  H.,	  Khayat,	  M.,	  Barker,	  K.	  S.,	  Quiniou,	  S.	  M.	  A.,	  .	  .	  .	  Miller,	  N.	  W.	  
(2002).	  Channel	  catfish	  cytotoxic	  cells:	  A	  mini-‐review.	  Dev.	  Comp.	  Immunol.,	  26(2),	  141-‐
149.	  

	  
Shibuya,	  A.,	  Sakamoto,	  N.,	  Shimizu,	  Y.,	  Shibuya,	  K.,	  Osawa,	  M.,	  Hiroyama,	  T.,	  Eyre,	  H.	  J.,	  

Sutherland,	  G.	  R.,	  Endo,	  Y.,	  Fujita,	  T.,	  Miyabayashi,	  T.,	  Sakano,	  S.,	  Tsuji,	  T.,	  Nakayama,	  E.,	  
Phillips,	  J.	  H.,	  Lanier,	  L.	  L.,	  Nakauchi,	  H.	  (2000).	  Fc	  alpha/mu	  receptor	  mediates	  
endocytosis	  of	  IgM-‐coated	  microbes.	  Nat.	  Immunol.	  5:441-‐446.	  

	  
Shlapatska,	  L.	  M.,	  Mikhalap,	  S.	  V.,	  Berdova,	  A.	  G.,	  Zelensky,	  O.	  M.,	  Yun,	  T.	  J.,	  Nichols,	  K.	  E.,	  .	  .	  .	  

Sidorenko,	  S.	  P.	  (2001).	  CD150	  association	  with	  either	  the	  SH2-‐containing	  inositol	  
phosphatase	  or	  the	  SH2-‐containing	  protein	  tyrosine	  phosphatase	  is	  regulated	  by	  the	  
adaptor	  protein	  SH2D1A.	  J.	  Immunol.,	  166(9),	  5480-‐5487.	  

	  
Stafford,	  J.	  L.,	  Bengtén,	  E.,	  Du	  Pasquier,	  L.,	  McIntosh,	  R.	  D.,	  Quiniou,	  S.	  M.,	  Clem,	  L.	  W.,	  .	  .	  .	  

Wilson,	  M.	  (2006).	  A	  novel	  family	  of	  diversified	  immunoregulatory	  receptors	  in	  teleosts	  
is	  homologous	  to	  both	  mammalian	  fc	  receptors	  and	  molecules	  encoded	  within	  the	  
leukocyte	  receptor	  complex.	  Immunogenetics,	  58(9),	  758-‐773.	  doi:10.1007/s00251-‐006-‐
0134-‐1	  

	  
Stafford,	  J.	  L.,	  Wilson,	  M.,	  Nayak,	  D.,	  Quiniou,	  S.	  M.	  Clem,	  L.	  W.,	  Miller,	  N.	  W.,	  Bengtén,	  E.	  

(2006b)	  Identification	  and	  characterization	  of	  a	  FcR	  homolog	  in	  an	  ectothermic	  
vertebrate,	  the	  channel	  catfish	  (Ictalurus	  punctatus).	  J.	  Immunol.	  177(4):2505-‐17.	  

	  
Stafford,	  J.	  L.,	  Bengtén,	  E.,	  Du	  Pasquier,	  L.,	  Miller,	  N.	  W.,	  &	  Wilson,	  M.	  (2007).	  Channel	  catfish	  

leukocyte	  immune-‐type	  receptors	  contain	  a	  putative	  MHC	  class	  I	  binding	  site.	  
Immunogenetics,	  59(1),	  77-‐91.	  doi:10.1007/s00251-‐006-‐0169-‐3	  

	  
Stet,	  R.	  J.	  M.,	  Hermsen,	  T.,	  Westphal,	  A.	  H.,	  Jukes,	  J.,	  Engelsma,	  M.,	  Lidy	  Verburg-‐van	  Kemenade,	  

B	  M,	  .	  .	  .	  Savelkoul,	  H.	  F.	  J.	  (2005).	  Novel	  immunoglobulin-‐like	  transcripts	  in	  teleost	  fish	  
encode	  polymorphic	  receptors	  with	  cytoplasmic	  ITAM	  or	  ITIM	  and	  a	  new	  structural	  ig	  
domain	  similar	  to	  the	  natural	  cytotoxicity	  receptor	  NKp44.	  Immunogenetics,	  57(1-‐2),	  77-‐
89.	  doi:10.1007/s00251-‐005-‐0771-‐9	  

	  
Stuge,	  T.	  B.,	  Wilson,	  M.	  R.,	  Zhou,	  H.,	  Barker,	  K.	  S.,	  Bengtén,	  E.,	  Chinchar,	  G.,	  .	  .	  .	  Clem,	  L.	  W.	  

(2000a).	  Development	  and	  analysis	  of	  various	  clonal	  alloantigen-‐dependent	  cytotoxic	  
cell	  lines	  from	  channel	  catfish.	  J.	  Immunol.,	  164(6),	  2971-‐2977.	  

	  
Stuge,	  T.	  B.,	  Yoshida,	  S.	  H.,	  Chinchar,	  V.	  G.,	  Miller,	  N.	  W.,	  &	  Clem,	  L.	  W.	  (1997).	  Cytotoxic	  activity	  

generated	  from	  channel	  catfish	  peripheral	  blood	  leukocytes	  in	  mixed	  leukocyte	  cultures.	  
Cell	  Immunol.,	  177(2),	  154-‐161.	  doi://dx.doi.org/10.1006/cimm.1997.1106	  

	  
Straub,	  C.	  Neulen,	  M.	  L.,	  Sperling,	  B.,	  Windau,	  K.,	  Zechmann,	  M.,	  Jansen,	  C.	  A.,	  Viertlboeck,	  B.	  C.,	  

Göbel,	  T.	  W.	  (2013).	  Chicken	  NK	  cell	  receptors.	  Dev.	  Comp.	  Immunol.	  41:324-‐333.	  



	  

	   208	  

Strong,	  S.	  J.,	  Mueller,	  M.	  G.,	  Litman,	  R.	  T.,	  Hawke,	  N.	  A.,	  Haire,	  R.	  N.,	  Miracle,	  A.	  L.,	  Rast,	  J.	  P.,	  
Amemiya,	  C.	  T.,	  Litman,	  G.	  W.	  (1999)	  A	  novel	  multigene	  family	  encodes	  diversified	  
variable	  regions.	  PNAS.	  96(26):15080-‐5.	  
	  

Swanson,	  J.	  A.	  (2008).	  Shaping	  cups	  into	  phagosomes	  and	  macropinosomes.	  Nat.	  Rev.	  Mol.	  Cell	  
Biol.,	  9(8),	  639-‐649.	  doi:10.1038/nrm2447	  

	  
Swanson,	  J.	  A.	  (2014).	  Phosphoinositides	  and	  engulfment.	  Cell.	  Microbiol.,	  16(10),	  1473-‐1483.	  

doi:10.1111/cmi.12334	  
	  
Swanson,	  J.	  A.,	  &	  Hoppe,	  A.	  D.	  (2004).	  The	  coordination	  of	  signaling	  during	  fc	  receptor-‐

mediated	  phagocytosis.	  J.	  Leukoc.	  Biol.,	  76(6),	  1093-‐1103.	  doi:10.1189/jlb.0804439	  
	  
Takai,	  T.	  (2005).	  Fc	  receptors	  and	  their	  role	  in	  immune	  regulation	  and	  autoimmunity.	  J.	  Clin.	  

Immunol.,	  25(1),	  1-‐18.	  doi:10.1007/s10875-‐005-‐0353-‐8	  
	  
Takenawa,	  T.,	  &	  Suetsugu,	  S.	  (2007).	  The	  WASP-‐WAVE	  protein	  network:	  Connecting	  the	  

membrane	  to	  the	  cytoskeleton.	  Nat.	  Rev.	  Mol.	  Cell	  Biol.,	  8(1),	  37-‐48.	  
	  
Taylor	  E.	  B.,	  Moulana,	  M.,	  Stuge,	  T.	  B.,	  Quiniou,	  S.	  M.,	  Bengten,	  E.,	  Wilson,	  M.	  (2016)	  A	  

leukocyte	  immune-‐type	  receptor	  subset	  is	  a	  marker	  of	  antiviral	  cytotoxic	  cells	  in	  channel	  
catfish,	  Ictalurus	  punctatus.	  J.	  Immunol.	  196(6):2677-‐89.	  

	  
Tridandapani,	  S.,	  Lyden,	  T.W.,	  Smith,	  J.	  L.,	  Carter,	  J.	  E.,	  Coggeshall,	  K.	  M.,	  Anderson,	  C.	  L.	  (2000)	  

The	  adapter	  protein	  LAT	  enhances	  Fcgamma	  receptor-‐mediated	  signal	  transduction	  in	  
myeloid	  cells.	  J.	  Biol.	  Chem.	  275(27):20480-‐7.	  

	  
Trowsdale,	  J.	  (2001).	  Genetic	  and	  functional	  relationships	  between	  MHC	  and	  NK	  receptor	  

genes.	  Immunity,	  15(3),	  363-‐374.	  doi://dx.doi.org/10.1016/S1074-‐7613(01)00197-‐2	  
	  
Underhill	  D.	  M.,	  Goodridge	  H.	  S.	  (2012)	  Information	  processing	  during	  phagocytosis.	  Nat.	  Rev.	  

Immunol.	  12:492-‐502.	  
	  
Underhill,	  D.	  M.,	  Goodridge,	  H.	  S.	  (2007).	  The	  many	  faces	  of	  ITAMs.	  Trends	  Immunol.,	  28(2),	  66-‐

73.	  doi:10.1016/j.it.2006.12.004	  
	  
Underhill,	  D.	  M.,	  Ozinsky,	  A.	  (2002)	  Phagocytosis	  of	  microbes:	  complexity	  in	  action.	  Annu.	  Rev.	  

Immunol.,	  20:825-‐852.	  
	  
Upshaw,	  J.	  L.,	  Arneson,	  L.	  N.,	  Schoon,	  R.	  A.,	  Dick,	  C.	  J.,	  Billadeau,	  D.	  D.,	  Leibson,	  P.	  J.	  (2006)	  

NKG2D-‐mediated	  signaling	  requires	  a	  DAP10-‐bound	  Grb2-‐Vav1	  intermediate	  and	  
phosphatidylinositol-‐3-‐kinase	  in	  human	  natural	  killer	  cells.	  Nat.	  Immunol.	  7(5):524-‐532.	  

	  
	   	  



	  

	   209	  

Vallejo,	  A.	  N.,	  Ellsaesser,	  C.	  F.,	  Miller,	  N.	  W.,	  &	  Clem,	  L.	  W.	  (1991).	  Spontaneous	  development	  of	  
functionally	  active	  long-‐term	  monocyte-‐like	  cell	  lines	  from	  channel	  catfish.	  In	  Vitro	  Cell	  
Dev.	  Biol.,	  27A(4),	  279-‐286.	  

	  
Várnai,	  P.,	  &	  Balla,	  T.	  (1998).	  Visualization	  of	  phosphoinositides	  that	  bind	  pleckstrin	  homology	  

domains:	  Calcium-‐	  and	  agonist-‐induced	  dynamic	  changes	  and	  relationship	  to	  myo-‐
3H]inositol-‐labeled	  phosphoinositide	  pools.	  J.	  Cell	  Biol.,	  143(2),	  501.	  

	  
Vasta,	  G.	  R.,	  Nita-‐Lazar,	  M.,	  Giomarelli,	  B.,	  Ahmed,	  H.,	  Du,	  S.,	  Cammarata,	  M.,	  .	  .	  .	  Amzel,	  L.	  M.	  

(2011).	  Structural	  and	  functional	  diversity	  of	  the	  lectin	  repertoire	  in	  teleost	  fish:	  
Relevance	  to	  innate	  and	  adaptive	  immunity.	  Dev.	  Comp.	  Immunol.,	  35(12),	  1388-‐1399.	  
doi:10.1016/j.dci.2011.08.011	  

	  
Viertlboeck,	  B.	  C.,	  Schweinsbert,	  S.,	  Hanczaruk,	  M.	  A.,	  Schmitt,	  R.,	  Du	  Pasquier,	  L.,	  Herberg,	  F.	  

W.,	  Göbel,	  T.	  W.	  (2007)	  The	  chicken	  leukocyte	  receptor	  complex	  encodes	  a	  primordial,	  
activating,	  high-‐affinity	  IgY	  Fc	  receptor.	  Proc.	  Natl.	  Acad.	  Sci.	  104:11718-‐11723.	  	  

	  
Wang,	  J.,	  Wu,	  Y.,	  Hu,	  H.,	  Wang,	  W.,	  Lu,	  Y.,	  Mao,	  H.,	  .	  .	  .	  Chen,	  B.	  (2011).	  Syk	  protein	  tyrosine	  

kinase	  involves	  PECAM-‐1	  signaling	  through	  tandem	  immunotyrosine	  inhibitory	  motifs	  in	  
human	  THP-‐1	  macrophages.	  Cell	  Immunol.,	  272(1),	  39-‐44.	  
doi://dx.doi.org/10.1016/j.cellimm.2011.09.009	  

	  
Wang,	  T.,	  Bird,	  S.,	  Koussounadis,	  A.,	  Holland,	  J.	  W.,	  Carrington,	  A.,	  Zou,	  J.,	  &	  Secombes,	  C.	  J.	  

(2009).	  Identification	  of	  a	  novel	  IL-‐1	  cytokine	  family	  member	  in	  teleost	  fish.	  J.	  Immunol.,	  
183(2),	  962-‐974.	  doi:10.4049/jimmunol.0802953	  

	  
Wcisel,	  D.	  J.,	  &	  Yoder,	  J.	  A.	  (2016).	  The	  confounding	  complexity	  of	  innate	  immune	  receptors	  

within	  and	  between	  teleost	  species.	  Fish	  Shellfish	  Immunol.,	  53,	  24-‐34.	  
doi:10.1016/j.fsi.2016.03.034	  

	  
Wei,	  S.,	  Zhou,	  J.,	  Chen,	  X.,	  Shah,	  R.	  N.,	  Liu,	  J.,	  Orcutt,	  T.	  M.,	  .	  .	  .	  Yoder,	  J.	  A.	  (2007).	  The	  zebrafish	  

activating	  immune	  receptor	  Nitr9	  signals	  via	  Dap12.	  Immunogenetics,	  59(10),	  813-‐821.	  
doi:10.1007/s00251-‐007-‐0250-‐6	  

	  
Wieland,	  W.	  H.,	  Orzáez,	  D.,	  Lammers,	  A.,	  Parmentier,	  H.	  K.,	  Verstegen,	  M.	  W.	  A.,	  &	  Schots,	  A.	  

(2004).	  A	  functional	  polymeric	  immunoglobulin	  receptor	  in	  chicken	  (gallus	  gallus)	  
indicates	  ancient	  role	  of	  secretory	  IgA	  in	  mucosal	  immunity.	  Biochem.	  J.,	  380(Pt	  3),	  669-‐
676.	  doi:10.1042/BJ20040200	  

	  
Wülfing	  C.,	  Purtic,	  B.,	  Klem,	  J.,	  Schatzle,	  J.	  D.	  (2003)	  Stepwise	  cytoskeletal	  polarization	  as	  a	  

series	  of	  checkpoints	  in	  innate	  but	  not	  adaptive	  cytolytic	  killing.	  PNAS	  100(13):7767-‐
7772.	  

	  
	   	  



	  

	   210	  

Wilson,	  T.	  J.	  Fuchs	  A.,	  Colonna,	  M.	  (2012)	  Cutting	  edge:	  human	  FcRL4	  and	  FcRL5	  are	  receptors	  
for	  IgA	  and	  IgG.	  J.	  Immunol.	  188:4741-‐4745.	  

	  
Yeo,	  J.	  C.,	  Wall,	  A.	  A.,	  Stow,	  J.	  L.,	  &	  Hamilton,	  N.	  A.	  (2013).	  High-‐throughput	  quantification	  of	  

early	  stages	  of	  phagocytosis.	  BioTechniques,	  55(3),	  115-‐124.	  
	  

Yoder,	  J.	  A.,	  &	  Litman,	  G.	  W.	  (2011).	  The	  phylogenetic	  origins	  of	  natural	  killer	  receptors	  and	  
recognition:	  Relationships,	  possibilities,	  and	  realities.	  Immunogenetics,	  63(3),	  123-‐141.	  
doi:10.1007/s00251-‐010-‐0506-‐4.	  

	  
Yoder,	  J.	  A.,	  Cannon,	  J.	  P.,	  Litman,	  R.	  T.,	  Murphy,	  C.,	  Freeman,	  J.	  L.,	  &	  Litman,	  G.	  W.	  (2008).	  

Evidence	  for	  a	  transposition	  event	  in	  a	  second	  NITR	  gene	  cluster	  in	  zebrafish.	  
Immunogenetics,	  60(5),	  257-‐265.	  doi:10.1007/s00251-‐008-‐0285-‐3	  

	  
Yoder,	  J.	  A.,	  Litman,	  R.	  T.,	  Mueller,	  M.	  G.,	  Desai,	  S.,	  Dobrinski,	  K.	  P.,	  Montgomery,	  J.	  S.,	  .	  .	  .	  

Litman,	  G.	  W.	  (2004).	  Resolution	  of	  the	  novel	  immune-‐type	  receptor	  gene	  cluster	  in	  
zebrafish.	  PNAS,	  101(44),	  15706-‐15711.	  doi:10.1073/pnas.0405242101	  

	  
Yoder,	  J.	  A.,	  Mueller,	  M.	  G.,	  Wei,	  S.,	  Corliss,	  B.	  C.,	  Prather,	  D.	  M.,	  Willis,	  T.,	  .	  .	  .	  Litman,	  G.	  W.	  

(2001).	  Immune-‐type	  receptor	  genes	  in	  zebrafish	  share	  genetic	  and	  functional	  
properties	  with	  genes	  encoded	  by	  the	  mammalian	  leukocyte	  receptor	  cluster.	  PNAS,	  
98(12),	  6771-‐6776.	  doi:10.1073/pnas.121101598	  

	  
Zhang,	  H.,	  Peatman,	  E.,	  Liu,	  H.,	  Niu,	  D.,	  Feng,	  T.,	  Kucuktas,	  H.,	  .	  .	  .	  Liu,	  Z.	  (2012).	  Characterization	  

of	  a	  mannose-‐binding	  lectin	  from	  channel	  catfish	  (Ictalurus	  punctatus).	  Res.	  Vet.	  Sci.,	  
92(3),	  408-‐413.	  doi:10.1016/j.rvsc.2011.03.024	  

	  
Zhang,	  Y.,	  Salinas,	  I.,	  Li,	  J.,	  Parra,	  D.,	  Bjork,	  S.,	  Xu,	  Z.,	  .	  .	  .	  Sunyer,	  J.	  O.	  (2010).	  IgT,	  a	  primitive	  

immunoglobulin	  class	  specialized	  in	  mucosal	  immunity.	  Nat.	  Immunol.,	  11(9),	  827-‐835.	  
doi:10.1038/ni.1913	  

	  
Zhou,	  Z.,	  Liu,	  H.,	  Liu,	  S.,	  Sun,	  F.,	  Peatman,	  E.,	  Kucuktas,	  H.,	  .	  .	  .	  Liu,	  Z.	  (2012).	  Alternative	  

complement	  pathway	  of	  channel	  catfish	  (Ictalurus	  punctatus):	  Molecular	  
characterization,	  mapping	  and	  expression	  analysis	  of	  factors	  bf/C2	  and	  df.	  Fish	  Shellfish	  
Immunol.,	  32(1),	  186-‐195.	  doi:10.1016/j.fsi.2011.11.012	  

	  
Zinkl,	  J.	  G.,	  Cox,	  W.	  T.,	  &	  Kono,	  C.	  S.	  (1991).	  Morphology	  and	  cytochemistry	  of	  leucocytes	  and	  

thrombocytes	  of	  six	  species	  of	  fish.	  Comp	  Haematol.	  Int.,	  1(4),	  187-‐195.	  
doi:10.1007/BF00235368	  

	  
Zou,	  J.,	  &	  Secombes,	  J.	  C.	  (2016).	  The	  function	  of	  fish	  cytokines.	  Biology,	  5(2)	  pii:	  E23	  

doi:10.3390/biology5020023	  
	  



	  

	   211	  

Zwozdesky,	  M.	  A.,	  Fei,	  C.,	  Lilico,	  D.	  M.	  E.,	  &	  Stafford,	  J.	  L.	  (2016)	  Imaging	  flow	  cytometry	  and	  
GST	  pulldown	  assays	  provide	  new	  insights	  into	  channel	  catfish	  leukocyte	  immune-‐type	  
receptor-‐mediated	  phagocytic	  pathways.	  Dev.	  Comp.	  Immunol.,	  
doi://dx.doi.org/10.1016/j.dci.2016.10.011	  



	  

	   212	  

Appendix	  

	  
Figure	  A	  1.	  Representative	  imaging	  flow-‐cytometry	  based	  dot	  plots	  of	  IpLITR	  1.1b/ITAM	  stable	  expression	  in	  AD293	  cells.	  AD293	  
cells	  stably	  expressing	  IpLITR	  1.1b/ITAM	  (~3x105	  cells)	  surface	  stained	  for	  IpLITR	  co-‐expression	  with	  0.1	  μg	  of	  IgG3	  isotype	  control	  or	  
αHA	  mAb	  followed	  by	  staining	  with	  0.5	  μg	  RαM	  AF647.	  Axes	  represent	  intensity	  of	  fluorescence	  in	  Channel	  11	  (AF647)	  and	  Channel	  
2	  (GFP).	  Mean	  percent	  ±	  SEM	  of	  cells	  gated	  from	  three	  independent	  experiments	  shown.	  
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Figure	  A	  2.	  Imaging	  flow	  cytometry-‐based	  co-‐expression	  analysis	  of	  Lifeact-‐GFP	  and	  IpLITR	  1.1b/ITAM	  in	  AD293	  cells.	  AD293	  cells	  
stably	  expressing	  IpLITR	  1.1b/ITAM	  (~3x105	  cells)	  were	  transiently	  co-‐transfected	  with	  Lifeact-‐GFP	  for	  twenty-‐four	  hours	  then	  
harvested	  and	  surface	  stained	  for	  IpLITR	  co-‐expression	  with	  0.1	  μg	  of	  IgG3	  isotype	  control	  or	  αHA	  mAb	  followed	  by	  staining	  with	  0.5	  
μg	  AF647-‐conjugated	  rabbit	  α-‐mouse	  IgG.	  Axes	  represent	  intensity	  of	  fluorescence	  in	  Channel	  11	  (AF647)	  and	  Channel	  2	  (GFP).	  
Mean	  percent	  ±	  SEM	  of	  cells	  gated	  from	  three	  independent	  experiments	  shown.	  
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Figure	  A	  3.	  Imaging	  flow	  cytometry-‐based	  co-‐expression	  analysis	  of	  PH-‐PLCδ1-‐GFP	  and	  IpLITR	  1.1b/ITAM	  in	  AD293	  cells.	  AD293	  
cells	  stably	  expressing	  IpLITR	  1.1b/ITAM	  (~3x105	  cells)	  were	  transiently	  co-‐transfected	  with	  PH-‐PLCδ1-‐GFP	  for	  twenty-‐four	  hours	  then	  
harvested	  and	  surface	  stained	  for	  IpLITR	  co-‐expression	  with	  0.1	  μg	  of	  IgG3	  isotype	  control	  or	  αHA	  mAb	  followed	  by	  staining	  with	  0.5	  
μg	  RαM	  AF647.	  Axes	  represent	  intensity	  of	  fluorescence	  in	  Channel	  11	  (AF647)	  and	  Channel	  2	  (GFP).	  Mean	  percent	  ±	  SEM	  of	  cells	  
gated	  from	  three	  independent	  experiments	  shown.
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Figure	  A	  4.	  Imaging	  flow	  cytometry-‐based	  co-‐expression	  analysis	  of	  2xFYVE-‐GFP	  and	  IpLITR	  1.1b/ITAM	  in	  AD293	  cells.	  AD293	  cells	  
stably	  expressing	  IpLITR	  1.1b/ITAM	  (~3x105	  cells)	  were	  transiently	  co-‐transfected	  with	  2xFYVE-‐GFP	  for	  24	  hours	  then	  harvested	  and	  
surface	  stained	  for	  IpLITR	  co-‐expression	  with	  0.1	  μg	  of	  IgG3	  isotype	  control	  or	  αHA	  mAb	  followed	  by	  staining	  with	  0.5	  μg	  RαM	  
AF647.	  Axes	  represent	  intensity	  of	  fluorescence	  in	  Channel	  11	  (AF647)	  and	  Channel	  2	  (GFP).	  Mean	  percent	  ±	  SEM	  of	  cells	  gated	  from	  
three	  independent	  experiments	  shown.
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Figure	  A	  5.	  Imaging	  flow	  cytometry-‐based	  co-‐expression	  analysis	  of	  Syk-‐GFP	  and	  IpLITR	  1.1b/ITAM	  in	  AD293	  cells.	  AD293	  cells	  
stably	  expressing	  IpLITR	  1.1b/ITAM	  (~3x105	  cells)	  were	  transiently	  co-‐transfected	  with	  Syk-‐GFP	  for	  24	  hours	  then	  harvested	  and	  
surface	  stained	  for	  IpLITR	  co-‐expression	  with	  0.1	  μg	  of	  IgG3	  isotype	  control	  or	  αHA	  mAb	  followed	  by	  staining	  with	  0.5	  μg	  RαM	  
AF647.	  Axes	  represent	  intensity	  of	  fluorescence	  in	  Channel	  11	  (AF647)	  and	  Channel	  2	  (GFP).	  Mean	  percent	  ±	  SEM	  of	  cells	  gated	  from	  
three	  independent	  experiments	  shown.	  
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Figure	  A	  6.	  Representative	  imaging	  flow-‐cytometry	  based	  dot	  plots	  of	  IpLITR	  1.1b/WT	  stable	  expression	  in	  AD293	  cells.	  AD293	  
cells	  stably	  expressing	  IpLITR	  1.1b/WT	  (~3x105	  cells)	  surface	  stained	  for	  IpLITR	  co-‐expression	  with	  0.1	  μg	  of	  IgG3	  isotype	  control	  or	  
αHA	  mAb	  followed	  by	  staining	  with	  0.5	  μg	  RαM	  AF647.	  Axes	  represent	  intensity	  of	  fluorescence	  in	  Channel	  11	  (AF647)	  and	  Channel	  
2	  (GFP).	  Mean	  percent	  ±	  SEM	  of	  cells	  gated	  from	  three	  independent	  experiments	  shown.	  
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Figure	  A	  7.	  Imaging	  flow	  cytometry-‐based	  co-‐expression	  analysis	  of	  Lifeact-‐GFP	  and	  IpLITR	  1.1b/WT	  in	  AD293	  cells.	  AD293	  cells	  
stably	  expressing	  IpLITR	  1.1b/WT	  (~3x105	  cells)	  were	  transiently	  co-‐transfected	  with	  Lifeact-‐GFP	  for	  twenty-‐four	  hours	  then	  
harvested	  and	  surface	  stained	  for	  IpLITR	  co-‐expression	  with	  0.1	  μg	  IgG3	  isotype	  control	  or	  αHA	  mAb	  followed	  by	  staining	  with	  0.5	  μg	  
RαM	  AF647.	  Axes	  represent	  intensity	  of	  fluorescence	  in	  Channel	  11	  (AF647)	  and	  Channel	  2	  (GFP).	  Mean	  percent	  ±	  SEM	  of	  cells	  gated	  
from	  three	  independent	  experiments	  shown.	  
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Figure	  A	  8.	  Imaging	  flow	  cytometry-‐based	  co-‐expression	  analysis	  of	  PH-‐PLCδ1-‐GFP	  and	  IpLITR	  1.1b/WT	  in	  AD293	  cells.	  AD293	  cells	  
stably	  expressing	  IpLITR	  1.1b/WT	  (~3x105	  cells)	  were	  transiently	  co-‐transfected	  with	  PH-‐PLCδ1-‐GFP	  for	  twenty-‐four	  hours	  then	  
harvested	  and	  surface	  stained	  for	  IpLITR	  co-‐expression	  with	  0.1	  μg	  of	  IgG3	  isotype	  control	  or	  αHA	  mAb	  followed	  by	  staining	  with	  0.5	  
μg	  RαM	  AF647.	  Axes	  represent	  intensity	  of	  fluorescence	  in	  Channel	  11	  (AF647)	  and	  Channel	  2	  (GFP).	  Mean	  percent	  ±	  SEM	  of	  cells	  
gated	  from	  three	  independent	  experiments	  shown.
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Figure	  A	  9.	  Imaging	  flow	  cytometry-‐based	  co-‐expression	  analysis	  of	  2xFYVE-‐GFP	  and	  IpLITR	  1.1b/WT	  in	  AD293	  cells.	  AD293	  cells	  
stably	  expressing	  IpLITR	  1.1b/WT	  (~3x105	  cells)	  were	  transiently	  co-‐transfected	  with	  2xFYVE-‐GFP	  for	  twenty-‐four	  hours	  then	  
harvested	  and	  surface	  stained	  for	  IpLITR	  co-‐expression	  with	  0.1	  μg	  of	  IgG3	  isotype	  control	  or	  αHA	  mAb	  followed	  by	  staining	  with	  0.5	  
μg	  RαM	  AF647.	  Axes	  represent	  intensity	  of	  fluorescence	  in	  Channel	  11	  (AF647)	  and	  Channel	  2	  (GFP).	  Mean	  percent	  ±	  SEM	  of	  cells	  
gated	  from	  three	  independent	  experiments	  shown.	  

	  




