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ABSTRACT -

? Pancreatic.islet transplantation has. attracte> much Interest . as

. ' ‘ N . '
an alternative .to exogenaus insulin therapy for the treatment of

insuiin-dependent diabetes mellthus. ' This technique can reverse

experimentally induced diabe}es in{rodents and larger animals aeq has
been-shewn to preven - aﬁing complications of the ~disease,
Many .advances have been ma e in (i) obtaining, from a eingle pancreas,
quantitiee ef islet tiesue.sufficient to normalize one recipient, (ii)
reducing immunogenicity - of islet tissue to avoid the need for
leng-term Yhmenosuppressien,‘ and (iii) preserving islet tissue for
transportation between transplant centers or to allow time for the
’ preparation of a suitable re01p1ent CryopreserVacion of islet tissue
would greatly fa0111tate clinical application of islet transplantaeion‘
in each of these areas.

Rodent islets, isolated by collagenase digestion and F%eoll

——

purification, can be successfully cryopreserved by slow ceoling to
-40°C and rapid- tﬁawing. >£his was demonstrated by implanting 3OOOF
fresh or frozen-thaﬁed rat isleQS beneath ‘che kidney <capsule of
etreptozotocin-induced diabetic rats. , Plasma glucese, urine volume,

urine glucose and vweight . returned te normal  values after

'tragsp{sﬁtation J:; removal of the‘graft-beering kidney resuLCedmin an .
immediate return to the diaBeticlsgate. No differeeces were observed
between groups after’.one week post-implant or in~g1ucose tolerance
testsAperfermed four months after trans.plant:ation.~ Thfs is conclusive

. _ » 3
evidence for isletlviability follo&ingAqryopreservation.

Many'studies have shown that pretreating rodent islets with

2 o
culture, ultraviolet irradiation, or Ia-antibody can result in



L

prolg;ged or indefiniterislet allo- dr xenograft survival. These '
approaéhes to ‘fédqcing islet immunogenicity‘selec&ibely destroy or.
inactiyatg~immqnoscimulatory A eukocytes wi?hih the ‘islet. Because
distinct cell tyﬁés are differentially susceptible \to a ‘particular

foéeze-thaw process, islet 1mmunogenicfhy could be modulated with a
. . 4 .

’

i‘ Wpiologiqgl approach. This possibility .wasb examined in r,odenp'
.;klo-‘and xenograft models.

Implanting 300 rat igleté Seneath the kidney capsule of diabétic
mice normalized‘,clinical indices f;ithgn two 'days. By 13 days
post-transplant, all fresh>xenografts had rejected, whereas 38% of
cryopreserved grafts were still functioning. When an;i-lymphocyte
serum was given atqlhe time of transplantation, 6% of fresh xenografts
and 55% of frozen-thawed grafts were functioning 19 days after
impiantation. ‘These results shﬁ; t?at cryoéfegervation ;an"reduce
islet. immunogenicity. A 'brotocol which Qould maximize damagf to

{mmunostimulatory leukocytes without sacrificing islet viability weuld -

be invaluable to the clinical application of islet transplantation.
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- INTRODUCTION

" Prior to thée 1921 discovery of insulin by ‘Banting'and Besty (1),
diabetes mellitus was associated with death within a year of diagnOSis.

Since that time 1insulin therapy haé"greatly increased the life
- Pt . B

expectancy of diabetic patients, yet, today, diabetes mellitus with its
associated complications remains a major medical problem, resulting in

high morbidity and .mortality and. imposing a financial burden on the
. . : - . . . ’
health care system. In contrast to .8 nondiabetic population of
. ﬁ» M ' -
comparable age, diabetic patients are 25 times more prone to blindness, ’

17 times more, to kidney disease, 16 times more- to gangrene and
Y B ) N N . \

lower-extremity amputations, and at least’ twice as prone to
. : \ .
cardiovascular disease (2). This chronic disease is the leading cause
. B ’ [

of blfﬁdhess'iﬁ North Americah adults and contributes to onc-third of
all caées of end-stage renal disease and almost half 'of all

nontraumatic amputatibns in adults (2,3). Thus, at diagnosis, the life
. o o o ‘ .
expectancy of the estimated 11 million North Americans with ~diabetes

Y

.mellitus is one-third less than that for a person without diabetes (2).
Data from both experimental and clinical studies suggest that
g > :

diabetic’nephropathy,,recinopathy, neuropathy and microangiopathy are’
e ] . . . \. '

consequences of the metabolic disturbances seen in the diseage and that

the prevalence of these debilitating complications correlates with: the

.

duration;and deéree of hyperglycemia in both insulin-dependeht diaheges
mellitus (IDDM) and hon-IDDM. In 1974, Lee'gg al. (4) xeporfed that .
kidneys . transplanted | intoz/ﬁafébetic rats developed vascular

complicatians of didbetes and kidneys from diabetic donors ttansplanted



into nondiabetic recipients showed no further“erogreesien and, in_some,
.regression of the lesions.  Ra§éhl(5-1z. demonstrated renal mesangigl
ahd~basement memerane thickening'and an increase in albumin excretion
in poorly controlled chemically induced diabetic rata and reportéed the
absence of such .lesions in rats receiv1ng intensivellnsulip the:apy.

In-eg classic study, Engerman g_ gl (B)Q showed that dogs well

o

"omnt}OIled w1th two daily injectlans of insulin for 60 months deweloped

fewer'retlnal 1es§ons than dogs intentionallyfgoorly qontrblled’with a

more eqbventienal insuiin‘tegimeﬁ. ASeveral 1nvestigators have reviewed

animal ap&w prospeeiive hgﬂen studies .which support or deny the

relacionship.betﬁeen éoeabflic.control dé the disease and the course of
i Ml e . : .

>
-

. B ° [ - - 2t .
diabetic microangiopathicv or ‘neurologic complications (9-12). The

o

-consensu$ was that the better the blood glucgsezcogtrol the slower the
rate of ' progression and severlty of the lesions, fﬁigﬁ“éonclusion

justifies the search for better methods for achieving excellent control

of blood gluzose 'levels. ‘ : ] !

-
v

At present, management of IDDM involves.a therapeutic balance .of

3
/
7

caloric intake, energy expenditure ‘and exogenous 1nsulin which will

c&void the extremes of hypoglycemla and hyperglycemia Daily variations

A
A3 .
in diet, exer01se,. insulin absorptlon or re51stance, and stress make
- " N < ) B : ‘ .

good control of IDDM difficult to achieve with conventional 1insulin
therapy. Intensive insulin therapy via  multiple subcutaneous
injections.or insdlin’pump.systems can prevent the wide swings in blood

- . t . .
glucose levels, hawever, this requires Highly-motivated individuals and

most diabetic patients cannot or will not comply with ' this type of
4 .
therapy?kl3;14):. In addition, in?ectionnor skin irriEation, chronic

pefipheral ‘hyperinsulinemia, hypoglycemia and ketoacidosis are



assoclated risks (13,14). "Thus, research efforts are directed towards

"total endocrine replacement th:rapy" (Dr. D. Sutherland, Minnesota)
via immediately vascularized panéreatic grafts or isolatedvislets of
Langerhans. ‘The impiantation of fudcﬁioning ﬂ-cellé .woquw permit
precise  homeostatic control of garbohydraée; fat ané aminSJ acid
metabolism under all coﬁditioﬁs of diet, exercise and stress. It is
the most pHysioiogical appfoach to obtaining meﬁiculous glycemic

{
controlk

PANCREAS TRANSPLANTATION
. Initial attempts at transplanting the pgncréas were unsuccessful.

'Vaécular thrombbéis, *exocrine secretions . and immunosupgressive
corticosteroids had an unfavorable influence on tbe function of
pancreatic allografts (15). With the introduction of cycldsporin-A
(CyA) and neY surgical techniqués came a dramatic increase in the
nhmbérs of pancreas transplants performéd. Since 1966, almost a ﬁhirdﬁ
of those done worldwide were performed in 1984 (16): These were either
* whole organ .or segmeﬁtal grafts with attempts to control unwanted
exocrine secretions by acute ductal ~l4#gation, intraductal injection of
Aglues and polymérs!“leaving ths duct open or estaBliéhing recipient
géstrointestinal ;r genitoufipafy drainage (}5). The variety of
teéhniques used emphasize the difficulty in managing ghe exocrine
secretionsvso as to avoid autodigestion‘of éhe gland and damage to
surrounding tissues, as well as pfevencing cdmplic;tions\ such as
vaschlar thrombosis. Eaéh procedure has jits own‘advantages and risks

and a consensus as to which méthod is most appropriate has not ‘been

- reached. The requirement for immunosuppression limits this procedure

=



as only those patients with diabetes-related complications that are . or
4 . .

will be'lf
‘ ,

immunosup'

mofé» serious than the side effects of ' long-term
essi&n'are céndi&ates for pancreas tranéplahtation Other
disadvgnty»es include _the very limited storage capacity of the pancreas
ility to potentially use xenogeneic tissue. Currently, the
‘year graft function ratedis around AOZ (17) and althoughL

is ' steadily improving, large-scale clinical

,still limited by technical difficulties and a

reéh irement f;r continuous immunosupp;es§ion.

PANCREATIC ISLET TRANSPLAN&ATION

| As . many of tﬁe difficulties associated with pancreas
transplantation are technical and related to the seéretiqn of digestive
enzymes by the exocrine pancreas, .én altefnative appro;;h is to
transplant only;the endocrine component, free from contaminating acinar
tissue. The islets of Langerhans are multicellular organs of. specific
cell types that work togegher as an integrated unit to ‘provide pr;cise
control of glucose homeéstasis;//éiéﬁgﬁgh it is difficult to 1isolate
from a single donor pancreas, a sufficient numher of islets to effect a

o4

- "cure", this approach to "total endoerine replacemenf therapy" has both

e
L} -

practical and economic benefilyd over pancreati? tr;ﬁspléntation. " The
small mass of the graft would, make'it easy to implant rapidly, safely”
and economically wifhout high risk to the recipient if complications
arise. Isi;t transplantation would ”also‘ eliminate complications
arising from vascular anastomoses and graft pancreatitis. 'In addi&ion,

. , e : N
the possibility exists for the establishment of tissue banks, the use

6fA immunologically privileged sites and xenogeneic tissﬁg. The



reduétion of graft {immunogenicity by manipulation of islets in vitro
and . thus, transgfﬁntaticn without continuous recipient
immunosuppression is likely: Thiz would greatly' g?&end the eligible

patient .populatibn beyond those with severe vascular and renal

complications.

In 1965, Moskalewski (18) wused collagenase, an enzyme complex

dexiived from Clostridium histolyticum, to isolate islets from a guinea

pig pancreas. 1In 1967, Lacy and Kostianovsky (19) increased the ™ yield
of islets by mechanically disrupting rat pancreas with a ductal

injection of a salt solution prior to callagenase digestion. ‘They also
used a discontinuous sucrose density gradient to separate islets from
: S

acinar debris and noted &ome cellular damage in in vitro metabolic

studies. Lindall et al. (20) substituted sucrose with .Ficdil; a
sucrose polymer .of high molecular weight which provided é .becter
osmo;ic envirénment for thg islets. 1In 1972, Ballinger and Lacy (21),
using the collagenase digestion and Ficoll burificqtion technique, were
first to obtain partialz amelieration of the diabetic state by
traﬁsplanting AOO-QOQ ‘isologouébisleCS to’' the peritoneal cavity or
thigh muscle of diabetic rats.. Reckard et al. (22) normalized the

diabetic state Jn\ifgga{ﬁa injections of up ‘to 600 islets to the

perltoneal cavit@ XA major advance in islet transplantatlon came in
N4

1973 when Kemp et al. (23,24) demonétratgd that islets which only
‘Ipar;ially améliorated diabetes when 'tranSplanteg intraperitoneally
could completely normalize diabetic rats whenlthey were trangplanted to

. : R ‘ ) . B
the liver wvia the portal vein. Islet ;golation by collagenase

A



-

digestion and Ficoll purification followed by intraportal 'implantatiéd

’ A}
became the standard technique in rat islet transplantation.

’

ANIMAL MODELS . . B

DiabeCe;-like syndromes, which simulate various aébects of the
human disease, can be induced in animals by a number of methods such as
pancreatectomy, chﬁmicél\ agents, or viral infection (25). Diabeteg
(ﬁiso occurs spontaneously in various species of animals. Most ‘1slet
transplaﬁCation studies have beén performed in rodents with diabetes
experimentally induced by c£emicgl agenté, most‘coﬁmonly streptozotocin
(SZ), a specific beta cel} toxin. /’ -

VStreptozotocfn is the agent of choice for inducing diabetes 1in

rodent models. It was originally produced by Streptomyces achromogenes

-

-;h? has antitumoral, antibacterial, and . oncogenic as well - - as
diabetogenic properties (25,26). SZ induces specific irreversible

" damage to B-cells within pancreatic islets presumably by decreasing

levels of cellular NAD (nicotinamide adenine dinucleotide) via its
nitrosourea moiety (26,27). When administered in a conventional single
diabetogenic dose, islet B-cell destruction is essentially complete and

a 1ésting ‘hyperglycemia and glycosuria is observed within 24 hours

25).

2

-

In 1976, Like and Rossini (28) reported that SZ administered to

mice in multiple subdiabetogenic doses induced extensive infiltration

of inflammatory cells into the iélets which resulted in a delayed but

o progressiﬁe loss of B-cells and, thus, hyperglycemia. The lymphocytic

j N

infiltration was similar to that observed in I1DDM (28,29).
dose SZ-induced insulitis is dependent
. ~

Susceptibility to multiple low

L



\on age (30), sex (34), speéies (29) and strain (3i,32), with young male
mice of certain strains most susceptible. Islet tfansplantg:ion
studies in this model have shown that transplantation of ‘syngeneic
islets to the spleen (33-36) or kidney capsule (56,37) permanently

‘reversed the diabetic state, although we and others (54,355 have noted
spontaneous remissions of the ‘diabetic state.

These reports and others (38,39) generated optimism that islet.
. - " .
transplantation couldU reverse dfabetgs with an immune pathogenesis.
Other investigators, however, have repbrted th%£>islets, transplanted

inte animals with spgntaneous diabetes, are destroyed by a recurrence

of the orfginal autoimmune disease (40,41).

TRANSPIANTATION SITES

The diabetic state has been reversed in inbred strains of rats
W .

following islet. transplantation into the peri;oneél cavity (21,22),
livér via the portal vein (23,24), spleen (42,43), muscle‘(44), renal
subcapsular space of the kidney (45,46), teswes (47), brain (48,49) or
a peritoneal-oméntal : pouch (50). Intra;egticular (47,501,

intracerebral (48,49) and renal subcapsular sites (46) have an

immunological advantage. The liver has been a preferred site in rodent
! . »

models because ‘it provides a rich and immediately available blood
supply that nourishes the cells until engraftment occurs and because
the regulatory hormones secreted by the islets enter the portal gvenous

circulation where they achieve their maximal. metabolic effect (52).

.

The spleen (42,43) and a peritoneal-omental pouch (50) also fulfill the

criteria for drainage to the portal circulation and clinically may be
) &

less dangerous to the recipient, "9



The renal subcapsular space is a popular alternative to the portal
vein route for normalizing the 'diabetic state in rodents even though it
’lacks portal drainage. Advantages, both experimentally and clinfcally,
are that it is easily acce;sible for insertion and subsequent removal
of the graft for histological purposes or.if complications, such as
infection, arise clinicall?. Experimentally, it is easy to ascertain
that normalizatiov of the diabetic state was due to the graft and not
regeneration of host islet tissue. Vascularization .of islets placed
beneath the kidney capsule ;ccﬁrs within 48 hours (53) and if a renal
portal shunt is performed after islet transplantation, intravenous
glucose tolerance test K values can be increased closer to normal
(52,54). A recent study by Woehrle et al. (55) has shown that - the
kidney capsule is also benefiéial in preventing both islet rejection
and recurrence of the autoimmdne disease in spontaneously diabetic BB
rats.

Studies on islet transplantation site héve indicated that a
minimum islet mass is necessary to successfully normalize diabetes in
any recipiént, and transﬁlanting in numbers greater than this will
provide a functional reserve to compénsate for any loss. Successful
islet ‘transplantationr will also depend on the degree of tissue
_engraftment achieved:' This will depend on the site of transplantation
and the degree of/tissue dispersion at this site as the islets must

survive by nutrient diffusion until vascularization can occur.

EFFECT OF ISLET TRANSPLANTATION ON THE COMPLICATIONS OF DIABETES

)
The initial reports on 1islet transplantation indicate that

- provided adequate numbers of isologous islets are transplanted, the
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metabolrc defects . (hyperglycemla, glycosurla polyurla welght loss) of

experimental dlabetes mellltus.can be reversed. The rat1onale for

isletvtransplantation is, = however, the prevent10n> and/or reversal of -

i

“' the chronic, compllcatlons ‘assoc1ated w1th thls metabOllc dlsorder‘

Several 1nvest1gators have shown that 1slet transplantatlon can reverse

- the glomerular leslons (56 57) retinal changes (57,58) and autonomic
. i sy

neuropathy (59) that are observed afterfprolonged diabetes. Gray; and

o

Watklns (60) have prevented cataract formation and a varlety of the

'renal and retlnal abnormallties that occurred in dlabetlc controls by

af -
islet transplantation. Hoffman ‘et al. (61) de&onstrated. that,  in

contrast to good control achieved with' = exogenous - insulin,
. B o _ g o N K
transplantationn " of fetal - pancreas prevented -glomerular basement

. membrane thickening in $§Z-induced diabetes. In  summary, -islet ’

]

‘:VULNERABlLITY OF ISLETS TO REJECTION

isograftsAoan normalize the clinical “indicators of diabetes and . are

capable of preventing or reversing .early microvascular complications

that develop secondary to experimental diabetes.

~

Early/studies showingaﬁﬁﬁt éhdocrine tissue‘such as parathyr01d
= ;

‘ ovary and thyr01d were only weakly 1mmun0genlc generated optimism for

‘,

the success of 1slet allografts (62) Unfortunately, 1solated ,1slets

do not engoy the 1mmunologlcally pr1v1leged status of other endocriné;\

tlssue (63) They are, in fact, 'extremely vulnerable to rejection

islets ‘in nonlmmunosuppressed rats resulted in medlan survival times of
3- a days whereas skln kldney and heart allografts transplanted across.

the same maJor hlstocompatlblllty complex (MHC) barrlers survxved 8- 12

.effectdr'mechanisms (22, 64l67). Transolantation of histdinéompatlhle’
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days - (22,66,68). ;'Mofriét eg;/gl. (67) reported that intrapoftal '

: , y _ . _
transplantation across maj barriers resulted in rapid rejection and

‘was very difficult to suppress with a variety of immunosuppressive

regimens. It also appears that isolated islet aliografts. are at an,

 immunologic§l‘ diSadvantage‘ when compared - to vaséularized pancreas
‘allografts (68:70). Perloff et.al. (70) found cba§ isolated islets
 wé;é rejeéteq ?-Sfaays after fransﬁ}antation'into eigﬁef MHG-coméatible
or ihcompétible diaﬁecic rats while.vascularized Pangreaé surined 7.6
days in’ MHC-ihcompatiBle hosts and a median"o% 16.5 Aays in

MHC-cémpatible hosts.

Both humoral and cellular mechanisms are responsible for islet

jallograft reje. - Islet grafts, established in'immunosﬁppfessed or
tolerant reci. =n - are rapidly rejected fdllowing‘<the injection of
. donor-spécific Umlq-antisefum or lymphoid cells (63-65). » Several -

reasons havg Been' suggeéted’»for the extremeiy ~rapid rejection of
biso;agsg?iélet graftsi_TheQe include: °

D) islets_bmay‘havg ’an’immunogenic cissge specific antigen or,
éollagénase digés;ion during thehniéolation proced&fe exposes antiggns
‘ nog'ﬁormafly'eXpressedA(69)

2) only‘margiﬁally‘éfféctiVe numbéfS‘of islets are transplahtéd.so
thatrlbss of Lanly a few will result . in hype;glyéemia " and éppe;r aé
graft déétrqction k71) o S~ -
- 3) tfahsﬁlaﬁéiﬁg a LﬁdiSéérsed cell ‘breparation increases
‘suscepti5£iity‘to \hﬁmor#l facfors, ovér thag_ of vascglarized _org?n

4

allografts (63)

'4) islet preparations are contaminated with highly immunogenic

p———

.éxoc:ine debris (72)

.‘.19



+

Remarkable progress in pancteatic islet transplantation has been

made in the last decade. Islet transplants have reversed diabetes 1in

xrodéntg and 1arger‘animai médels and have prevented or reversed early
diagetic complidations in recipien;si There still remaiﬁs,i However,
three barriefs .to the largeiscaléj‘clinical application of iisiet
trqnsplantaéion:‘
1. The ability to repeatedly.isolate a éufficient iglet céll‘mass
from a single donor
2. Islet preserﬁation prior to ;ranspiant'r.,

3. Prevention of  immune rejection post-tranéﬁlant'\

The isolation procedure must yield a critical ' mass of islets without

affecting the viability of the tissue. The tissue must be stored until

the recipient is ready for transplantation and then' successfully pléced

in a site where engraftment is rapid and . where the hormones §e;reted
will exert their maximal metabolic effect. Finally, graft rejection

must be prevented without continuous recipient immunosuppression.

PANGREATIC ISLET ISOLATION

" A major obstacle to clinical‘application of pancreatic islet
R » ’ ST R
transplantation is the technological inability to repeatedly isolate

and purify - sufficient quantities of human islet tissue. Since the

development of the . standard islet )’isolation techniquel of

b
b

col@agenase-digestion (18,19) and’T?icollv puriffcation (20,73),3 few

investigatprs have developed techniques which have greatly increased

ylelds from tﬁe rodent pancreas. Some = have reported higher yields

using donor pretréatment with pilocarpine (74): DL-ethionine (75) or

S

7§€ieno-dL-methionine (76) to reduce exocrine enzyme content. Others

11



have used ductal distension with coilagenase (77).’centrifugatibn dn

Pércoll (78) "or bovine serum albumin (79) gradients, or paﬁcreatic

v -
|2

perfusion with néutrai  redi to exclu?e'ilymphafic and acinér'
contamination (80): Still, based oﬁ‘che early estimates of the number
of islets per rat pancreas, yields of only 5-10% afe-regularly»obtained
. . . [
(15).°
Islet tissﬁe sourcés'-oqher than the ‘adult pancreds have been
° N Y .
investigated. Fetal and neonatal tissue are good sources becau§e they
consigtuof a high ratio of endbcrine to exocrine tissue and have the
ability tétdifferentiate into endocrine cells (81,825. Rodent fetal
pancreas has the potential to differentiate in org;n-pulture (81,82) or
-after transplantation in a normogiycemic host . (83). 1If fetal pancreas
is transplanted to a diabgtic host, 1insulin is needed tov'sgimulate
growth gf'tﬁe.enAchine ce€lls (84). Unforéunétely, mulgiple zonqrs are
required and there 1is usually a Iag phase of éeVerél months beforé
ameiioration of.the di#beéic state.‘ In addition, .fetal p;nnreas, is
more immunogenic.thanw'isolaéed’islets (85). v‘Overall; these immature
tissues do not otffer more advantages than adult tissub and';ay not be
applicable to large-scale human islet:trgnsplantationf
Rodent islet i561ation procedures had vto be modified to
. . - , : % |
- accommodate the more compact and fibrous canine and human pancreases
(86). - Mést préparatioés from large mammalian pancreases cpnsisc‘ of
islets entrappedﬂwithin exocrine tissug (Sf). Transplantation of these
dispersed éanine pancreatic microfragments has ‘been successful in
ameliqrating diabefesidn a one to ohe basis (88-&@)., Recentlyﬂ major
iadvances in échieving high yields of purified canine and human islets

n

have been madé (91,92)7 . Because purified islet_‘prgparations would
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increase the ability to alter the immunogenicity of the tissue and
reduce the implant volﬁme,‘ these techniques will greatly facilitate s o

clinical trials of pancreatic islet transplantation.

ISLET PRESERVATION
Temporary holding methods for pancreatic islet tissué‘Would allow

time fqr‘tissue tybing, crossmatching andlselecting or pre-treating an
apprépriaté‘recipient. Isléﬁs‘of Langerhans&have been ‘successfpliy
preserved by simple cold storage, tissue culture and ¢ryopreservation
(93). Tissue culture or cold storage methods for islet pre%ervation‘
: o o
are feasible for shorp periodsf however, (i)‘there is an associated
progressive loss of wviability, (ii) time-go;suming,.meticulaﬁé meaia
changes are neéessary, (i1i) contamination is an ever-present risk, and
(iv) large volumes 2; tissue are difficult to -handle especially for
‘transportation b cen centers. :Thesen inherent problems could be
éli&gﬁétea by cryopreservation. Succeésful short or long-term storage
by éryopreservatio& Qould g:ea;ly facilitate steps toward the.' clinical
~stage of islet transglantation. .

Establishing tissue banks of crydpreserved islets would remove

time restraints on 'the selection and ‘preparation of a suitable
————— ¢ . .

recipiént and on the traﬁsportatfon of tissue from one transplaﬁt-
center to another. Uélike tissue culture_ahq cold storage, there ;s
not'a progressive loss of tissue §iability 'wifh .extended storage
periods and the contam;nation risk is much:less. Thgre would‘bé‘=amp1e

time. for an in vitro assessment of viability, islet tissue could be

accumulated from several donors if necessary, and Xenogeneic tissue, if
. - ] .

\

feasible, could ‘be. readily available: Like tissue culture (94),



cryopreservation can aid in the purification of 1islet tissue by

A Ty

" selectively destroying exocrine tissue (95-97). 1In an attempt to

minimize islet rejection, the diabetic recipient of a kidney allograft
Sa : .
could be given frozen-thawed islets from the same donor once a tolerant

state - is established. ‘There have also been ‘suggestions in the

literature'that * cryopreservation could minimize islet immunogenicitv

(98,99). These potential benefits .for the clinical application &;ﬁ)

islet transplantation have led to numerous  reports on the
cryopreservation of rodent, porcine, Canihe or human islet tissue and,
primarily in rodent models, on the ability of frozen-thawed islets to

reverse the course of experimentally-induced diabetes. °

Successful cryopreservation of cells or tissues depends on several

inter-related critical factors. These are (1) the extent to whlch the

cryoprotective additive has permeated the - cell prior to freezing, (2)

cooling rate, (3) waiming' rate, and (4) the osmotic problems
n ) . @

encountered when the additive 1is removed after thawing (100#}01);»~:’

AAccording to Mazﬁt'e two-factor hypothesi£ (102), cells cooled too

fapidly will be damaged by intracellular ice crystals which grow wupon

»

warming. Slow cooling exposes the cell to damaging "solution effects"

" such as high solute concentrations; pH changes, or osmotic. shrinkage
beyond a critical mihimum\xplume. Additives such as DMSO and glycer01
' protect agalnst these kinds of slow coollng injuries prov1ded they are

not used in toxic concentratlons or do .not induce osmotic damage when

- ™~
«

the ceils are returned to isotonic media after thawing (100—102)..

These critical cfyobiological factors as well as other factors specific

to 1islets (method of isolation, pre-freeze or post-thaw culture
o : . “

b
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beriods, and viability tests) affect cell survival and make comparisons

of freezing protocols difficult.

[

In 1976; Mazur .et al. *(103) preserved 17-day old fetal rat

©

pancreases by incubating in 2 M DMSO, cooling at‘O.3‘C/min to --196°C,

o

. 4 . .

slowly warming, and diluting with 1isotonic media in the presence’ of
0.75 M sucrose, 4 nonpermeating solute which limits osmotic swelling as
the DMSO leaves the cell. They repoitéd that cryopreserved pancreasee

synthesized 80% as much protein as unfrozen controls and became

vascularized after transplantation into non-diabetic adult recipients.

v

Fetal rat pancreas, cryopreserved by ﬁﬁis technique and implanted

N x,
beneath the: kidney capsule,. reversed diabetes Ain  adult -recipients

(104). In 1977, Rajotte et al. (105) cryopqgserved isolated rat islets
with a techplque similar to that wused for fetal rat pancreas. They
demonstrated that islets, slowly cooled at 0. 5 0.7°C/min with 2 M DMSO

and rapidly thawed, could secrete lnsulln,ln response to high glucose

. . . N
and improve the diabetic state of one rat following intraportal

transplantagion. A series of papers by ‘Rajotte and colleagues.

"695L105-111).have indicated that, for rat, canine or human islets: of

Langerhans, a slow cooling rate.is necessary for maximum recovery both

in vitro and in vivo. P

In 1981, Rajotte et al. (106) demonstrated the feasibility of

-

low-temperature bankfﬂg of islets by freezing 1islets at one center
. ;
(Edmonton Canada) _and transportlng them to St. Louis, Missouri where

they were thawed and transplanted to the liver via the portal vein of

SZ-induced dlabetlc rats. In thls study, islets equilibrated in 2 M '

0, cooled at O.25°C/min to -75°C and thawed at 7.5°C/min were able

reverse the diabetic state but rats’ receiving islets cooled at

)



'i‘é?ﬁin remained diabetic. When cortrolled cooling'was.interrupCed at

.

{§O°C rather than -75°C, and islets were phawéd at ZOOTC/min (95), a

]

better in vivo response was obtained because the islets were not

b

dexposed to "solution effects" injury  for a prolonged period. Three

~ thousand islets slqwly'cooled to -40°C (as compared . to 5000 islets

cooled to -75°C) gave the same clinical fééppﬁ&es as 3000 fresh 1islets

af nsplantation into diabetic rats. Rats receiving cryopreserved

islets, howe , still had abnormal glucose tolerance tests

(95,106,107) .

Other investigators have also successfully cryopreserved rodent
: ry , . ) '

-

islgts with slow cooling rates (112-115). McKay and Karow SllZ) have

demonstrated that rat islets cooled to -75°C at 0.3°C/min but not 3, 14
or 48°C/min release 1insulin in a biphasic pattern in response to

glucose challenge. Cooling rates less than 1°C/min are in agreement
] . .

. Iy .
with the theoreticalﬂcalculations of Mazur. and éHe optimum cooling

rates for mammalian’ embryos (101) and fetal rat pancreas (103,116).

Bretzel et al. (114,115) have crybpreserved'rat islets by slow cooling

in 102 (1.3 M) DMSO at 2°C/min to -35°C, then 6-7°C/min to -100°C. in

i i

. « : : S,
combination with rapid thawing. They reported glucose-sgimulaﬂtﬁ_

insulin release .similar to fresh islets and normalization of _ the

diabg&ic state following cvngéneic intraportal trangplantation.

In contrast; Bank 7y, in 1979, determinéd that a rapid.
cooling rate (75°C/mi v . ; n=timum for isolated rat islets;. Net
insulin rélease on g .o .. chalicuge after cooling in i M DMSO and
slowly thawingi at 3.5°C, sin .23 reported to be 75% of " the dmount

released by’ fresh islets. Mazur (100~102) predicts that this prqtocol
L] . " X

would promote intracellular ice formacibn during rapid cooling and



recrystallization during slow thawing. Bany and Reichard (118) later
reported‘greater success with a two-step cooling procedure in which
cells are cooleo Vfépidly to an intermediate sub-zero temperature and
held for a specifieo time to allowvosmOtic shrinkage before rapidly
cooling to -196°C.. Andersson and §and1er‘ have shown better survival

. _ v .
when mouse islets were continuously cooled to -70°C at 5°C/min rather

than 0.5°C/min (119-121). 1Recent1y, Sandler et al. (122) have compared

cultured islet survival folloying cooling at'S, 15, or 25°C/mih. In
batch-type incubation, each group of cryopreserved islets released
insulin in response to high glucose concentrations. lslets cooled at
25°C/min responded similar to controls 1n‘ per1fus1on and proinsulin
brosynthe51s although insulin content was reduced by 30% Intrasplenic
transplantation of islets frozen at 25°C/min resulted in complete or
 partial normalizatioh of diabetes ln.7 of 9 mice.

Taylorwand Benton (123) have recently frozen fully or partially
DMSO-equilibrated islets with cooling rates of 0.3, 3.0, 10, 36,' 60,
150 or >1000°C/min in conjunction with either slow or rapid thawing.
Viability was assessed by insulin secretion during static incubation.
Houever, functional survival was hlghly dependent upon coolihg and
thawing rates when islets were only partially equlllbrated.‘ Peak
survival of fullx equilibrated islets, at a cooling rate of 0:3°C/min
with rapid thawiné, was not? much greater thanvregovery at 60 or

- >1000°C/min. They concluded that cooling rates are ' not | major
determinants of surv1va1 if the islets are fully equlllbrated with 2 M
DMSO" prior to cooling. Further studies are necessary to confirm this

" hypothesis.

17
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Direct comparisons of 1{slet viability following the various
freezing \ptotocols reported for rodeng islets of Langerhans ‘jre

impossible because of many different, yet, inter-related variables: In

~ addition to cooling and warming rates, the concentration or extent of

——

permeation of the cryoprotectant, ;the immediate post-thaW'handling of
tﬁe'tissue, the additién of pré- aﬁd post-;haw culture .and the
assessment of vigE}lity all” influence the . reported  survival.
Perifusioﬁ is the most sgnsitive in yl;;gimgthod of assessing  funct}on
(119) buﬁ the ultimate test of viability is the reversal of diabetes

following transplantation. Cryopreservation of canine or - human

pancreatic fragments has also been reported and protocols still vary

with cooling rates ranging from 0.3(97,107-111) to 604C/min (124,

Rajotte et al. (95) found that application to these large models

L]
)

required some modification of the pre-freeze handling of the tissue.
. ]

Clearly, cryopreservation of islet .tissue ' is feasible and would

eliminate the contamination risks and the time restraints associated

. A\
with tissue culture techniques.

"PREVENTING REJECTION OF TRANSPLANTED ISLET§
ALLOGRAFT REACTIV(ITY

' Class I antigens of the major hiétocompatibility cé&plex (MHC):
(¢°d€? for by murine H-2 K/D ot its human homologue HLA-A,B,C gene
loci) are eipressed on the surface‘of all nucleated éélls. . These
antigéng are target; in transplantation reactions and prefeggnﬁially
stiﬁulate cytotoxie \T-lymphdcytes (125). AC£a55' II MHq. antigens, 7/

\ _ .
products of muriné I-r genes or similarly human D/D genes, are

expressed on cells,of lymphoreticular origin ¢th as T or

18



B-lymphocytes, macrophages or dendritic cells (125). These
immune-response associated (Ia) antigens, the ‘cransplantatié;}

antigens’ of graft rejection, play prominent roles in ' the immune

response, activating lymphocytes of the helper T-cell’ subset and
providing stroﬁg stimulation 15 mixed leukocyte culture (Mﬂb) and graft

versus host reactions'(125,l26).
2

The following cdncepts of allograft reactivity have been. reviewed
’ \

by Lafferty et al: (127,128) .

r

(A) The Classical Concept

The classical view of allograft rejection describes trahsplanted
‘ <o »
tissue as the —source of antigen which activates a cell-mediated
(Tmceil) response aﬁd triggérs thé rejection process in .the grafc.
Transplantation antigen, whether Class I or Class II MHC antigen, was
thought to be tHe.major barrier to successful tissue transpiantation.
Ie followed that ahtigen recognition alone was sufficient for
1ymﬁHOcyte activation. ‘ Experimental obéervgfﬁpns, however, did not
- support thfs assumption. ' The isolation and characterization of the MHC
, \ :

. »
antigens revealed that they are extremely weak immunogens and the mixed
e,

leukocyte reaction, an in vitro analogue of éllograft rejection, showed

that the.cépacity of ;llbgené;c cells to stimulate T-cell activation,

was a function of ‘metabolically acfive cellg. .This meant that,

élthough they could still express antigen% ultraviolet (UVB) irradiétéd

cells could not stimulate a response. These observigions indicated
<

that the triggering of the allograft response required mote than the

‘presence of foreign antigen.
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.(B) The Stimulator Cell Model of Immune Induction
In 1975, LaffcrtyAanérCunningham,(129)_proposed a two-signal model *

for the triggering of an antigen-speé@fic lymphocyte response. The
Eirst,signal for T-cell activation is provided by aptigen bin&ing to
‘the T-cell receptor <w@nd the sécond signal, an inductive‘molecule or
'cytdkiné, is provided by a metabolically active antige;fpresentlng cell
(APC)[*\ Activated = T-cells  then undergo clonal expansion : and
prolifgéation. Thus, T-cells are activated when they interact with
antigen on the surface of metabolically active_APC because both signals
(antigen binding and the release of cytokine) are provided.

‘Antigen-presenting cells are of lymphoreticular origin and tend to
possess Ia-a?cigens. T-lymphq;ytes, macrophages, and dendritic cells
(130), which are known to be potent stimulators.of the MLC, are active
antigen-presenters. According to this stimulator cell model, viable
alloantigen-bearing cells that can not provide the second signal, such

as fibroblasts, erythrocytes, or platelets, will not be immundgenic

(127,128)..

- ANTIGENICITY OF ISOLATED ISLETS

The expression of Class I antigens and the'lack,of Class II (la)
antigens on the ﬂ-cells éf mouse (131-133) as well as rat (133~136) and
‘human islets (133,136,137) has been reported. Rabinovitch ég al. (135)
detected Ia antigens extenfively on lymphocytes, macrophages, and
capillary endothelial cells within freshly isolated rat islets. This
group (136) and Hart et al. (134) later reppréed that rat and caninh\h’

islet endothelium 1is Ia-negative, ho&ever, human islet endothellal

cells extensively express Ia antigens (136,137). Gores et al. (138)



detected a mean of 14.9.(range 5-24) Ia+ cells within untreated mouse
ié&ets. Shienvold et al. (136) found 0-5 Laf cells per rat or canine

islet. APipeleers ggigl. (139) has recently purified Ia-positive cells
by fluorescence-activated ‘ceil sorting and reported that this
popglation constitutes approximately 1% of all islet cellg. These
immunogenicllymphoid cells have been identigied as maérophages by some
investigators (136). Others (134) have con¢luded that thé \depse1y
staining 1a® cells fouhd within isolated rat islets were likely
interstitial dendritic cells. \

Regardless of the specific cell type inyolved, i?olated islets are
extremely vulnerable to reject;on effector mechanisms. A means of
"preventing rejection must be ‘established, however, wunlike the
transplantation of heart, liver or lung in which the organ is required
for life, the advantages 6f islet transplantation as an alternative to

\

exogenous' insulin therapy must be carefully weighed against the

poten;ial side effects of . immunosuppression. For the majority of
diabetics  whose Somplications . are not yet life-endangering,
immuggsuppréssion poses a greater risk. ‘Therefore,‘ in order for
pancreatic 1islet transplantéﬁion to have large-;cale clinical

application, .the requirement for recipient immunosuppression must be
. . ) A9

substantially reduced or éliminated:

-

The many attempts made to prevent the rejection of transplanted

islets involve either treatment of the recipient or treatment of the
graft prior.to transplantation; -These include:
1) Minimizing hi;toincorﬁpatibility
2) Generalized iﬁmuqosuppréssion ' S .

3) Induction of tolerance
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4) Total lymphoid irradiation
5) Immunologically privileged sites
6) Immuno-mechanical barriers

7) Reduction of graft immunogenicity

i

1) Minimizing histoincompatibility
Minimizing the ihistscompatibility differences between donot and

recipignt, an approach based on the classical concept of allograft

reactivity, has not been as effective for islet allografts as it has

been in expérimental and clinical organ ' transplantation. Initial

attempts at allografting islet tissue revealed the extremely rapid

rejection "of g%en weakly hiétoincompatible islets (140y. H-2
compafible islets, in fact, survivgd only a few days longer than

strongly histoincompatible tissue (140) and when donor and recipients

*differed only with respect to the weak H-Y antigen, islets were still

[

rapidly rejected (141). 1In .certain mouse strains, female mice can

reject isologous male islets more rapidly than skin grafts (less than 2

days as compared to 20-29 days).
. Some murine islet allografts disparate at the entire H-2 complex

are accepted long-tq:m (142,143). Selawry (144) found ttgp:/allograft

acceptance of purified rat islets was also independénfué%zkhe degree of

'r

histoincompatibility as determined by the mégnitude of mixed lymphocyte
cﬁlture fespbnses in vitro. Morrow et al. (143) genetically removed
class II differences using recombinant strains of mice and found that
mice disparate for «class I antigens’ alone rejected islet allografts.
This study iﬁpliés‘that< ;a antigen recognition is not an absolute

requirement for'T-cell activation. ‘Steffes et al. (145) transplanted



‘iSIets between mice which were identical at K and D regions B
R W I N . PR

@

' differed in I and'S regions  and reportedﬂan'unpredictable resbonsa as
o - ;

fsome were accepted ?nd others were rejected. -Zhu et al. (146) reported
that the thern “of allograft ,re_]ection in congenic mouse. strains ‘wﬁas’
hdependent on the spec1f1c donor and recxptent genotypes regardless Of,
the absolute H-2 antLgenlc dlsparltles involved 'Thus; results a4re

‘greatly influenced by the stralns chosen

>

Pl

2)Generalized chemical immunosuppression

A nlmber of pharmacological agénts, alone or in combination with

others, have been able to successfullyj@reﬁent the rejection of rodent
' : . O . -
heartdor renal .allografts’ but have failed to significantly prolong

islet allograft survival across. majoicor;minor'barriers (67{l47,148).

‘The search for new 1mmunosuppre551ve agents, however, has' not - been

M

abandoned (149, . Of : those 1mmunosuppressants‘ in current " use,
recipient- 9pec1es qpeclflc ;ntl lymphocyte serum (AlS) and cyclosporin
A ‘have* been the most effectlve in rodent islet allografts _ .

‘(A) Antiilymphocyte serum : » - o g

| ”;ALS has prevented rejection‘of rodent;allografts with considerebly
1greater success than imnunosuppre551ve drugs In 1973 Reckard et ‘gl.
. (22) found thatba flve day treatment of ALS prolonged surv1val of erat,
allografts from 8 S to 30 5 days Dally aneCthnS'Of this agent
vprevented reJectlon of rat islet allografts,for”greEter than;ZOO ~days
(150).-;Many investzgators ‘haVe _since been eble'ktoebslgnifioantly,r
prolong‘ rat“ islet 1allogreft ISurviyal' 'eCross minor or major
'histocompatibility bayéiétsjﬁinh.;hbrc-term ~trégcnéﬁc of ALS (67,147,

K2

©151,152) .



ALS has also been effective 1in prolonging §urviva1 of ‘concordant

- ]
(rat to mouse) islet xenografts. An. initial report showed xenograft
survival extended to .24 ‘dayg (65) following intraperitoneal islet

transplantation and repeated injections of rabbit anti-mouse _thyigfyte

serum.. A single injection of ALS at the time of transplantation

extended survival of intraportal xenografts to 49 days (153) ‘comparedr

to only 9.7 days fof 1ntrasp1en1c xenografts (154) Many groups have
obtained prolenged 6r indefinite ‘allo- or xenagraft survival using ALS
in comblnatlon w1t£ other immun modulatlng reglmens
(B) Cyclosporln A

Cycloéporin A\is.a cyclic polypeptide\composed of 11 hydfaphobicT
‘ amina acids (155-157). This fungal me;abdlite~ has - potent
iamunésubpfegsive prapércies and has been ‘used - éubcessfﬁlly " in
'exparimeﬁtal and, clinical organ trahspiantatioa"(ig5-157):.“ Tﬁe
'mechanlsms of CyA action are still under study Qeﬁeraliy,”CyA ﬁexerts

B : e q;’
its effect in the early'phase of T-cell activation, inhibiting thp¥
. i

activation of lymphocytes by blocking 1nter1euk1n 2 productlon ‘(158)m

More spec1f1cally, CyA may‘ act at the level of .Lnterlaukin-Z gene

24

. transcription (159) or block transmission of the antigen signal that:

activates 1ymphocyté-encoding gené expression (160).

Cyclosporin renewed . -interest in pancreas transplantation as it

reduced or eliminated the need for diabetogenic corticosteroid

immunosuppreésants.(157). It has not, ~however, proven to.be as
: , )
successful in Qreventlng reJectlon of pancreas allografts as it is thh

other organ grafts (156 157);and pancreas allografts in the presence of

- CyA survive con51aErably longer than eomparable lslec a&lografts

(157 161 ,162) . An initial study by Vialettes et al. (163)'showed that

o



‘assessed by

~—

CyA, administered orally for 2 weeks at a dose of 50 mg/kg/day,
extended islet allograft survival adross a major histocompatibility
barrier to 23.4 days. Other lnvestigators have reported toxic effects

’

which show indefinite renal allograft acceptance following a  short

,/\

periitranSplant period of CyA (165), islet allografts wepe, rejected

p)

after the'dfug was withdrawn .(67,}49}. In contfast to these brevious

results, Dibelius et al. (80) prolonged rat islet allograft survival
. a . . . A
across a'major histocompatibility barrier with an injection of CyA (30

"

‘mg/kg) given at 0, 1 and 2 days after trahsplantation. Graft.survival,

'serum glucose - levels, glucose tolerance tests and

vhistologyh was. significantly prolonged to 28-150 days. In _cenine

~pancreaticifragment allbtransplantation CyA was shown to. be more.

~as for other types of organ allografts unless used in such hlgh doses N

effectlve and less tox1c than azathloprlne/sterOLd lmmunosuppre551on in
preventlng rejection (166). o ' ‘ P

The failure,of rodent’ 1slet allografts in the presence of CyA may,

*

in part be related to its deleterious effect on the functlon of 1islet

tlsgue (167-170) Morphologlcal and functional changes have been_noted

in- pancreatlc B- cells of Wistar rats treated with CyA (50 mg/kg) for 7

days (168) or 3 weeks (170) Both groups reported decreases in islet

©

1nsulin content to 70% as well as impaired glucose tolerance and

gm. _ .
hﬁferglycemla.
"In  summary, generalized immunosuppressive = protocols can
significantly prolong islet allograft  survival in certain

. donor-recipient strain combinations, however they are not “as effectlve.

¥

at less than this dose (67, 161 162 164) and, in contrast to studies
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that texicity becomes a problem. Specific immunosuppressive ‘therapy

would be more feasible for clinical islet transplantation.

3)Induction of tolerance
In'rodénts,‘the induction lof a donor-specific unresponsive state

will result in indefinite survival of allogeneic tissue. Cqur

. . R : . : ¥
induction, of tolerance by inoculation of alloantigens in neonat
donor-strain specific and has been shown to induce permanent acceptance

of islet a}lografts in some studies (64) but not others (70). Active

induction of tolerance in adult animals by inoculation of cell ‘extracts

of donor genotype prior to transplantation is more difffculn.X&Faustman

. et al. (171) has beén able to show permanent acceptance of'H~2k islet
~aliOgrafts in 80% of Higb'mice which received, 2-3 weeks earlier, donor

. . . k . : . .
red blood cells treated with anti-Ia antiserum to remove contaminating

Ia® leukocytes.i All allograft recipients given untreated donor red

bloo'ls prior to islet transplantation rejectéd their érafts within
Yy , 502 :

two weeks. Administration of UVB-ir;adiated donor spleen cells
following the traﬁsplantation of culturgd islets induced specifié
immgpological tolerance in tﬂat it prevented the in&uction of.rejection
by subsequent ddminiStration of viable donqr spleen celis (85,172). A
spontaneous form of tolerance in several murine recipieﬁts-of cultured

islet allografts has also been noted (173). These animals were

resistant to challenge with donor .strain peritoneal cells after a -

prolonged period of graft function. Thus iSletVallograft tolefapce can

be induced in adult rodents without recipient -immunosuppression.

Studies inte the mechanism of the induétion of . immupological



unreéponsiveness may -aid in the application of these approaches ' in

”

larger animal ‘models.

The\réports showing that short-term cyclosporin A treatment (161)

N

or discontinuation of CyA~(162) resulted in rejection of transplanted

islets indi;ate'théi islets of* Eangerhans'are not cépabie of iﬁdﬁcing
tolerant states‘ aén easily .as ocher ‘organsf\¥ﬁﬁicek bearing 't?ng
established anti-Ia-treated islet aliogrgfts rejected donor-specifig
skin gféfts and didﬂso even more répidly ;han controls (1?4,175). The
rejectioﬁ of islet éllbgraft;‘folfowedfshbrtly- after. Recipients of
estdglished cglched iélet allograftsj .however, have been shown to
-accept uhcultured islets 6176). One way of preventing the fejection of

frahsplanted islets has ‘been towtransplant/,into animals ‘bearing an

established reral allograft, making use of the unresponsive state it

0

has generated. Reece-Smith et al. (177) established renal vallagraftsﬁ

across a major histocoﬁbatiéili&y barrier with a two week treatment of
cyclosporin and then}-lOO days later, pérmanently reversed SZ-induced
diabetes by transplanting donor-strain islets béneath the capsule ’of
theidonor-strain deneyl No further immunoSuppressfoh was necessary.
Islets, includigg\thi%d-party étrain islets, were rapidly rejected 'if

tﬁe} were transpléntedﬂ at . the same time as the 'kidney allograft

indicating that the tolerant state ~was required for islet graft

survival. Permarient domor-strain allograft survival was also achieved

in 50% of:recipients with established spleéﬁ allografts and in 100%° of

recipients if CyA was given for 7 days at the time of islet
'transplantation ~(178); Proceddres‘ like . these would 1likely allow
. & . ;

successful transplantation of cryopreserved 1islets into a patient who

lras previﬁusly accepted a renal allograft from the same donor; however,
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like pancreas transplantation, they would be available only to diabetic

LA

'patients with end-stage‘complications.

4)Total LymphoidIIrradiation ‘
Fractionated total lymphoid irradiation (TLI)A\is{the' localized,
cumulative, high-d;sage' irradiation oftlympﬁoia tissue followed by
. g~ .
- inoculation of allogeneic bone marrow. It is one of tg; ﬁost poﬁggt
forms of recipienﬁ immunosuppression, 1nducing spec}fic
unresponsivenes; to allogeneic tissue. Using this procédure,. Mullen
and co-workers achifved'permanent graft survivéiaof fetal rat éancreas,
‘Fransplanted beéeath the renal capsule across “both minor (179) andf“
majog hiétocompatibi}ity barriers (180). They found that low dosages
of both TLI and donor bone ﬁarrow Qere‘sufficient to achieve indefinite
survival’ écfoés minor barriers and /;igher dosages of each were
. N .
-

necessary to achieve this effect. across major histocompatibility

al. (181) established

.- : . . PR |
barriers. Also across a major barrier, Britt et
N ° -a

bepmanent;and'specific immunqlogical unresponsiveﬁess to isolaped' rat
islets in 2 of 3 fatS"that survived a proto¢o1 of High-dose TLI ;hd
donor-strain bone mar%ow- infusion. In a >hamsterrto-rat ’xqugraft
model, Nakajima et al. (182) demonstrated an‘ incfeasé jn islet .gtaft
survivai witﬁ ihcreasing total doses of TLI; ex;edding survival to 30.0
days with a total doée of 1200 rad. Thus, alldgeneic‘adult isleﬁs or ‘
fétal pancreas can survive indefihitely across major>£istocompatibility
barriers using a coﬁbination of high dose TLI and donor bone marrow

infusion. No further immunoslippressive ‘treatment is necessary,

however, high mortality was often observed. : ¢

,
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5) immunologically piivileged sites . /

"

It has long been known that there are certain "immuﬁologically

- \

pr}yileged" sites Iin the body that‘will‘vaSﬁulériie,and sustain small
¢« tissue allogr;fts for long periéds of time. The host is
i@munoldé}cail& unaware of their presence. = 'Such siteS' include the:
anterior chambér of the eye,‘theztestig and the brain. There has been
some suggestipn tﬂat thé renal - subcapsular space has an immunological
adyanéage over the liver. Reece-Smith_ et al. (46,183) found that

Zallogeneic rat “isléts implantéd beneath ?he kidney capsule survived'
twiée as long as those transplanted intrapor;ally énd tha£\the survivalr
of ‘subéapsular isieés. waé prolonged more easily wiéh1‘CyA than

. o) :

Egintrap§r§al islets. Survival 6f rat to méuse islet xenografts beneath
the renal capsule was also;‘extendgd twofold over intraportally ‘placed
xenografts' (184:185). That ;he renal subcap;QIar épace is an
immunopriv%}eged sit% relative to‘the liver has been dispu;ed by Céré$'r
et al. (186) using a congenicv_muriﬁe islet allogfaft medel. These

claims may depend on the histacompatisiiity barrief between the donor

and recipient stpaiﬁs used. ‘ | ) v

‘Infratestiéuléf islet allo- and xenografts (47,51) have shown
prolonged survival compared to gré%ts placed intraportally or béneaﬁh‘
“the kidney capsule. In an aliograft model, islets cultpréd for 4 days.
failed to reverse diabetes when transplanted to the 7liver or renal

-~ .

subcapsular - space but survived <for more than 50 days in

intra-abdominally placed testis (47). Intratesticdlar xenograft
survival was extended to a mean of 30.8 days, with 3 of 12 grafts

ia;ting more than 60 days, while coﬁparab1e>xenografts .trahsplanted

\



: t . . .
intraportally or beneath the renal capsule survived for 7 and 11.2 days
' - C L

respectively (51). 1 :

The brain also provides a guitable site for implantation of rat ’

islet tissue. Tze and‘ Tai (48,49) have shownrihdefinife survival of
pancreatic eﬁdgcriné cells after implantation intraéerebrally or
intrathecally fé the subarachnoid space. 'Thesé gééf;s were susceptible
to immﬁnehrejection folléwihg challenge' with donor str;in skin grafts
(49). The outcome of allogfaft survival, however, was dependent oﬁ the
type of donor tissue transplanﬁed as allptransplantation of whole
islets tg these 'gites were rejected in 7 of 9 (48) and 3 of ? (49)
cases. |

The immunoprivileged'Astatgs‘ of the testis and brain has been
demonstréted in ‘rodent models however, these éites may not be

’

applicable to human islet transplantation. , C s

6) Immuno-mechanical barriers
Various techniques for enclosing islets 'within - semi-permeable
membranes so as to allow hormonal'. diffusion and protection against

rejection have been developed and revieﬁqb by Scharp et al. (187).

Early microcapsular systems survived i vivo:for no ‘long;r than 2-30
week; because of poor biocoméatibility 6f the maﬁe;iéls used (187,188).
Failures were due"~ to  inflammatory responses induced by.
polyethyleneimine (188). Using a semi-perﬁeéﬁle alginate-polylysine
membrane , 0'Shea et al. (188) implanted 4500 encaﬁgulatedx‘gllogeneic
islets into the peritoneal eévity of’ SZ-induced ‘diabetic rats,

reversing the diabetic state for up to one year. Unencapsulated islets
& . B

were rejected in less than two weeks. Darquay and Reach (189) have

30



shown that -alginate-polylysine membranes protect rat dsle?s from

eytotoxic,apti-islet antibodies in vitro and 0’Shea and Sun (190)
reported greater chén 80% xenograft survival at 50 days with a mean of
80 aayss These im@uno—}solation devices, .by eli&inéting thelcells or
molecules that mediate rejéction, sﬁow‘great promise for -eliminating
the need for recipieht‘ immunosupggefsionf however, applicationé are
still severely limited by biotechnological problems.

13

7) Minimizing immunogenicity , ¢

In 1975, Lafferty et al. (191) reported that thyroid tissue,became

less immunogenic after a 12 day period of tissue culture in an 

atmosphere of 95% O, and .5% CO,. Organ culture results in the

2 2

degeneration of the vascular bed and blood elements within the cultured

tissue (192).' This dégeneratidn or, alternatiJely,'a loss of graft .

antigen could result in a reduction of tissue immunogenicity. Talmage\ .

et al. (193) found that the injection-ﬁef donor-stfain peritoneal

exudate cells to mice bearing established cultured thyroid allografts

resulted in réjkéeion of the tissue. This indjcated that the graft
y

still carried recognizable antigen and that the reduction of 'thiroid’

immunogenicity likely resulted 'from"tﬁefsensitivity of-leukody s to
high oxygeﬁ tensions‘(l94),u

These studiés led . to . the return of the passenger 1eukocyte
gonceptl initially proposed by Qaell (195) in 1957, which ;suggested
-that leukocytes residing in the donor tissue provide tﬁe;major barrien

to successful tissue transplantation. Now based on the stimulator cell

A . .
model for allograft reactivity, this concept suggests that the removal
a i ) ‘ 4

of the passenger leukocytes (1a+-ce1} populations) from within the
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graf% tissie prior t6 transplantation will result in prolonged
allogfaft survival (127). Many of the éttempts madé to prevent the
rejecpion of .i;let allografts aqé based on tﬁis 'QOncht. These
Aat§empts have included pre-transplant culture in high oxygeu
atmospheres or at low tempgratures, anti-Ia antisera and complement or
ultraviolet irradiation.. -
ha '

(A) Pretreatment with culture

(i) Allograft studies

Initial attempté at culturing rodent islets in high oxygen
atmospheres Were‘unsuccessful as isolated islets: were }abidly destroyed
(45,152). This extreme sensitivi;y of islets to 95% O. was avoided - if .

2

islets were aggregated into clusters of about 50 islets (45). Mouse

islets isolated from cyclophosphamide-treated donors and crltured in

N :
clusters for 7 days at 37°C. showed no evidence of rejection for up to

420 days after implantation beneath the kidney capsule of allogeneic.
nonimmuno;uppréssed mice (45,855. In contrast, . unculéured' islet
allogréftsvwere- heavily infiltrated with mononuclear cells 4 days
po;t-traﬁsplant (45:85). Allotransplantation of these cultured islets
resulted in the reversal of S$Z-induced diabetes for gréhfer than 100
d#ys (85) and the removal of the graft-bearing kidney fesulted in a
.rapid return to tﬁe diabetic sta;é (196). Intrasplenic tfansplantation

e

~0f allogeneic islets, kept in 37°C culture and an air-CO2 atmosphere

for 4 weeks, partially or in some cases completely reversed diabetes

for several weeks in nonimmunosuppressed mice (197).

/

Based on a report that human lymphocytes cultured for_&4 days at

22°C lost théirAability to stimulate a mixed -leukocyte reaction ip



vitro (198), Lacy et al. (151,152,199) transplanted islets
intraportally across major histocompatibility barriers in a rat
allograft model. They found that rat islets cultured for 7 days at

' 24°C survived for periods greater than 100 days provided & single

injection of rabbit anti-rat lymphocytev serum (RALS) was given-at the,

.time of transplantation. Tze .and Tai (200) found that a .7-day
pretraqsplant culture of ‘rat islets at 26°C but n;t at 32°C or . 37°C
prolonged the survival of ailogfafts across a major barrier in
nonimmunosuppressed rats, In contrast, Rabinovitch et al. (135)
Cr;nsplanted rét islets, cultured for 7 dafs acv 55°C or 37°C, to
.allogeneic recipients wﬁich received  RALS at the time of

transplantation. They found that islets cultured at 37°C survived

significantly longer (>27.0 days) than those cultured at 25°C (10.0

days). Also in a rat alldgréft model, Tucker et al. (201) obtained

. 1
100% survivaf’of ‘intraportal islet allografts in nonimmunosuppressed

rats by keeping islet clusters in 37°C culture and an atmosphére of 95%

02:SZ CO2 for 7-10 days.

Recent studies have shown duﬂ! across major barriers, where

pretreatment with culture was inadequate to prevent allograft
) L o~ .

/- » s . y 2 : * ". A + s
Jrejection, the combination of culture aq?%ﬁhott-term .immunosuppression

. 5
Pl

with CyA had a synergistic effect and pfﬁ{?ﬂéed«survival. Lacy'’'s group

could not prevent allograft rejection by low-temperature culture alone
but achieved 100% survival at 60 days when CyA (30 mg/kg) was injected
subcutaneouély at 0,1 and 2 days after transplantation (202). The Cya

treatment alone resulted in 29% survival at 60 days. Simeonovic et al.

’

(203) have shown that the combination of donor pretreatment with

cyclophosphamide, islet culture in 95X 02:51 CO2

at 37°C for 7-10 days,
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?and short-term (l2-day) recipient ‘immunosuppression with CyA (50
mg/kg/day) was éssential for 100% survival of islet allografts in
outbred micgf\ This result was based oa histological examination#

~ Transplantation in outbred mice resulted in complete or . temporary
reversal of diabetes in 80% of recipients; however only 38% remained

R 4
normoglycemic after the withdrawal of CyA.

(ii) Xenogfaft studies.

Islet pretreatment in tissue culture'has also been able to prolong'
the suryival of concordant (rat to mouse) islet xenografts. Lacy et
al. (153) transplanted 450 rat islets which had been c@ltured for one
week at 2;°C to -the liver of diabetic mice. . Cultured xenograft

survival was™prolonged to greater than 59.5 days (as compared to 49.0

days for fresh xenografts) when mice received a single injection of"

rabbit anti-mouse lymphocyte.serum (MALS). If MALS was combined with
RALS, survival was extended to greater than 120 days.c.Survival ‘was
showi. to be site-dependent -when similarly cultured isleté were
trdnsplanted to the spleen of mice Feceiving an injection of MALS “and
FkALS at the t?me‘ of transplantatioﬁ\;(lsh). Intr;splenic xenografts
were rejected by 7 days. Lacy et al. (184) ;lso ‘prolonggd islet
xenograft survival byﬂfuICgring rat islét clusters (megaislets) for 7

days in an aﬁmosphere of 95% 0,: 5% CO, at 37°C. Megaislet xenografts

2 2

containing 750-800 islets had a mean survival time greatg;\fbbn 52.1
days’ (36% survival at 70 ‘days) following implantatioh beneath the
kidney‘capsule of diabetic mice. Similarly cultured islets survived

for a mgan of 16.9 or 7.0 days when implanted into the livggh“aqd

spleen, respectively. 1In this study, the injection of MALS® and RALS at

4



. 4 .
- the time of cultured megaislet transplantation did not prolong survival
, o

over that of cultured megaislets alone. This group later found that
7lday, 37°C .culture alone prolonged raé islet surviva} beneath ‘thg
kidney capsule of n0nimTunosuppressed mice (185). The mean survival
time, withqut high oxygen tensions og ALS, was greater than 46.1 ~days,
with 3gzisurviva1 at 60 days.. Neonatal rat tslets obtained by a 37°C
culture-isolation technique reversed diabetes for 4-17)Weeks under the
kidney capsule of nonimmunosuppressed mice (204). Cyclosporin AJ was
found to be ineffective in prolonging fresh islet xenograft surviyal in
a dose of 25 mg/kg for up to 7 days post-transplant (205). Three-déy
peri-transplant .administration oéMSO ﬁg/kg CyA moderately prolonged
' xenograft survival to 21 days but when this therapy = was useﬁ in
conjunction’ with islets cultured at 24°C for 7 days, survival was
extended to greater than 56 days, with 23% functioning at 100 <days
(205). L;&?tempgrature éulture alqne was not effectiv;\Tﬁ/,prolon g

S

xenograft surwvival. : o U

(iii) Support for the concept
These attempts to prolong islet allo- and xenograft survival by
tissue culture are based on the passenger leukocyte concept. Support

fqgafhe hypothesis that the reduction of immunogenicity is due to the
.+ .

P

depletion of immunostimulatory passenger lymphoid cells within the

1
]l

. islet tissue comes from studies in which established cultured islet

allografts are rejected by .administering lymphoid cells to the

recipiént. Lacy et al. (153) found that peritoneal exudate cells of

donor-strain could induce the rapid rejection of established rat islet

allografts. Third-party peritoneal exudate cells did not affect the
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allograft. In another study, this gréup concluded .that rejection,,wét
induced by the macrophage' population of peritoneal exudate cells (20%?%
Splenic T-cells but not B-cells also induced rejectlon (173) but de ng
by a different mechanism as the time necessary to reach pre- traﬁgpbant

? ‘
diabetic levels yas much longer and the response was not dor\ér:train
dependenﬁ. \ ' I ‘

In a mouse allograft model, Bowen et al..(173) demonstrated the
vulnerability of established cultured gréfts >to peritoneal exudate
cells from the donor strain, Thgs grdugﬂ showed that cultured,
allografts were not susceptible to nonspecifié immunostimulation or

13

antibody and complement as administration of Freund's adjuvant (179) or, .

anti-donor alloantiserum, with or wit?out complgment (207), failqii'ﬁg i
trigger islét allograft rejection. ‘ '

Additional support for the passenger leukocyt? concept 1is pr'ovi‘ded
by studies reporting the disappearance of capillary endotheligm,, nerve
endings and lymphoid cells by histological examination of rat and mouse
islets following 7-day culture periods at 25°C ar 37°C  (135,192,208).
‘Rabinovitch et al. (135) reported that rat islets which exhibited Ia

'

antigen on intrq;islet lymphocytes, macrophages and cqpillary .
endothelium, bound 45% less Ia antibody in a radioligand binding assay,
after a /-day culture period at,37°C. °This culture period reduced but
did not eliminate Ia+ cells. This reduction would likely account for
the beneficial effect of éhort-term immunosuppression in conjunction
with culture that was observed in some models (152-154,202). Gores et
al. (138) recently reported that the removal of Ia+—cells per se does
not prevent rejection ih congenic mouse strains and that a mechanism

other than ¢the elimination of ‘these cells is responsible for the

3
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reduction of tissue immunogenicity following culturefv""NevertheIess,
culture with or without short-term ‘immunosuppression can prolong allo-

© or xenograft Surviyal'depending on the strain combinations used.

. S , ' ' i L
(B) Pretreatment with Ia antisgra T , =

Because they had prev1ously demonstrated that pancreatlc B- cells

.

lacked Ia antlgen (131) *Faustman et al. (209) attempted‘to ellmlnate
'Ia APC and thUs, prevent murine islet allograft. rejection‘across a'd
major histocompatibility barrier by treating isletsbwith donor-specific )

3

Ia antisera and complement prior to transplantation. They found that

'brrefly incubating islets with haplotyperspecific> Ia 'antihody .pius

-complement resnlted in 100% surviva}hJZOO days. after _intraportalp’
: transplantation. Recipient immunosuppression nas not necessaryj‘and'fp
graft rejection could be induced by,donor splenocytes, howeyer, ZOﬁ; of‘f'

. recipients receiving untreated islets also remained normoglycemic for
. . X R - ) P ' i .

200" days. Nevertheless this report demonstrated ,

leukocytes thought to trigger the»rEjection e
e s . o ,"’

fvcells.“'In a later report, Faustman‘et al

(210) pretreated

. ; FIENES

islets w1th monoclonal dendrltlc cell antlbody and compleh

obtalned 89% allograft survrval at 65 days post transplant at which
i . Sl

s

time four‘vmice recelved dnnor dendrltlc cetls and rejected " their’

grafts. F%pr other mice:were vstlll

t al (138) treated mou®e 1slets w1th antl Ia serum and complement'A

monoclonal anti- Ia antlbody» plus
A . -

’ 7 . C i s . : '
immunofluorescencegstaining. Using the ‘same strain combinations-. as

Faustman 'g;ﬂ él.‘ (209), they~'found~}that ?Ehev survival of renal



| . ) ;_ CDur : _ gﬁiﬁ
subcapsular islet allografts in which Ia -cells were reduced (mean - day

38

of rejection; 15.8) was not significantly differen£ from allografts in 7

which Ia'.cells were eliminated (mean day of rejection; 24.4). Neither

pretreetment regimen prolonged survival over" untreated {‘isléts
"~ .allografts (mean day of rejection; 15.1). Gores et al. (138) concluded
that the removai Sf donor Ia+eceiis‘ per se does not Proiong islet
f_allogreft sufvival ’bqt that the site of:implantatioﬁA’(liGey versus

- renal subcapsular space) may have a greeter effect. , o
. ~ .

In a rat allograft" model,'Reeee-Smith et al: (ZLQ) ‘pretreated

*

-isiefs wieh'mouse moﬁoclonal antibodies againstb rat la-antigens plus
gulnea p1g complement bue did not observe significantly longer survxval
than control 1slets follow1ng renal subcapsular 1mp1antat10n Teraeaka
et al. (202) also could not prolong rat 1slet allograft survxval with

cfoss-feacting mouse anti-class II antibodies but demonstrated .83%
. - 1D ;

survival at 60 days when anti-Ia antibody-txeated islets = were

intraportally transplanted to fecipients reéei@%ng 30 mg/kg CyA for 3

--days.  Remarkably, . Alejandro: et 1 (212) have ' shown that the

combination of: éﬁti-Iav monoclonal antibodies and  low dose CyA can |

prolong islet allograft surV1val in outbred pancreatectomlzed dogs.

Recently anti-Ia 1mmunotox1ns . consisting of hxghly tox1c ricin

proteins coupled to monoclonal Ia antlbodies have been used in vitro

to deplete islets of their passenger'leukocyte» p0pulétiqn (213). A

mixed lymphocyte/islet culture (MLIC)  assay in . which islets, rather

than lymphocytes, function as the 'stimulator_populapion was ‘used to

assess islet immunogenicity (213). ,This‘scudy demonstrated chat'the'iﬁ

‘vitro response of lymphocytes to'éLlogeneic faélisfets waéﬂveliminéied,

N q
»

‘in a dose-dependeh; fashion by,’h precreatment with the “anti-la

" £y I



immunotoxin and that this treatment had no effect on insulin secretion
in' response to _ glucose and theophyiline.' The effect of  this

pretreecment regimen on the immunogenicity of islets in vivo will be of

great interest. Another unique way Ff‘ eliminating Ia -cells is to

dissociate péncreahic» islets intos‘single-eelri suspensions  and
reassociate endbcriqe eeils in‘ buiture, excluding; lymphoid cells
bearing Ia-ahtigen. Allotransplantation of these "pseudo" ot neoislets
resulted in 71% surv1va1 at 60 days and 100% survxval at 60 days when

recipients receiveQ‘a thfee day course of CyA (214)2

The data from these investigators and the study by Morrow et al.

(143) in which class IT antigenic differences were eliminated

T geme Elcally, suggest that’ the removal of the Ia-antigen itself w1ll not

ifradiatioq resulted in rat. allograft survival for more than 250 days

eliminate islet lmmunogenlclty but thg:“the destruction or inactiv&fion

of the APC which happens to express Ia and can trigge;

response by presenting class I antigens is necessary..

>

-~

(C) Pretfeatment with ultraviolet irradiation

Another méthod of minimizing tissue immunogenicity stems’ from

- % _ . o
stidies which showed that lymphocytes®or dendritic cells fail. to

'.proliferate in an allogeneic mixed'leukocyte cuiture if they  are

¢

eipdsed to ultravioyet irradietion (215); Thus the'effect of UVB:

"

irfadiation .is due to the inactivation of metabollcally active

Ia antlgen bearlng cells rather than the depletlon of these cells from

L

the donor glssue. Inactivation of intra-islet 1euk6cytes by direct UVB .

in the absenge-of immunosuppressiVe agents‘(216)n’”Wheh-thié study was
AN . . ) K '
%

extended ; to "a- strain classified as a high resporider to  donor

39
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- alloantigens, UVB-irradiated islets Q;re rejected.wit&ip one week of
transplantation and‘cydlasporin aloney(lS or 30 mg/kg/day) given aE 0,
1, and 2 days after transplantation was ineffective in prolonging the
sﬁféival of untreated islets 1in (thisAlstfain. combination (217) .,

However, allograﬁt survival was either markedly (mean sﬁrvival of 18

40

 days) or indefinitely prolonged (100% survival at 120 days) when direciﬁk\

UVB irradiation of islets was combined with a peri-transplant course of°

-~ -

‘ a ‘
15 or 30 mg/kg CyA, respectively (217).
‘ This grbup has also shown that, in a xenograft model, indefinite

survival of' UVB:irradiated rat islets ‘occurred in 6 of 8 mice when the

mice were " low responders (218). In a high responder strain, UVB -

irradiated rat islets survived for 30 to 40 days in 5 of 7 mice and for

more ‘than 70 days in the omﬁep,two mice. In contrast, untreated rat
. - e - - :

o -

islets were rejected .in 6¥®days. In widely discordant species

(primate-to-mouse), ALS and UVB .irradiation were shown to have a

,synérgigtic effect on 1islet xenograft survival (219). Mean survival

-

@

timé was 19 days compared to 6 days with ALS alone. The effect of UVB'

. .

e e . _ . -
irradiation in vivo appears to be dependent .on the magnitude of in

vitro mixed leukocyte cultures between donor: and Eecﬁpient strains,

¢

" This method of reducing islet immunogenicity must be shown to' be

selective enough for clinical use. ' A .

In .summary, the most successful attempts 'to prevent isfétAggraft’

, rejection have been based on the passenger leukocyte cdnCept in -which
the intra-islet APC presents antigen and provides the second signal
required for-iymphqcyte activation and the triggering .of the immune

respoﬁse,‘ Studies of islet allo-gahd xenograft survival by the groups

-



of Lacy, Lafferty and Hardy demonstrate yhap a reduction in the number

of wviable APC within the donor . tissue results ' in  reduced

immunogenicity. Methods - .which® sélectively -alter the ~function of
passenger leukbcy;es, yet maintain islec'viability are more -effective
in mice ‘than. rats and their effectiveness will depend on the

. . . \ - N .
donor-recipient strain combinations used. Thus, pretreatment of islets

with culture in high 02 or at low gemperatures, anti-Ia or dendritic

7

°

cell antibody plus compleméht, or UVB .irradiation ‘can destroy or’

inactivate APC but this treatment alone can not prevent rejection in

. . i ~ s
rat recipients of stron¥ immune responsiveness.  When used in
. ) f o

combination with short-term immunosuppression with ALS or CyA, however,

islet allograft rejection v‘can - be prevented across major

{
A

hiétocompatibility barriers.

HYPOTHESIS . _ - -

Recently, a new method of minimizing islet immunogenicity by

T L . ' -
L s , : ' ) i

preBreatment prior to transplantation has been suggested. Like

X | ',ll”v 3 > . ! . ¢ -
culture, anti-Ia antisera or UVB irradiation, cryopréservation has the

N

potentiél of destroying or 'inactivating intra-islet APC  without

affecting endocrine cell viability and hay,v therefore, reduce islet

immunogenicity. This = hypothesis 'is based on the well-known

differential susceptibility of various  cell types to a freeze-thaw

Process. ,Mézur (100) has dgmonstrated that for all cell tybes, maximum

cell survival occurs at an optimum. cooling rate and optimum.rates for .

v

diverse cell types-vary gréatly; Reported optimum éooling'rates?in the

absence of cryoprotectant rarged from- 1.6°C/min for mouse marrow stem

cells to 7°C/min  for yeast and 3000°C/min for human ted blood cells

41



.(100) . Optimalgboqling rates may also vaf} for more closely related

!/

cell types (220-223) in 1967, Bourencle (220) reported that under the
cryoblological conditions tested, different leukocyte populations were
not. preserved equally well. Farrant et al. (221-223) used

cryopreservation to select for different &gpkocyte subpopulations, and

" by varying cooling rates, could seleét between activated ‘ and

non- actlvated peripheral blood lymphocytes (221). Others have .examined
the effect of cryopreservation on various subsets of peripheral blood

‘mononuclear cells and concéluded that cooling rate has different effects

-oh subsets . of these immunoregulatory cell types (224-228). T and

A
*

B- lymphocytes for eiample, are differentially damaged byxfreezing and
thawing (224-226) . - I

Because even closely related cells can be selectively destroyed by
a particular cryopreservation protocol, it is conceivable that islet

immunogenicity can be reduced if a protocol which is selective for

islet function and destructive to passenger leukocytes is 8evetoped.-

Islet viability has been uemonstrated in vitro following

cryopreservation with a wide range of cooling rates and in vivo wusing

slow cooling rates. Similarly, a variety }of freezing protocols :have

been used to recover leukocytes and viability must be -assessed

carefuliy'(227)n Optimumr conditions for lymphocytes include 7.5% to

-15% DMSO, cooling at appfoximetely 1:C/minf with rapid thawing and
removal of tpe - additive by slowldilution at room temperature (227):
' Few studies have fotussed directly on ‘“macrophage ot “dendritic cell
. cryopreservation. kSeverel investigators have, ho&ever, rgported a
‘reduction in the number of maerophages followihg cryopresetvation .of

human peripheral blood monocytes (228-231). Hem and Murthe-Kaas (232)

42



found that the ‘protocol optimal for lymphocytes was not eptimal' for

macrophages. Fpreman et al. (233) tested cooling rates from 0.3 to

10°C/min and 800°C/min on’-mouse peritoneal macrophages. . Using 5% DMSO,

they found the optimum .cooling rate was 1°C/min with repid thawing.
Sixty-three percent of human monocytes were recoverea after freezing in
~ 10% DMSO at 1.4°C/min to -30°C ‘and rapid thawing (234). This study
reported , alterations in membrane-binding characeeristics . and
mitochondrial structure, aé Qellz as'; redeced chemeéacticr,reepense.
Taqur{gg gl.. (99) have 'ret§ntly ekamined lymphocyte and mecrophage

,membrane‘integrity.followihg a number of cryopreservation procedures
]

which have been successful iq; islets. Optimum surv1val for. these cell'

" types occurredakt coollng rates between 0.3 and 5°C/min. | Destruc;ion
of lymphocytes and macrophages occurred at cooling rates greater tITaff
75°C/min. P |
Beeause the criEicel cryobiological conditiehs ﬁeed for successful
preservation of lymphoid cells ofgen' differ from those used»for. the
preservation of islets, these cell types may be differentially
sueceptible eo'a freeze-thaw.protocol. Thefefore;‘thebhypothesis Wthat
cryopreservation can reduee islet “immundgeﬁiciey Qas tested in rodent

allo- and xenograft models using a cryopreservation protocol which is

known to yield islets that are functional in vivo.
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\ II (:c
REVERSAL OF DIABETES BY TRANSPLANTATION OF “CRYOPRESERVED RAT

o3
ISLETS OF LANGERHANS TO THE RENA{, SUBCAPSULAR SPACE1

Thég.feasibility of transplapting freshly isolated islets of
Langerhans to reverse. experimentally-induced diabetes in rats 'is
appa?ent fl) and in the last few years much progress has been made
towards clinical application of this tecbniqﬁe.u Cryopre;ervation of
pancreatiqg islets would offer several " advantages to é transplant
program by allowing the collection of islets frém several donors, time
-for the selection and preparation of an ' appropriate recipignc or -’
modification of tissue immunogenicity, and a means for effecc%ﬁgﬁ\
traﬁsport between centers (2).

CryOpfeservation of iSolaéEd‘mouse or radt islets, ﬁsing differént
cooling and warming rates or exposure to the cryoprotectant and various
methods for the pqst-thaw remo&al of’the cryoprotéctive~additi§e, has
yielded viable tissue. All of these vafiables are critiédl'for cell
recovery after freezing (3). Opti@él r;covery of islets has been
reported using cooling. rates ranging from 0.25 (2,4,5,16,17) to
lOOO;C/min (6)."Pos£;thaw viability has Been estiméted by glucose or
theophyiline stimulated insulin rélease via static incubation or

perifusion (2,6Fi7), the ability to synthesize proinsulin and DNA

replication (9-13). ‘,Of these in- vitro viability tests, perifusion .

app§§r§ to be the most sensitive (11), but the ultimate test of islet

A version of this chapter has been submitted for publication,
Coulombe MG, Warnock GL, Rajotte RV. 1987. Diabetes 5psearch.
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function is . the abiﬁity to ré@erée\égéerimencally indyced diabetes
v A\“ . . .

-
i

foilowing transplantifion. Séb{;al Léborétories dembnstrating high

survival in vitro, have had 1limited success in vivo (10,13,16). Since

the initial work of Rajotte et al. (15), islets, slowly "“cooled in

L 4

conjunction with a rapid thaw, have ameliorated the diabetic state ing

rats following intraportal transplantation'4(2,4,5). Similar - success

has been reporCed¢by Bretzel. et al. (8,9).'ﬁUnfortunately, removal of.
Ehe grafted islets after transplantation to the liver is impossible.
It is, therefore, difficult to prove that-the reversal of &iabétes was
due to the transplanted islets and not a result of spontaneous pB-cell -

recovery that has previously been reported -following  isTet .
transplantation (18). - A . oy
S

Islet transplantation beneath the kidney capsule allows removal 6of

)

the graft and thus, can'provide proof that the transplanted islets : arer .

R AV

responsible for normalizing the diabetic state: Other advantages |

include .the ease of implantation and recovery by nephrectomy fdﬁff:i

. S

histological purposes, as well as a somewhat immunoprivileged statué'{y

islet allograft survival (19). This site, however, does_not_fulfilijﬁhéj'..

criteria for drainage to the portal circulation which, from a metéHqLid

" point of view, allows the islet's regulatory hormones to achieve their .

maximal effect (20}2}). Cryopreserved _fetal mouse proisIets, ®

transplanted beneath the kidney capsule of syngeneic recipients, were

-

viable on the basis of immunocytochemical localization of insulin and

glﬁcagbn at 5 weeks postimplantation (22). Only froien-thgdé&, fetal
pancreas has been implanted beneath-the kidney capsule of adult rats

and shown«(to ameliorate streppozotoéin-(SZ) induced diabetes,,yprovided”

it had first been grown for 21 days.‘in‘é normoglycemic carrier (23).



In the present study, 1isolated rat islgts of Langerhans are
cryopreserved using the established protocol;of Rajotte ef al. (5) And
implfnted‘beneath tggJKidney capsule Lo determine their ability to

. - & '
reverse the course of streptozotocin induced diabetes from this gite.

MATERIALS AND mzmongw‘ (Refer to Appendix D for details in full)

Islet Isolation. Islets were harvested from inbred Wistar-Furth (WF)
rats as preQiodsly described (5). Follqwing collagenase digestion and
Ficéll purification, islets were washed 3 times with medium 199
supplemented with 10% fetal.calf serum (§7v),"penicillin (100 U/mL),
and streptomycin (100 pg/mL), and then transferred to a petri dish.
With the aid of a stereomicrgﬁcope a modified reflected green light
'techﬁique (é&), and a finely .drawn 5111conized Pasteur plpette known
numbe}s of islets 100um - 500pm were fandpicked free of exocrine

contamination. |

'
! @ ’ ’

Freezing Procedure. To minimize osmotlc stress which may result from

the addition of a hyperosmotic éryoproéectant, 2 M dimethyl sulfoxide
(DMS0) was added to  lots of 1000 islets in the step-wise fashion

previously described by Rajotte‘ et al. (5). The samples were

transférredvto a -7.3°C ethanol seeding bath for 5 min at which time"

&

nucleation was induced. After allowing foigﬁﬁe release of thé latent

heat of fusion, .the samples were transferred to an evacuated freezing

!

Dewar flask contalning a calibrated volume&Qf 95% ethanol. Controlled’

cooling at 0.25°C was used from 10 C to -40 C after which the sample;‘-

were transferred to llquld nitrogen for storage at ;196°C.

64

Thawing and Removal of the Protective Additive. Following a storage -

period from 1 day to 4 weeks, the samples were thawed rapidly to OfC‘iR4f'



St S
a 37°C "water ‘bath' at a rate -of 200°C/min The. supernatant}

asplrated and 1.0 .mlL of Q 75 M sucrose was added at 0° C for a 30 . min

period. Thg/iucrose was d/luted at 25 c by addltlon of isotonic medla

oS

at 5 mln 1ntervals as prev1ously reported (5)

Transplantation WF rats were 1nd1v1dually housed in metabollc ‘cages

%
o

and nonfasting plasma glucose (PG mg/JL) urine volume (UV mL/24h) and

FO Y- . -

,urine’ glucose (UG g/24h) were monltored weekly After basellne values

°.

‘were obtalned dlabetes was> Lnduced with SZ (Upjohn,- Kalamazoo

65

Mlchlgan) 60 ng per kg body wt 1nJedEed via the penlle vein. After 3*“"

cdhsecutive weekly PG values $300 mg/dL 3000 freshly isolated (n—6) or

oA

.cryopreserved (n—7) 1slets were implanted'beneath the kldney capsule as

follows, vRec1p1ents were anesthetlzed - w1th, 40»> mg/kg sodium .

¥

[ - ) 3 o ’ ) & . s '
> pentobarbital agd‘ 15-20 wL of blood from the rec1p1ent ‘s tail was

'gently mfked wlth the ls1ets and left to clot. .The left kidney was

: exposed through a small fladk 1nc151on and a flne glass rod inserted

N

S

through a~smailvn1ck in the capsule, was used to separate the capsule

;érdm che'vkidneylsurfaee. : The .blood olot\\qith‘embedded_ lslets was
;lnserted.beneath “the capsule 'using'finef;foroepsQ "Recipients“fwerel,
‘a”monitored tor :allj ;elinleal \indioes dallyA for the firSC" week
vv'poatrtransplant'and weekly tﬁereafter: BG and UG were determlﬁed by

‘ ’ll,-

the- glucose oxidase method (25)*u51ng a Becgmﬁn glucose analyzer

3

Controls Normal control rats recelved an anectlon of 0.1 M ‘acetate

N
]

buffef without *SZI | Both 'normal. apd d1abetic controlskjhad shamh

e - = -

transplants La hlood clot 1nserted oeneath the’ kldney capsule)l3 ‘wks .-

following the ihductlon of dlabetes B "
2

o ;o
Glucose Toleranca~ Testing - Four'?'m nths after transplantatlon

+

- =

1ntravenous glucose tolerance tests (1vG T) were. performed on_fisografti'



-recipiints"and normal and diabetic control animals. - Following an

overnight fast,  rdts were. anesthetized w1th '40 mg/kg sodium
pentobarbital and a small 1ncision was made over th%,femoral artery and
vein. The femoral artery was - 1solated by blunt 'dissection and

ot

'cannulated with polyethylene‘tubing"(PE-SO) accachéd to a threetway ﬁﬁ
T LW
stoﬁoock;: Glucose (0 5g/kg) Was(injected* via the penlle vein and 0.6 .

Sy

mL blood samples were taken at O 1, 5 10 15, - 60, and 90 min , Blood

was 6011ected in heparinlzed tubes and Cent'ifuged immediately . The

S y
plasma was remd};d ? Wssayed farf -

.‘; "‘ s

glucose fand 1nsulin -
Rad101mmunoassay fot‘ﬂﬁsulgigyaﬁ”by'&uexdoublenantibody technlque (26)
lw1th Novo rat 1n<Ll1n srandards (Lot No. R 8303082).. K'values (decline
L . , , R & T 3
in PG concentration, %/pin) were calculated_from}S, 10, 15, and 30 min
PG values. ", ¢ o

o ‘e

'”nghreotOmy and Histology. At varying perieds following @he*iVGTT{dthe

k)

;:graft-bearing kidhey = was .removed and the. clinical, indices were

.monitored for 1 wk. The kidney was fixed in aqueous Bouin's"and‘;

L . b

,sectioned at the' graft‘glte Perog}dase ant1perox1dase staining fq;

1nsu11n (27 was - performed on’'these - tlssue sections. = : o %gﬁﬁ

-Statistical analysis Results are expressed as mean + standard: error

of the mean (SEM). Unpaired Student t-tests were used to compare groups

-

at all time points - as Well‘ as iveTT K values ‘The -criterion fforj

\ 4
. / 2 ‘ -
Avstatistlcal s1gn1f1cance was P <AU“OS -
V \/‘ . ) i -
' 1= - o ) R v e (’
, RESULTS o . . S : Vg
. Q’ R ‘ . N 3 ﬁ ) . ; . %

e a Flgure II -1 oombares:,the‘ tlxnlcal requg;eS- of . diabetic rats“
of .aoﬁb freshly «isolated or ’__C
T Ayl L R
cryopreserved islets . benhhkh» g";ékmdney .capsule 3The degree “of
. o . R A . o : .

. : F L.
”before‘,and ,after : antagi




‘ S
. . .

—

SZ-induced diahetes did not differ in any of the groups and spontaneous
remlssion'of the ‘diabetic state was not observed in diabetic ' controls
throughout  the course of the study. Following transplantation, PG and

UV returned to baseline values and glycosuria disappeared. UV was the

most,sensitive"indfcator ‘of 1islet function, returning to baselinﬂg
. ) .

values within 3 days in recipients of freSh'isografts and in 8 days in
recipients_of‘cryopreserved islets. Pgﬁ and UG in recipients of fresh
hor frozen;thawed islets normalized 'in'ﬁA and th days, respectiveély,
After 1 wk post transplant, clinical lndices ,were not significantly
, dlfferent between these groups. . ?igurefll-l-'also: demonstrates . an
immediate return ' of hyperglycemia polyurla and glycosurla in a%i‘
: ‘islet rec1pients followxng romoval of the graft- bearlng kldney ln'the
fresh and cryopreserved lsograft groups respeetlgely, all anlmals'lost

v

wé?ght (15 vs l7g/wk) durlng the diabetic period, gained weight (6 wvs

P

7g/wk) after transplantatlon and'showed an immediate loss of weight.'

io

(4% vs 31g}$k) follow1ng nephrectomy Table II 1 shows the mean, Values‘

‘for PG, UV, and UG- in the transplanted groups durlng the 2 wk basellne

14

3 wk diabetic, 16 wk post transplant _and“post-nephrectomy ﬁeriods.
. ‘
. There were no signlflcant~d1fferences,between groups during these time

periods '

Results of the" 4 month ivGTT (0.5 g glucose/kg) r all aroups of
anlmals.are'shown in Flgure 11-2. Only.at the }O min time point did ég
‘ ly; fasolated.‘ islets differ

?

of animals

&

.

transplanted with fres

Y
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3significantlyp(0.05>P>O.02)' from anim ls 'that recelued frozen thawed .

~

»
islets. Mean K values for these two groups (1. 68 + 0. 342/m1n and l 20-

*

+ Q£l62/min rgfpectively) were’ not slgnlflcantly different. Normal and

dlabetic control K values were 2.60. + O 3l%/m1n and 0. 61 + O lZZ/mln

o

- L e



. 1
Lo o : .
respecti“elyn In response to the glucose load peripheral plasma

1nsu1in 1e¢b1s (mU/L) 1n recipients of fresh andutryopresenved 1slets

.4‘
showed a typical biphasic insulin release pattern and were not

4

‘51gn1flcantly different at any p01nt durlxv the test

Macroscopic examination of graft-bearing kidneys showed' diffuse
.areas of .whlte tlssue with small blood vessels visible beneath~"the
capsule. Histological exanination reyealed masses of-endocrine tissue

with well preserved morphology beneath the Trenal capsule.. Plgte II-1

PR

shows 1mmunoper?x1dase stalned kldney\sectiohs with abundant q antitles

=

of 1nsulin 1ocallzed w1th1n islet tlssue implanted immedlately dafter

lsolatlon (A) or after cryopreservatlon (B) .. .- v
s . .

Y ®

t ,“ 4 . o ) ‘

’ .
-

DISCUSSION . ‘ - . -

Isolated rodent islets of Langerhans have been cryopresePved by

protocols which differ greatly in the pre#éreeze cool 1ng, warming, or

post-thaw conditions. Reports on islet cryopreservation also differ in
p & .

the way‘viability is asgessed Uslng a brief perlod of exposure to'l M

I
—iemn N

68

DMSO and a coollng rate of 75° C/m1 ,Bank‘gg al.‘reported high surVival

of rat islets on the basis of Jet insulin release after glucose. ¥

challenge'.£7). Others have fougd} that in acdordance with - . the
: o J

theoretical calculations of Mazu (3), slower coollng rates proVide

max1mum retentlon of v1ab111ty (2,4,5, 8€¥D 16 17) ' Andersson .and

_ Sandler uSLng ,cooling rates of 0.5 or 5 ,0°C/min (10-12), and ore

recently 25 'C/min (13), preserved mouse islet functlon by.a variety _of

I3

Cin. v1tro assays but had llmlted success _g ; : Iaylor and Benton

o T .

. have recently reported that islets exposed tofincreasing concentrations

of DMSO  for 35 min showed no difference in surﬁégal (net -insulin
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LA
production during static incubation) whether they were cooled at 0.3 or
1000°C/min (6). This apparent insensitivity to cooling rate may be in

their interpretation of net insulin production. Care must be taken in /

using post-stimulation insulin release to calculate. viability as we and—"

others (14,16,17) have found that frozenethawed islets lose _some
responsiveness to low glucose and are ‘unable to return.to basal rates *

.of"insulin release once glucose stimulation is stopped. Caution must

‘be taken in.the assessment of islet viability wigh in vitro techniques

'in.fh‘at psome. gro'ups reportlng hlgh 'survival  in vitro have had

dlfflculty demonstrating functlon ;_ng vo (10 13 ,16). ° Taylor et "al. .

(16) showed that intraportal transplantation of is,lets, slowly' cooled
: ¢ et " ,

in 2Mor 3 M DMSO, normﬁized‘a of 5 and 1 of 3 rats, r.espectively._

o :
.Par‘ﬁilly in 4 ‘of 9 mice by 1ntrasplen1c .itransplantéltlon of GOOw' .

‘,ﬁyngene‘ic 1slet% frozen at 25 C/mln HoweVeE, hretzel (8, 9) using

Sandler et ai; (13) r"evers&i allokan-diabetes" completely in ,3. and

islets frozen at ?C/mln g 30 C fol]&wedﬁ)’& ﬁC/mln to -100 c, -and

Rajotte . QZ 4,5), by slow coollng at 0. 25 C/mln to -40° C" achleved much
% LR :

bett_e_r_results with intraportal transpt,\anta'tion as demonstrated by ,

° .

. iy oA Co E E ! Ve - C, Y. i ’ ™~ .
long-term normalization: of plasma gluc@" urine " volume and .urine
v- . ’ ) > ) ‘ ) - ‘ . - ? / d ’ﬂ

" glucose in diabetic reciiaients . Rajotte’s. P’-’°t°‘3°1 with’ a hlgher

. ,f}m&a{_

7

temperature for the flnal equlhbratlon in DMSO, * has been applled :t'o

canine pancreatic fraanents and human isolated islets ~and. shown t%o

4 *

.-

yleld v1able tissue both in v1tro (28) and .in vivo (4 5 29 31“)

o

:The_ present study has ' shown' that _ cr}yopreserved 1slets bf

'Langerhans can - reverse SZ-induced afabetes in 1IN ts‘ ' follow1ng
. \: . ' .-
transp‘lantatlon beneath the kldney capsule “n The d1abet1c state of rats

° n “..’t

*‘wv promptly reversed followmg lmplant,atlon of e1ther fresh or /

e """ ~



o

oryoﬂkeserved'islet'lsografts‘ The clinlcal indices of recipients of
freshly isolated 1slets reach’ pre-transplant values within the first
week of transplantatlonéynereas 1slets that .had been qryopreserved
prior to transplantaﬁion produeediai similar response in reelpients by
the second#Week post-transplant:fagasedjon a 90% recovefy (dnpublished

data from our laboratory) appr‘ imately 2700 cryopfeéerved}lslets were

transplanted compared to 3000 fresh 'so the‘longer time required for

'cryopreske‘ o to reverse the diabetes may be a reflectiOn of the
PR A ] . R ' u&‘“ - :
smallepiy ‘ilanted Cryopreserved’ 1slets may~also suffer some

minof flé}; ”ﬁval damage whlch is reversible as some investigators

have found a post thaw culture perlod is benefic1a1 (2 12) Thus minor jﬁﬁ
ey

. ® <

free21ng 1njunies and cellular repair durlng the‘flrst days following .

w

QranSplantatlon of cryopreserved 1slets may also account for the delay
' - -

in attaining normoglycemla. .

r ’ ~
Ay

‘Because of the lack of por;al’drainage_from the renal subcapsular

space, we thought that greater ndmbers of islets would be'necessary ‘to

B ‘*leve the same cllnlcal effect as -3000 1slet'_ tr,anSplanced to the

c -, o e [

-

" f?ver (4, 5) In thlsaséndy, 30Q0 islets implanted beneath the Qidney
capsule effectively normalized the. animals.i‘lhis reportkrdenonserates.
no significant difference in mean K values of fresh and f§ozen-tnawed
islet‘isograft'éroups _at tne 4 kmontn ivGTT. This is ln contrasp.dta

‘_pre&iods studies.in which recipient;'of cfyopreserved islet ;;ogfafts7

had 51gnificantly dlfferent K values from control anlmals bearing, freshm
Isografts at 3 1months post transplant (2, 4 5, 16) Removal of the"

,'graft-bearlng kidney ‘l6 weeks after islet implantation provedl

h B . - * . .. - RS
" [S 3 . Ay - I P
‘cpnclusively that® the transplanted islets ‘were responsf& < for the
« ° < . . . Q o o

normaliéation-of hyperglycemia, polyurla, ‘and glycosgria as these
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st - o
y o7 Y x‘ v“ gk Co R 0 .
characteristic¢g. of the diabetic state returned. :immediately after
-eristlics. ot . C R e b e
Co oo _ N ‘ 4 . ' . o
nephrectomy._ e, o Vo , .

TS
Ielets cryopreserved by various protocols and shown to functlon in

-

vjtro,@ps; also demonstrate"function in Vivo. . Using sllb’coollng to

-

-40°C in c mbinatiOnffwithifgpid thawih% quopreservqurat islets ,of

Langerha transplanted beneath ‘the &}dney capsule _can normallzewi
T N TR N PV
dlabetic recipients as well as freshly\ lsoLat% slets SUCcessful'

cllnlqa§§$ Jf

e

cryopreservatlon of islet . tissuev will: facxlltate
application of»pancreatic islet, cell transplaﬁfation; A e
L ,

-
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FIGURE II-1. Cinical responses of diabefic rats atter syngenes iniet-
transplantation. " 3000 handplcked islets were implanted peneath the
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crycpraservahon (=7 o) Cllmcal indices of snam-transpiarte 1
normal (n=4 a  a).and dlabetlc =8 o- =) controls are showrn io!
comparison, B - oaseme oZ - streplozo(oclrx T - transpiantate

N -, nepkrectomy.
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FIGURE [I-2. Results of mtravenouﬁucose tolerartce tests 4 month
A ce
|

-after transplantation of 3000 freshly 1 Mated:(n=0 e—e) or Cryopreser /‘_:’_}':

v,(n':°7 B-—a.) islets. Mean K values (decline in plasma gldcose ’?/;/rnrr’e; WOt ot
'signtfi;antiy different between these groups. There were no significant
differences.in the per‘iphe'ral plasma insulin i thése two graups. | lorrmai
(n=4 A-+---&) and diabetic controis (=5 &= —®) are shown for omnanson,
, - : {
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o) : RN

(B)

PLATE II-4. Histological appearance of freshly isolated
(A) or cryocpreserved (B) ‘rat islets of Langerhans 17
. weeks after impplantation beneath  the kﬁdney,capsule.

Immunopereoxidase staining for insulin revealed well

granulated B-cells. : o -
. ’ /,m
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PROLONGATION QF ISLET XENOGRAFT SURVIVAL BY CRYOPRESERVATION.
* ! R - .. . . - N 7 .

~

“

7 ' - N .

4

~
~

' Pretreatment'regihenSw such das { vitro colture-f(l,ﬁ), anti-la -

seru@ ‘ploe compleoent 4(3)4} ory oltrevioietj‘irradietion (4) _have .

succeesﬁolly lprevented the rejection /of rodeot pancreetic 3-15156

: allograft§ | The survival 3f concordant (rat to mouse) islet xenografts‘
S . . N <

. has beén, markedi;‘ prolonged gﬁ\low ;temperatgre‘ culture;.(ZQjC) “in

- conjunction with_kshort-term. anti-lymphocyte' serum ‘(AﬁS) (5) ~ar

v

'cyclosporin (6), ‘or 37°¢C culture‘of rat megaislets gin‘QSZ V02 (7)rh»g
. . . 2 L :‘ » SEER "\
Thesew procedures _ are aimed, -at. the -selective elimination  of
. AN : < - ) '

immdhbstimulatory antigeh7preseﬁt1ng cells, ah approach - based on the

~concept that passenger leukotytes re31d1ng in donor tlssue provide the

.

maJor barrier to successful trssue transplantation (8)

Cryopreservatlon of 1solated 1slets or pancreatic fragments has

ylelded vxable tissue ,that can ameliorate experﬂhentally. ipduced'

& : ‘ v

dlabetes ln rodents and larger animals (9 ié). Because distinct cell

types are’ known to be dlfferentially susceptible to a ,particuiar‘
freeze-thaw process‘(12)? it' is conceivable that islet’ immunogenicity

‘may be modulated with a cryobiological :approach. We examined this-

. B . - g ) } .
possibility in a xenograft model by a cryopreservation protocol known

to yield islets’ that are functional in vivo. ' T

ﬁ version of thls chapter has been accepted for publication
oulombe M€, Warnock GL, Rajotte RV. 1987, Diabetes 36(9)

- N



' AnimaLs Male Wistar Furth rats (Harlan Sprague Dawley) were used as

//Ehree times over,-two wk before transplantation.

i
r
/

i

L'nucleated slowly cooled at 0, 25 C/m1n to hO“C"then qulckly

MATERIALS AND HETHODS v(Refer to Appendik D. for details in full) 'r//\

i

.islet donors g Recipients were male BALB/c mice.obtalned locally " The

)
ot

Amice _ were fndividually housed in, metabollc ‘cages, ‘and baseline

. ¢ .
nonfastlng/plasma glucose (PG), urine volume; urine glucose and weight
./( ..: d ;
were monitored' Mice were anesthetlzed W1th tribromoethanol (Aldrich,

\,

Milwaukee WI) dissolved in tert amyl alcohol (Flsher Sc1enthlc) (O 01

mL/g) (13), and were rendered diabetic with’ streptozotoc1n 200 mg/kg

- ' ?

~f

t < .
ISolation and cryopreservation of islet tissue Islets were 1isolated
7 e

‘by collagenase ‘digestion and Ficoll purlflcatlon and were metlculously

Byt

handpicked free of exocrine contamination as prev1ously described"(9).

Aliquots ‘containingleSOQ - islets 2100 pm were cryopreserved _orr'

immediately transplanted.

-

-

The freeze thaw sequence ;used'was that of Rajotte et al. (10).
Brlefly, dlmethyl sulfox1de {DMSO) was added stepwise to a . final
zconpentratlon fof 2 M The~,samples'bwere' supercooled to --7.3°C,

ozen to

-196°C for storage: The samples were‘rapldly thawed (200°C/pin) in a
37°C water bath, and the' hyperosmolar DMSO was removed~ith 0.75 M

]

sucrose at 0°C. The sucrose . was diluted with stepwise additions of

“.isotonic'media'at 25°C.

‘Transplantation In all, cases,‘500 islets wvere embedded in"a  blood °

clot and 1nserted beneath the kidney capsule offreCipient mice having

: : %
- PG values >500 mg/dL Mice in grohp 1 and group 2 recelved freshly\

isolated or frozen thawed 1slets respectlvely. Mice in groups 3 and 4

bodz[wt‘via the retrgorbital sinus.- Clinical.indicesswere monitored

- 80
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reCeived fresh or“cryopreserved islets, respectively, in conjunction

Ie

kw1th a single injection of rabbit anti- -mouse 1ymphocyte serum (O 2 mL)

kS ¢

‘.and rabbit H.anti-rat lymphocytev serum (0.1 ﬁL)" administered’

“ b

intravenously 5 min before transplantation All clinical indices were

monltored daily until rejection (defined as the first of 3 consecutive

b4

days_of plasma glucoSeiz,ZOO mg/dL) was evident.

CRESULTS < - o ' :
' \ " ‘ f ' - - . . . .
In each groub, all clinical indices returned to baseline values

~within 2-4 days after 1slet transplantation Once graft rejection was

ot

1nit1ated it was extremely rapid, reaching pretransplant diabetic

D

value’s within 5 days. ° As shown in Table III-l‘ freshly isoieted rat

;islets 1mp1anted beneath the kidney capsule of diabetic mice (Group Pl)
‘ were(reJected in 10-13 days, and cryopreserved islets (Group 2) were
reJected in 8-17 days When ALS wes administered graft survival .was
extended to 13-26 days in the fresh ‘and 16-37 days in the cryazxeserved
groups. - AnalySLS by tne ' Jonckheere (Terpstra test for ordered
‘altefnatives (14) showed that treatment groups 1-4 had’aﬁ Aincreasing
effect on - extending xenogréft surviJely and - this' was  highly

_ : . o
significant.. The effect is demonstrated in, Figure III-1. Beyond 10

) ’ . . . j . 1
days after transplantation, “ the groupslfof fnice that -: received

cryobreserved islets, with or” without ALS,’snowed gregter - proportions

of surviving grafts than their fresh counterparts. Twelve days after

transplantation, 27.3% of  fresh islet “xenografts and 50.0%4_° of

cryopreserved grafts ‘were sur:viving,_'. After. 13 days, alé‘ fresh

xenografts had rejected, but 37.5% of cryopreserved grafts were still

\

N

fnnctioning. When ALS was given, 54.5% of cryopreserved grafts and-

81
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-

' 6.2% of fresh grafts were functioniiig - 19 days after EraHSplaﬁtAtioﬁ.
‘er 26 ‘days, when all fresh g
’ 5

. . . & . N A :
frozen™thawed grafts were stil} able to normaliZe the animals,

P .
3 M . ’ = &
¢ L . - . I
v ’” i y ) . N . i © . ) . J.‘,_-'\f.

-

DISCUSSION - = . -

fooling rates soptimal for ipellﬂsﬁrvival ‘can vary. widely for

~
L)

’

diffeteqt_cellftypes (12). Thus, a given cryopresgrﬁation protocol can
" selectively destroy cells 6f one type arid preserve the function of
another type. Cryopreservation 'of canine pancreatic fragments can

L I :
simultaneously destroy exocrine tissue and preserve emdotrine function

(9,15). This differenéysﬁzgné;epcibilicy of various cell types to

-f;eggefthaw daﬁ;ge Qas ;ésted.on isolated ' rat islets'%n‘aﬁ actempé to

'seleptivelx destioy op[iﬁagtivaFe-immunoéompgthnt passeﬁgerlleukdcyteé.

‘Ogr results indidéte: that cryopreserﬁation can  reduce islet

immunogeniciéy. The sur&ivai 6%4500 freshfrét iﬁlets in;erted bbeﬁeath

tpe kidpey'vcabsule of nonimmunosupﬁﬁeéééd‘miqe‘ cqﬁparé; ~with -that
» : . o

reported by Bobzien et al: (16). A greater pepéehtage of cryopreserved

' o SR PR

islet xenografts, with or without ALS, showed extended graft . survival;

however, survival wasnonly‘ﬁoderately prolonged compared with cultured.

.. islets (5-7)“ or cryopreserved .islet allbgrafts~f(l7). 'Afthough this

extended . xenograft survival may be a result of ‘exocrine ".tissue.
‘ Y - : , '

5

destructioﬁ, it1appéars the\cfyoprese;vétiOn prot0001 doeszeliminate or
inactivate péss;pger leukocytes fﬁpm the islétigraft’becaUSe the islets
were'cgreful}y haﬁdpicked free - of éxogrine tissuel ffSomg passenger
“leukocytes, however,'may Eabe survived. Taylor gg\gl. (18)’have shown .
thaf iémphocyte% and mactrophages are more suécépt;ble tofdapage at fast’

cooling rates (75°C/min). Further investigations shoﬁld include

82

4

ﬁ:fcsf had rejected, 27.3% . of



-

~ detection of Ia-positive cells within the —islets before and after

i ..

~ freezing and examinations of other freezing;protocols that will achieve
'max1muh destruction of immunostimulatory antigen presenting cells
,yithout affecting endocrine function. The’ abL~1ty of cryopreservation
to reduce islet 1mmunogenic1ty and establish a low- temperatufe tissne

;bank could have important applications to ‘clinical islet cell

‘transplantation. ‘
: » , '

-
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DISCUSSION ¢

A common criticism of intrgbortal 1solbgogs islet transplantation’

.

’ . -
-studies has been that they cannot conclusively prove that the reversal

L )
of experiméntally-inﬂﬁqu“ﬁiabetes‘ is due solely tp the traWsplanted

ims. " This crit’iéiénf was supported by a 1984 report on the

regeneratiop of pancreatic pB-cells in SZ-induced . diabetic rats
- - L - / .

fdlldwing intfaﬁortal islet transplantation (1). The spéntaneous

v

remission of the dlabetic state did not occur. in non-transplanted

animals and therefdré; was likely triggered by the correction of the

N >

p

"metabolic state. This phenoménoﬁ‘should be investigated further as it

? ' ' .
questions reports on the reversal of diabetes following isogeneic

intfaportal islet transplantation. The renal subcapsular site was

.

chosen for this study because one can demonstrate that, by unilateral

-

nephrectomy, grafted_islets are entirely responsible for normoglycemia.
This site was also advantageous iﬁ) that Qransplantation.{was é less
stfeéngI procedure{fparticularlx for diabetic mice,\and‘ histological
e#amination of the éraft site was easier. 1Inaddition, cryobreserved

i;le&s,haVé,only been transplanted to the liver via the pbrtél vein.

' ISOGRAFT STUDY T

This study showed that cryopreserved islet 1isografts. implanted
beneath theikidney capsule cpuld normalize the diabetic state long-term
and could do so as well .as freshly “isolated islets. 'FOIIOWing

cryopreservation, most islets remained intact but some loss of

viability is inevitable. Post-thaw correction for this loss was mnot
. . 1
made so all cryopreserved groups represﬁgf a gsmaller islet mass than

their flresh counterparts. Neverthelesgxfit one week post-transplant,

.
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»

clinical indices (PG, UV, UG, and WI) of reciptents of fresh or
cryopreserved 1sologoﬁs islets were not significantly different (see

Figure II-1 and»the plotted weight response in Appendix A, Figure A-1).
: '

Nonfasting PG, UV, and UG were all in tormal range nniLke'tho studies

by Bretzel et al. (2,2) which reported altered postprandial .glucose

mgtabolism. As’suggestep by Bretzel, this may have bgen due to the
" .

small number of ii%ets transplanted,

Four months after transplantation, ivGTT K values (1.6810.34 Z/min
' / . .

for fresh and 1(2010.16l§/miq for cryopreserved isograft recipients)
were not significantly- aiff;rent. Préhidust>reporCS from Rajotte's
.group (4-6) and Taylor et al. '(7) H;ve indic;ted that recipients of //”
cryopresérved islets do Aoé_ respond as well a; recipients of fresh

islets in ivGTT 3 months foliowing inttaportal islet. transplantationi
. : : .
Unfortunately this procedure has not been reported by Bretzel's group.

The normglféontrol'K value (2.60+0.31 %/min) is not directly compérable

X 4 “ .
to that of the 'isograft recipients because the latter represent

secretion of insulin into the systemic: as compared to the _portal

4

circulation. Reece-Smith et al. (8) have shown that the K value.

- -

following transplantation of isolated istets beneath the kidney capsule
(1.7£0.5 %/min) could be increased to normal (2.510.4 %/min) after a
renal poertal shunt. Similar ‘results with transplanted fetal rat

pancreas haﬁe been reported by Brown et al. (9). Portal drainage of

=

islet secrgtions is important in the physiologic control of glucose

-

metabolism because the liver removes app}oximately half of the. insulin

_deliﬁered tOfit in a single passage of portal bloodv(9).

v

Figure II-2 sho;s the plasma insulin responses during ivGTT. - The

first insulin peak, representing stored insulin, yas signif{cantly

-

o . - T



- £

" higher in-normal gontrols than.in isograft recipients. This is due tb
the larger nuTber of islets in the ﬁancreas and 1likely a larger
proportion present in a granulated state. The second peak‘ which

.

represents newly synthésizad insulin is higher in transplanted animals.

T?is 1s necessary to.covef the higher plasma glucose concentrations and

may aléb) be a result of insulin secretion into the ‘systemic
circulation. Thi§ would Be consistent with the reports of Brown et al.

(9) and Reece-Smith et al. (8)) They showed a fall in IRI values after

. ® .
a renal portal shunt because insulin secreted into the portal

circulation is extracted by the liver before reaching the peripheral

blood.

" -
i

Histological examination of the graft-Wearing kidney four months
after transplantation revealed well-graphlated B-éells within the
islets. Sectiong were stained with immdnopqroxidase or aldehyde

fuchsin.  This  isograft study conclusively showed, that 3000

" cryopreserved islets: independent of immunologiq facZ?sgb,—zéén
. ) X

successfully reverse diabetes in|WF rats following implantation beneath

the kjfiney capsule. It also eXtablished a model for the allogenefb

-

transplantation studies.

ALLOGRAFT STUDY - T

7/

‘Many of the early reports on the unusual vulnerability of islets

to rejection suggested that éontaminating exocrine debris in islet
. - R _

preparations may be responsible for the increased immunogenicity of the

graft. Crude islet preparations, may contain small lymph nodes and
X “\ ) . .

vanglar or ductal tissue in addition to exocrine debris. Some'(lQ-IZ)

‘but not all (13) investigators agree that  impure islet preparations

have an adverse effect on allograft acceptance. In addition, exocrine

50



tissue has been shown to adversely affEfEN‘TmQ}antation of rat {islets

beneath the kidney capsule (14) and the insulin response to glu&ose

A

challenge (15). For these reasons, "clean" {slets, free from any

contamination, wete handpicked from the Ficoll preparation and then

plcked, sized énd'counted“a second time to ensure islet purity in allo- .

and xenograft studies.

: N
In an attempt to determine whether cryopreservation could reduce

islet immunogenicity, fresh or cryopreserved WF islets were implanted
beneath the kidney capsule of diabetic Lewis (LEW)‘recipients, with or
™

without a short-course of cyclosporin. Lewis rats exhibit strong

immune responsiveness to WF alloantigens. When WF 1islets =~ are

AY
o 4 .

transplanted into LEW recipients, they are usually rejected in a mean
. of 5-7 days (16;19). - Prolonged or indefinite acceptance of
immunoaltered islet allografts across.chis major hi;tocompatibility
barrier has been ;éported. Culture at 24°C and an injeétion of ALS
prolénggd WF to LEW allograft surviQal -indefinitely Affer either
i;traportal (16,17) or renal subcapsu}ar‘(18§ implantation. In the
ébsence of ALS,‘cpltured islets were rejegted in 5-10 days. Lacy et

al. (16) reported that two fecipients given RALS and fresh islets had

not rejected their grafts at ldedays. When 1islets were cultured in

91

high- O2 alene, intraportal allograft survival in this strain

combination was prolonéed indefinitely (19). _Not all investigators had

such success. Rabinovitch et al. (20) reported a mean intraportal .

allograft survival time of 27 days.following 7 day culture at 37°C and
an-injection of ALSJ The rejeéction criteria in this study (the return
of élycosuria, 8-14 g/day) was iesé stringent than the usual criteria

of plasma glucose exceeding ZQQfmg/AL.
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The shortjtern~lcyclosporin-treatment'w of LEV recipients -was

‘,nodelled;after;the'studles of_Lau et al. (21) and Terasakafg; al. (12);‘_l

in_whiéh‘CyA (36 mg/kg)fwas Tgiven'on the’oay_of:lSIet transplantation

as wellxas the‘first and second days-after transplantation."Indefinitea
D . A e :

intraportal WF to ‘LEW allograftﬁ_survival was obtalned when “this

£

fshort term CyA therapy was used f:>?omb1natlon w1th 24°¢ culture or Ia -

;antibodies (12) or UVB 1rrad1atio (21). In this study, .an addltlonal

kinJecrion of  CyA was glven subcutaneously ‘on the -day prior' to
'transplantation'so that trough levels were elevated at- the tile of -
) ' ' ‘ S . “-e',v, - s . o : :

‘transplantation.
s, A Y

: P o _ e e
«Complete.reversal of tle diabetiﬁ state after:implantation

.freshjor}cryopreserVed )allogeneic isletsrwasl-not“observed. indicatlngj'
that féiéé£i°n4'?ai initiated:lbefore'lnornoglfcemiaw was ’:réérofed.f » N
Selecteo'data (fé'andtﬁv.responses), arebshown in Appendix B. Becauser k
_meanvualues‘ for,,each.'graqpfnaskea ;anf 2éffect of ,cransplantation,
lndiVldual responses:arélplotted.' vPlasma glucosé.responsesf'shounv ln
ﬁFlgure Bll ;to'hﬁ~a 5 were“quite"erratic‘ in all recipients{:ﬂ Thé,‘,
]prev1ously set criterla for rejectlon (plasma glucose >200 mg/dL) could
- not be met and cllnlcal responses were: not unlform enough to .establlsh :

- any reliable criterla for’ reJettlonA partlcularly 51nce cryopreserveo o
1slets-1n éﬁk isograft model’ took a: week longer: te nornallaef‘the h

3 Urinepuolune_wasfthe’nost vsen51t1ve 1nd1cator of islet function

.Responses arelshown ln'FigureS’BLS to B-8. The trend observed w1th CyA

was that rejectlon was not aSvabrupt w1th cryopreseryed lslets as wlth L

L, . .
fresh 1slets , Once reJectlon was ,1n1t1ated all anlmals in the fresh

~with‘CyA group (Flgure B 7) qulckly reached pre transplant levels ‘fln |

P



"6 of lO recipients of cryopreserved islets (Figure B-8), it tooh "much E

.

longer to reach préLtransplant.values, The' selective destruction gf

Ia -cells by cryopreservation in a .proportion of islets may explain Ahe

gradation in gejection times observed in this group. The islets‘bable A

-

. to evade rejection, however, are not. present in suff101ent nunﬂers to.

e ! . b ‘ N
‘normalize the animals and eventually die. All: cllnical 1ndi?és showed
‘the;saue'trendf : ’ - o ‘K' l/i

. B AN
N : : . : S /

: : L ‘ / : :
- Seven days after. transplantation, histological ¢Xamination of .

’

fresh or cryopreserved WF -islets heneath‘ the kidney/fcapsule of LEW‘

&7 ..

‘rec1p1ents revealed\total lymphocytlc 1nflltration and a lack of viabler

endocrlne cells. 'Nephrectomles were performed on/allograft reciplents

at 2 ‘weeks- post transplant and | at 6 weeks post transplant in the

> )

.anlmals whlch recelved' peri- transplant CyA . W1th one exception,

complete reJectlon had occurred prlor to nie phrectomy so ' the removal _of

%
2

the graft bgaring kldney did not exacerﬂate the dlabetic state. _The
: . 7 .
exceptlon was a rat in the cryopresérvation w1th CyA group This

o

ianlmal showed ev1dence of : functlon yp to 6 weeks post transplant "after:

/ -
Wthh there was a g{adual 1ncr%ase 1n PG, UV and UG Nephrectomy

'after 8 weeks resulted in a shav/er increase’in PG, UV, and UG as well

[

N2 :
as a drop *in weight B Thls anlmal lends support ‘to the hypothe51s that

cryopreservatlon can reduce 1§Tet 1mmunogen1c1ty g
. J\ . . L \

g .
Although Reece- Sm1th et al (22) have suggested that the kidney

capsule is-an 1mmunopr1v1leged'51te thls has been refuted (23) and it

is‘possible:thatitransplanting lslets to the liver via the portal ‘vein

.

- may have  yielded better .results . This site 7may allow for 'duicker ’

revascularlzatlon and thus a. more raprd return to baseline values - from:

VWhlph rejectron could be asSessed. *Also brlef peri¢transpl£ntu

S
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: : : ‘
\\%mmunosuppression with ALS may, have been more effectlve than CyA. ALS

94

is a more potent 1mmunosuppressive, agent and - may have been able ‘to

block the .immune response 1long enough for revascularization of the

graft and normoglycemia to occur.

XENOGRAFT STUDY i ‘j : \

-]

-

. Greater success was attalned u51ng a rat- to-mouse xenograft ‘model.

\As shown in: Appendix C (Table C 1), the transplantatlon—of 900 fresh WF

rat tslets beneath the kldney capsule of. dlabetlc BALB/c mice resulted

in death within 24 hours o Thls was* 11ke1y ‘due to hypoglyceﬁia and

L ./
./,‘ »

‘thus, - the -number of 1slets transplanted was decreased to 700 and  then

X,

“to 500." This number ‘i

dextrose. at  the &

3

post-transplant to. .almost: 73ALS}treatment seemed to increase

post-transpiant mortality.

BALB/c recipients receiﬁed'SOOJfresh‘or cryopreserved rat islets,

"with or without a single' injection of . ALS" at. the time of
. ~~ .

Qtr'ansplantation Cllnlcal 1ndices were monitored daily post- transplant

:and are’ shown in Appendlx C, Flgures stfto C-4. Table,p-Z shows " the
T v
mean plaSmafglucose‘concentrations during baseline monitoring, 1 ~week

prior'to and-l1 week after transplantation. There were no significant

differences between groups at  these time points., Hlstologlcal

v

examinatiOn‘~of' -the graft site tevealed ~ éxtensive lymphocytlc

1mf11tration at 6 but not . 4 days post transplant (Plate C-1).

ALS, by 1tse1f, -prolonged the surv1va1 .of both fresh and

cryopreserved islets but the effect was moderate-compared to_the study
e , ; e

[

of Lacy. et a _l (24) in which' MALS ~aione, in the same donor-recipient

R

- I ) . - . . . * .
strain combination, prolonged fresh graft survival from 8-49 . days. '

‘a subcutaneous anectlon of

transplantatlon increased survival



Cryopreservation alone prolonged survival although not as much as fresh
grafts in combination with ALS. ‘The._combiuatioh of cryopreservation

and ALS had the"greatest'effect on extendiné ‘éraﬁt'suruivel and like

the‘reporte by_Lecy (12,25) and Hardy (21) ' with short-term CyA, this

effect was synergistic.® Unfortupately survival of cryopreserved

xenograftssyas oniy moderetely.prolonged compared with cultured . islets
(24-27). In the same ‘donor-recipiéht strain combination, the
' transplantatioh of isiets cultured for 7° days .at  24°C qhd- the

edministration zof ALS resulted Cin- '70%-'surviva1f_'at 100 . days

95

post- transplant (24) ) Megaislets cultured in 95% 02, with or without -

" ALS, survived greater than 5?'days (26) .- Nevertheless, data in Figure
III-1 and Table III-1 show that the cryopreservatlon protocol used in

this study prolonged _1slet xenograft survival ,oyer fresh leet

xenografts.
SR ) » . . o .
The  hypothesis ‘that cryopreservation’ can reduyce . islet

_immunogenicity was based'on'the.principle that different cells require
: ' 1 oL T
different freeze-thaw conditibnsi The assumptioh was . that, islet
eﬁdocrine cells "aﬁd the assoeciated passenger nleukocptes are
idifferentially susceppib}e to thetoryopreservetion-prdgess. *.Although

this_appears to be true, the testing.offthis hypotﬁesis is far from
over._’Leukocytes are usually frozen in 10% (1. 3ﬁ5 DMSO'with; 10:202
_ serum in an isotonic medlum at 1 C/mln to below -30°C or -40°C. ' They
are usually thawed: rapldly and the DMSO 1is §Towly diluted with isotonic
medla at room temperature (28) This protocol 1s,genera11y simllar “to

‘that used for'the/cryopreservation of islets and because cryopreserved

B S . .

xenografts did not survive to the extent of cultured xenografts, it

appears,  that some leukocytes are surviving- the freeze-thaw process.



Thus, further studies are needed to determine which steps of the

freeze-thew procedure are most critical for the selective destruction

of 1eukocytes and how these -aspects can 'be incdrporated into & new"

cryopreserxacion protocol without sacrificing islet viability.

Exposure to the cryoprotectant is one factor which may affect . th@

-

,sueceptibility'of _endocrine cells and leukocytes to the bfreezing

" procedure, The optimal concentration' of DMSO and the time and

-

temperature at which the cells are exposed is a compromise between

‘protection and toxicity. Toﬁic effects of DMSQ on 1eukocytes have been

reported.(29-32)} Hem (31) foun&”the opthum concentration of DMSO for

A,

both rat spleen and lymph. node cells to be 5- 102 when the coollng rate'

‘)_

was 1°C/min. He nqted decreased §urvival when the concentraplon_ was

15% (1.9 M). Also at a cooling rate of 1°C/min, 5% (0.6 M) DMSO -was.

ﬁoptimum for->monse lymphocytes (30) and mouse peritoneal macrophages
(32). Bouroncle (29) reported that the toxicity of DMSO was more
- pronounced . for mature grenulocytee and ‘monocytes than. for’ other

1eukecyte subpopulations. Expogure ‘of leukocytes to DMSO at 20°C

¢

: reduced'snrﬁival compared to exposure at°0°C or 4°C (29,30). Closely”

related to the prefreeze permeation of the cryoprdtectent +is its
removal post-thaw. Rapid dilution of' the cryoptotectant after thawing

or slow stepw1se dilution at 0°C rather than room temperature resulted

-in  poor recovery of murlne lymphocytes (30). Sucrose diiuttpn

_procedures such as those used. in our rat freezing protocol have been

.

. : N - : ! ’ ..
used by Taylor t al. .(33) when <ryopreserving 1ymphocytes and

macrophages. The same principlee of toxicity, permeetion and

e

temperature of exposure to DMSO apply to islets but they may not be as

sensitive to DMSO.  To determine if DMSO toxiclty or the osmotic.

96



stresses encountered during the addition or removal of this addit%Ve
had a deleterious effect on the leukocytes, a series of proper controlsk
'_should be tested. Fresh islets should be subjgpted to the entire
_ prefreese reginen and the sucrose;removar of the DMéb: If aedifference

in-xenqgraft survival between recipients of DMSO-tréated fresh. islets

and cryopreserved /4slets is also observed, then the effect of 'the

4
-

cryopreservatich protocol on leukocyte survival can not be attributed

to a purely“toxic'effect of DMSO or to 3/greater sensitivity'to osmotic

shock. injury. - The assumption would then be that, under the particulag

set of conditions used for islet cryopreservation, the optimal cooling

’

rates for passenger leukocytes and islets differ. ‘BecEpse the critical . -

. \ . : z .
cryobiological factors aré€¥so closely inter-related, they cannot be

assessed individually. (x " :

’

Manipulation of various aspects of .our standard islet

cryopreservation protocol such as DMSO concentration or its extent of

would change the.optimun xcooling raté for islets and , may

- * . v B 3

permeatio

.result in/a w1der gap between optimum rates’ for 1eukocytes and islet;«a.

f/ . Lty e P
' ' #' -
“al. (30) reported that mouse lymphocytes could handlel

osmotlc stress well ‘if tbey were cooled at th r optbmal rste

—
"y

(1°C/min). “If the cells were -<cooled at rates above or below the

, they were much more sensitive,to post- thaw handling. procedures

shown/ that rat lymphocytes and macrophages cryopreserved with a
pre- reeze protocol similar to the islet protocol of jootte et gl. (5)

‘werg destroyed only after cooling "at rates greater than 75°C/min.

( . A

- osmotic stress or centrlfugatlon Taylor et al. (33) have

\\

Optimal recovery of these cell types'was<fbserved when they were cooled -

between 0.3 and 510°C/min. -Viability was assessed by - membrane



1

s
- Y

intégfity.using a supravitalt‘acridine orange and . propidium iodide -

k3

stain. Assessment of viability‘by> qyé exclusion has been repdfted to,

givé much higher Viability% than other assays (28,30) and does 'not"

- be

: studies. on . leukocyte -cryopreservation have indica;ed that  some
immpnological functions are more susceptible to damage than others even

when optimum freeze-thaw conditions “are used (28,34,35): IThus,
functional viability must be determined by testing - for the~vspecific
- ) N h ‘ ‘
function of interest. Mixed lymphocyte islet cultures (MLIC) in which
o ’ ) . ' L

islets are used as the stimulator population have been used to assess

ot

98

demonstrate ‘the immunocompetence of the surviving cells. Several |

the immunogenicity of isolated islets (36,37). If this assay cénf be .

shown to be pbsitivély correlated with in vivo transplant results, it

4

could be ‘used to assess passenger  leukocyte viability ‘foflowing

cryopreservation. ot .

-jeukocyte viability can_ easily be destroyed by’ cryoprése}vation
pfot§cg1$ if rapid éooling is used, however, it is of utmost importance

td.ensure maximgm islet .survival in vivo. Taylor and Benton (38)

. showed that, after-full equilibration in- DMSO, islet viability was

méintainéd at coolingj rates Qp to 1000°C/min. Unfortunately the

assessment of viability used . in this study 1is ' questionable. The "

. o :
secretion of insulin during static ~incubation was calculated by

-

b4

‘subtracting the post-stimulation nonspecifié release from. the

“

stimulation level. Severalvgroups have found that cryopreserved islets

3

lose some responsiveness to low glucose and are unable to switch off

insulin secretion once glucose stimulation ié 5topped (7,39,40). In
addiffon, Taylor.and Benton éultured islets at 37°C in 95% O%:SZ CO2

.

'for;a minimum of 18 hours prior to freezing. Control islets were



)

maintéined in cultufeidur&ngithe freeze, storage and thawing process.
.Extended periods of culture in 952 ¢ Og\ls 1ike}y to damaée Islets (16)

and thus, the observed,insensitiVitytof islets to cooling.rﬁte may be a

manifestation of deéling with damaged islets. Further studies of islet

cryopreservation at more rapid cooling rates are necessary.
"It will be of interest to determine which asbects of the

‘cryopreservation protocol alter the immunostimulatéry capaeity of the

99"

intfa-islét lymphoid cells. -'Cryopreservation may -destroy passenger

leukocytess as tissue culture does 'or it may simply inactivate the

immunbcompeﬁéncy of the cells as does UVB‘ifradiation. Sutton et al.

(41) detected class T wand class IT antigens on human isolated‘pislets

before and after cryopreservation. They observed an increase im giéé&

I but no’ change in class II antigen expression. . Célls which Expressed-

human Ieukocyte  antigen were similar in  fresh, cultured and

cryopreserved islets. This suggests that the passenger leukocytes are

Y

inactivated rathér than depleted by the freeze-thaw process. ‘Thus, -

although leukocytes may survive, their antigen-presenting capacity may

Ty
be altered. T

CONCLUSIONS AND RECOMMENDATIONS - ' ' g
1. The ,1§ologous islet ;ranSplantation study has " conclusively
shown that islets of Langerhans, crybpreserved by slow cooling to

-40°C, storage at -196°C and rapid thawing, can reverse exbéfimentally

O : t _
induced diabetes in rats and can do so as well as freshly 1isolated

¥



. . B |
2. The standard rodent islet cryopreservation protocol.of Rajotte

‘et al. (6) can reduce islet immunogenicity as shown by extended ‘graft

survival in a xenograft model.

.

. ~e

3. The mechanism by which this cryopreservation protocel regduces

100”7

fsyet 1mmun9génicity must be investigated. The effect of DMSO on

intra-islet leukocyte viability should be tested in the xenograft ﬁodel
{ ' .

using, as controls, fresh islets which have been exposed to the ksame”

'

pre-freeze and post-thaw regimens Fa the cryopreserved islets.

. 4 ' -
4. New cryppréservation protocols should be examined but a mere
y ) P

-

!

basic apprpacﬁ is suggested. Following various manipulatibns of thé
freeiing protocol, both islet and leukocyte viability should be tested
by reliable in wvitro assays. Perifusfion and 'MLIC could be used . to

assess islet an passenger leukocyte viability, respectively.

From these studies an optimal protocol can be chosen for testing in .

vivo.

5. Successful islet cryopreservation and its effect on xeriograft

P

survival are encouraging. Numerous manipulations of the freeze-thaw

process must be examined in order to find a protocol which maximizes

v

leukocyte inactivation and maintains islet viability in wvive. Such a

————
-

protocol would be invaluable to the clinical application of islet

o

transplantation.
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PLATE~A-1Q Rat.” iSlet f;sograftSj]bénééthaﬂ“tbé_ kidnéy
- capsule four < months after. transplantation.. -~ . .0
(A). Fresn.  (B) Cryopresérved. Aldenyde’ fughsin .stain.



" 'APPENDIX B

S _ ALLOGRAFT DATA
" Donors: Wistag- urthg?a%é (RTlu) '
j,f o \ e PR .

Récipientsf Léwisvtats (RTll)
. - ) ‘ » . ; Q-
Streptozotocin: ép_mg/kg intravenously

Tfaﬁsplaﬁtation: 3000 handp{cked cl;an islets were‘implanped beneatH the
VA‘ kidney- capsule

“Cyclospor‘A-A do&e:vSOVmg/kg giﬁen subcutqneously‘on days -1, 0, +1, and

| g  -,' +2 with respe... ‘- transﬁl&nt day 0.

A\Neﬁhrectbhy: Craff;beériﬁg'kidne> we-  removed two weeks aféér

| ‘tranSplantafion in groups 1 and'2’and at six weeks

~ post:transplant in groups 3 - 6.

¥
'GROUPS . ‘TREATMENT . - n
1 FRESH ISLETS - 6
2 CRYOPRESERVED ISLETS 6
' 3 FRESH + CyA. | 8 ’
SR A CRYO + CyA S 10
A R 5 . ‘NORMAL CONTROLS 6

6  DIABETIC CONTROLS 6
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,'FIGURE B-3. Individual plasma glucese responses of fresh

islet allograft recipients given - CyA (n=8) .
SZ - streptozotocin, T - transplantation
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Islet donors: Wistar-Furth rats

Recipients: BALB/C mice '

APPENDIX C

XENOGRAFT DATA

Tragsplant site: kidney capsule.
Cr _ 1

4

A

TABLE, C-1. Bffect of islet number and antiflymphocyte serum on the

-~

success of islet transplantation.in a xenograft model.

(A
Number of Number of Deaths Technical Successful
,~isleté fransplants post-transplant  failures implants
viy ' ’
900 3 Fresh 3
700 7 Fresh 37 "
- 6 Cryo 2 .- 4
L} { ’
. .
11 Fresh --- e ’ 1£Y
500 13 Cryo 3 2 8
22 Fresh + ALS 6 --- l6.
19 Cryo + ALS 6 2 11 '
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BALB/c CONTROLS

Diabetic controls (DC): received 220 mg/kg SZ

4 )

Normal controls/(NC): received acetate buffer instead of SZ

122

NC: ‘n=12 NG +.ALS: n6 u

DC: nel5 © DG + ALS: n=7 |

Controls reéeived sham.tran;plants twovﬁeeks af;@r? injectiqﬁ of SZ or
'acétaté buffer. Five - »aiabetic ' coﬁtfols i died . ptior to the

sham-transplant.

<
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(A)

(B)

e

PLATE C-1. Freshly isolated rat.islets implanted beneath
the kidney capsule of diabetic mice. (A) Four. days post-
‘transplant. - (B) Extensive lymphocytiq'infiltration at
six days , post-transplant. Immunoperoxidase stain.



APPENDIX D Tk

» + METHODS AND MATERIALS

EXPERIMENTAL ANIMALS \
(1) Rats: males 200-300g inbred Wistar-Furth (RT1Y). donors
males 200-300g inbred Lewis (RTll), récipiénts

(ii) Mice: malést25~30g inbred BALB/c (H-2d), recipients

"INDUCTION OE ?IABETES Rt
Mice d%ré anesthetized with Avertin (i); tribromoethanol Eﬁ amyl
alcohol (0.0£5 mL/g body wt).”"Rat; @efe lightiy. anesthetized with
ether. Diabetes was induced in mice by:an injection of .stfept020tocin
(SZ) (Upjohn, Kélamazoo, Michigan) (220 mg/kg body weight) «vié‘ the
.getroorbital sfnﬁé and in rats (60 mg/kg body we{ght) via the penile
vei;. SZ was dissolved immediately before use in 0.1 M acetate buffer
(pH 4.5) made up in 9;9% saline. - ¢ | |
. - (’ \

ISLET ISOLATION g

.

Six inbred WF rats were .anesthetized with sodium pentobarbitol (40
mg/ké) (Somnotol; &TC Phaimacéuticals, Hamilton, <€anada). The
pancreases yére cannulated via theA common bile duct with Intramedic
non-radiopaque “PE-30‘ polyethylene _;uﬁing A"(Ciay Adanms, B-D- Co.f
Parsippany, NJ) and distended with 10 mL of chilled Hanks Balanced Salt

, ‘ ~ S S

Solution (HBSS, Gibco? Grand Island, NY)‘contaihing 2.0 mg/mL dextrose
’(Abbott'Labbratories,Ltd.),penicillin (225 U/mL) and‘s;reptomycin (225
pg/mLf (Whiﬁtaker M.A. éioproducts; Walkersville, MD'). The panéreéses-

: P :
were rapidly excised and placed in chilled HBSS." When all ‘pancreases

A / 12‘8
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were r%moved, they were picked free of contaminating lymph nodes ;and

fatty,tissue,-placed in chilled HBSS and then chopped wigorously _with>
‘ : 7

. seissors. The minced tissue was divided equélly into two Breweighed
Fﬁlcqn conical centrifﬁge tubes aﬁd.épun at IQSOg. The supernate was
-carefully suctioned off and the tubes were weighed. HBSS (2.0 mL/g
tissue) and 15 mg/g tissue. Type \V collagenase (Sigmé, St. Louis, MO.)
were added\;mmedlaCely before clamping to a Gallenkamp flask shaker in
a 37°C water bath. The minced tissue was digested for 8 minutes at 8
—'cyclés/sec and then shaken by hand. until an individually. assessed
digestion endpoint was feaqhed. ‘Digestion was stopped by tﬁe addition
pf éhiiled HBSS té‘é volume of 30 mL. The" tubes were spun at 450g and
the supernate aspirated. Aﬁy remaining collagenase and exocrine debris
: - . ‘
were removed'by a series of washes uSing.15 mL HBSS and centrifdgations
at-450, 200, 120, 50 and 450 g. FolloQing the finél wish, the
SQpernate wds asﬁirated, 5 mL.of 25% Ficoll were added to the. tis;ue
a;d the tubes were lighcly vortexed. fhree mL of each of 23%, 20% and
11%+ F1c011 solutlons were carefully layergd on top The gradients weré
centr}fuged at 800g for 20 minutes. Isolated islets of L;néerhans,
. found at the interface of the 23% and ZOZ_Fiqoll layers, were removéd
with a siliconized Pasteur pipetteuand placed in siliconized ﬁyrex~test
éubes. The islets.wer; washed 3 times with Medium 199 cohghiﬂing 25 mM
Hepes Buffer, Earle'’s Salts and L-Glutamine (Gibco Grand Island, NY),
and supplemented Qith 10% fetal bovxne serum (GleO) penicillin (100
‘. U/mL) and streptomyc1n (100 pg/mL) . The islets were transferred to a

o

‘petri dlshfcontalnlng supplemented Medium 199 and were viewed under a

' Wild Leitz dissecting microscope (250X) ‘using a modification of the

129

L

ireflected green light technique of Fimke et al., (2). This initial
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¥

islet preparation is shown in Plate D-1 (A). Islets, 100 pym - 500 pum
and free of any exocrine debris, were handPicked with a finely  drawn

siliconized Pasteur pipette and counted (Plate D-1 (B)). .
. a ;

CRYOPRESERVATION PROTOCOL . =

FREEZING PROCEDURE (FIGURE D-1). -

——

R .
To minimize osmotic stress which may result from a hyperosmotic
-

cryoorotectant, DMSO Qas added in a srepwise. fashion to "islets,
resuspended in 0.2 mL of supPlementedxMedium 19?. At 25°C, 0.1 mL of 2
M DMSO was added for 5 mi;, followed by a seconid addition of 0.1 mL of
2 M DMSO for 25 mrn. -To reech a final concentration of 2 M pMSO, the

islets were equilibrated in 0.4 mL of 3 M DMSO for 15 min at 0°C. The

samples were then transferred to a -7.3°C ethanol seeding bath for 5

-

min at which time the islets were gently resuspended and nucleation was

induced by touching the side of the tube with a cold metal rod. Ten

AN

minutes were allowed for the release of the latent heat of fusion

: BN . \
before transfer to an evacuated freezing Dewar flask (3) containing a
calibrated voldge of 95% ethanol. Samples were controlled cooled at
(’\

0. 25 C/mln from -10°C to -40°C and then transferred to llqufdf‘ﬁitrogen

Yor storage. Temperatures were recorded on a Speedomax cha ;'*wecorder
\

”

(Leeds and Northrup,,North Wales; PA.).

* THAWING AND REMOVAL OF THE PROTECTIVE ADDITIVE (FIGURE D-2).

i
The samples were rapidly thawed in a 37°C water bath at 200°C/min

Y

and lmmedlately\ Sspun  at  450g. After 5carefu11y aspirating the
supernate, ‘the samples were placed on ice’ and 1.0 mL of 0.75 M sucrose

_in supplemented Medium 199 was added. The islets were gently



. 131,

)
. .

- resuspended in this solution at regular intervals over a 30 min period.
One mL of supplemented Medium 199 was then added and tﬁe samples were
taken from the ice bath and placed gt room temperature (25°C). After 5/

minutes, an additional 1.0 mL of the isotonic medium was added, - -
followed by 2.0/mL and then 4.0 mL at 5 minute intervals. Islets were®

~

resuspended after each -addition and half way through the incubatidn.

Eﬁe samples were then spun at 450g, the supernate was removed’ and the

L}

islets resuspended in supplemented Medium 199 for transplantation (see

Plate D-2). ’ ’ 4 .

TRANSPLANTATION.
1SO- AND ALLOéRAFTS.
Three. thousand WF rat islets werérimplanCed beneath the kiéney
capsule of Aiabetic QF or Lewis rats as follows: islets (1000 to 2000)
Were‘pelletedd;n a qonicai 250 pE micro-centrifuge tube apd Ehe medium
was carefully withdrawn using a siliconized ‘glass micropipette‘andr a
dissecting microscope. Recipients were anesthetized with 40‘ mg/kg

sodium pentobarbital and a small drop.of blood (15-20 plL) was obtainet}
P .

from the recipient’s tail with the 'gid of a 25 uL Accupette pipet

(Dade, Miami, FL.) attached to a micfocap bulb. The blood was"” placed

on the islets, rapidly mixed with a small glass rod and left at room
temperature for 10-15 min to elot. Meanwhile, the left kidney was

exposed through a small flank incision. A fine glass rod, inserted
o ) o ;
through a small nick - in the capsule, was used to gently separate the

-

capsule from the kidney surface. The blood clot with embedded islets

was picked’ up with fine forceps and carefully inserted beneath the



.
‘ébpsqle with the aid éf a dissecting microscope {6X). This procedure
is shqwn in fiate D-3, .

Some Leﬁis« rats received a short course of <¢yclosporin-A.
Cyclosporin po;der (Sandoz, Basle,ls;itzbrland) was dissolved in Medium

v -

Chain 2(iglyceridé oil and absolute ethanol_ at 50°C to prepare a
20mg/mL ‘solution. * It was é&ministered subcgtanéously af a que of
' 30mg/kg one day priof to transplant, ét.the time of transplahtation and
the first two days post-transplant.' : \
XENOGRAFTS. | ’ .

. Mice were ‘anesthetized with Avertin (0.0125 mL/g) and the left
kidney was exposed. Five hqndred fresh or cryopreserved clean islets,
Sandpicked free of contamina?ing exocrine tissue, were efMbedded in a
clot preparea'from 5-10 pL’oerecipient blood with the aid of a 10 uL

I3 t ) . + D . * 3 .
glass capl}Léry ube. (Microcaps, Drummond Scientific, 35322911' {i;l

attached to a microcap bulb. The clot‘was‘picked up with fine forceps)/
. * . Al

. : v
and implanted beneath the kidney capsule through a small incision, with

the aid of a dissecting microscope. Dextrose, 5% in water, (0.5mL) was
'”given.subcutaneously to the mice immediately before transplanting to

avoid hypoglycemia induced by insulin release from damaged islets.

Animals that died within the fixst post-operative week or those that

o

did not become normogYyTemic were excluded from the study.

132

At the time of transplantation, some mice received an injectilon of *

‘anti-lymphocyte serum. Rabbit anti-mousé,lymphocyte_serum (O.2AmL)fahd _

rabbit anti-rat- lymphocyte serum (0.1 - mL) (M.A. Bioproducts,
A # ‘ ‘

Walkersville, MD.) were mixed and injected via the penile wvein five

minutes prior to islet implantation. This protocol was modelled after,

that of Lacy et al. (4). .

L3



CONTROLS.\
Normal control rats and mice received an injection of 0.1 M
. , ’
acetate buffer without.SZ. Both normal and diabetic controls had sham

transplants (inserting a blood clot beneath the kidney capsule) two

weeks following the induction of. diabetes.

H

METABOLIC PARAMETERS o ‘ .

~

1 islet recipients and controls were housed individually in

cages and were monitored weekly ‘f;r weight changes, flasma
tail iW rats and ﬁhe retroorbital sinus in mice. Two baseline ' samples
of ail indices were obtained prior to ‘the administration of SZ.
.Post-SZ, th;ee samples were obﬁgined within‘a two week.beriod prior ai
trénspl;ntation. Islet isograft recipients were monitored daily for
the first week post-transplant and Ehen weekly for 16 weeks..
NonimmunosuppféSsedtislét allograft recipients were moniCOréd daily
post-transplant for two weeks and allggrafc recigpients on cyclosporin
were monitored daily for‘the'f}rst three weeks and then biweekly wuntil
six weeks post-transplant. Xenogfaft brecipiénts were monitored daily
post-transplant until rejection was ‘evident.- Xenograft réjéction,

following post-transplant normoglycemia, was definéd as the first of at
least 3 consecutive days of hyperglycemia (plasma glucose exceeding 200

mg/dL) .

-NEPHRECTOMY AND HISTOLOGY
Graft-bearing kidneys were remoyed two weeks, six weeks, or four

months after %Yansplanﬁation in allograft, immunosuppresséd allograft,
. ¢ ! . y
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rine volume and urine glucose. Blood was obtained from the
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value P <, 0. OS

" The: JonckheereiTefpstra test’. for ordered alternatives (5) is,

: ; TR ~ v AT
- modification of the Mann‘Whitney U test - in which the alternatlve

13

and isograft recipients. The kldney was fixed in aqueous Bouins and

“sectionéd at the ‘graft site. Paraffin-embedded tissue sections were

stained with insulin-specific aldehyde fuchsin or immunoperoxidase. 4
‘ , . ‘ ! Lusastm e X ‘
STATISTICAL ANALYSIS, R

« e - : o . ; . K

All results .are ' expressed ds mean + standard error of the mean
(SEM) . . Unpaired Student's t-tests were used to compare ‘clinical =~
Yk .ot ‘ » :
indices between- groups .at 'eaeh‘timev“point as well as the ivGTT K

L 4

values The criterion for statlstlcal SLgnlflcance was the orobabxllty

)

In the xenograft study, the null hypcthesis (H,) was set aé the

veffect of Group 1 (Fresh) is the same as Group 2 (Cryo) which is the.

same ‘as Group 3 (Fresh + ALS) and Group 4 (Cryo + ALS).

R A

NI
g

a

a

. s

hypothe51s‘(H ) 1s that the efﬁect of treatment Group 1 isjiess thgn L

the effect of Group 2 whlch is less than Group 3 " The; effect of Groupf

2 I'. " .
o _‘A&.- . I
4 would then be greater than treatment groups 1- 3 ;ﬁf o S
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WISTAR-FURTH RATS

ISLETS ISOLATED BY COLLAGENASE DIGESTION AND FICOLL P‘UH-IF!CATI'QN, :
B . Co E o . R -

DIMETHYL SULFOXIDE (OMSO) ADDED STEPWISE

01 mL 2MDMSO ¥ 0.1mL 2MDMSO ~y . 0.4 mL 3M DMSO ~

5 minutes 25 minutes.

0:2 mL
- - Medium 199 =
+10% FCS 25°C

SEEDING BATH (-7.5°C) FOR 5 MINUTES
Y . :
SAMPLE NUCLEATED WITH ICE CRYSTAL AND 10 MINUTES |
“ ALLOWED FOR THE RELEASE OF THE LATENT HEAT OF FUSION

=~

- ICE CRYSTAL

N

Y
-

™ STIRRER

1L ETHANOL =

EVACUATED DEWAR

LIQUID NITROGEN ——= ",
' 0.25°C/MINUTE

-40°C
TRANSFER TO LIQUID NITROGEN (~196°C) FOR STORAGE.«

;e
. YR

i

FIGURE D-1.  Freezing protocol for rat slets of Langaipans:: -
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m?
THAW SAMPLE IN 37°C H,0 BATH (200°C/MINUTE)
’ ~ SPIN. SAMPLE 1500 RPM:
(REMOVE SUPERNATE)
. ADD 1 mL 0.75M SUCROSE AND .
- ' ’ HOLD AT 0°C FOR 30 MINUTES
W - . . ) )

- DILUTION OF DMSO AT 25°C

mt. MEDIUM N X

1 mL MEDIUM 2 'mL MEDIUM 4 mL-MEDIUM.

5 minutes | "5 minutes
e ' -

] , x -
. : .5 minutes
S L SPINAT00RPM
e o REMOVE SUPERNATE) |
~RESUSPEND ISLETS IN MEDIUM 199 + 10% FCS
e W o

TRANSPLANT

FIGURE D-2. Tha'Wihg'prdtocol for rat'.fls‘lets of Léhger}wans’{. ‘

e e



(A)

(B)

LT 0 N

'PLATE_D-i.‘ Freshly isolated rat islets of Ldﬁgehhans,
(A) Ficoll preparation with contaminating exocripe tissue.
(B) Preparation handpicked and sized for transplantation.

Ik
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I, L .

vk . )

PLATE D-2. Cry@breser‘vedvvat islets of -Langerhans
- immediately post-thaw. ks :

v
b



139

-

PLATE D-3. Rat islet tranplantatlon to the renal
subcapsular site. Islets are embedded in a blood”
=clot and inserted beneath the kidney capsule with
‘fine forceps.
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