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ABSTRACT
Definition of the optimal*;recipient site for transplanted‘ St
pancreatic isleES‘ and increasing graft purlty are two issues to be -

clarlfled—ln ‘ordér ‘to bring successful cllnlcal trlals to. fruition.
‘ . TN

In the current study, surgltal pancreatectomy was performed in dogs

~

(n=40) follow1ng preopelatlve intrawvenous glucose tolerance test
(1ivGTT). Six dogs were marntained as aoancreatic controls, Fresﬁly
isolated pancreatic microfragments were autografted by intrasplgnic
(n=10), intraportal (n=6) and renal -capsular (m=6)‘ injectidén and
compared to dogs recei&ing}intraportal (n=6) and renal,capsoiar (n=6) §

grafts of cryopreserved tissue.) “Samples were taken from fresh pancreas,

~ T

freshly isolated microfragments and cryopreserved microfragments 'for'
‘measurement of insulin and amylase content and the insulin/amylase ratio’
was used as an estimate of graft purity. Portal venous pressure was
measured befpore and after ‘intrasplenic and 1ntraportal implantation.

Function‘was sessed by fasting plasma glucose (PG) and 1nsu11n and by

'1vGTT l-and /3 months following transplantation. Liver enzymes (Alk.

v

Phos., SGOT, LDH), bilirubin and\;renal function (BUN, creatinine) were?¥
5assessed perloperatlvely in all dogs and the coagulation system- (PT,

'PTT FDP platelet count)‘zfs monitored in’dogs:receiving intrasplenic .
ﬁ>and ;ntraportal grafts. 'l .
Mean (+SEM) insulin concentratlom of fresh amd cryopreserved grafts
‘ were\\208é;260 mU/g and 2330+420 mU/g . respectlﬁely. _ Amylase
concentratlon of fresh#graft was 2240i280 IU/g and 830£100 Iu/g forl

cryopreserved tissue (p<0.001). Insulin/amylase ratios for fresh and
cryopreserved tissue were 1.0£0.1 and 3.340.5 respectively (p<0 001)

Portal pressure of dogs receiving fresh tissue rose’ 31 2+3.3 cm HZO



1

)

 ‘compared to 16.412.3 cm H20 in those rece1v1ng cryopfeserved tissue

(p<0 01) while intrasplenic implantation' of fresh tissue produced no

-

change. Long term normoglycemia occurred/in: 9 of‘lO dogs receiving
fresh intrasplenic implants, 2 of 6 rece1v1ng fresh intraportal implants
and 3 of 6 dogs receiving cryopreserved 1ntraporta1 grafts None of the

J .
dogs receiving renal capsular grafts became normoglycemlc The K values

fell from 3.5+40. 39 pre-operatively to 1.3%0.2, 1.§i0.4 and' 1.0+0.2 in -

recipients of intrasplenic (p<0.01), fresh intraportal (p<O.Ol)I and
cryopreserved iﬂtraportal'(gk0.0l)* graf?s respectivgly- after 1 - month,
Liver . enzymes rose 24 h foliowing engraftment and returned to
pfeoperatfve levels by 1 month in all .groups without ‘"effeéting
bilirubin. Renal fuﬁction was not altered in ény group and cqagulétion
abnormalities were not seen folléwing intraspienic‘ or intrapqrtal
implantation.

Purification of pancreatic microfragments is demonstrated by . a

greéter than ,@afqld rise in the insulin/amylasé ratio . following

Cryopreservation resulting in reduced :portal hypertension following

intraportal embolization, Intrasplenic implantation of  pancreatic

microfragments in a reliable. ‘technique for normalizing = PG in

‘pancreatectomized dogs while the intraportal route is associated with

significant morbfidity. The renal capsule is - an unsuitable recipient

site for canine pancreatic microfragments,

vi
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~y N ’ INTRODUCTION

Diabetes mellitus refers to a syndrome that is characterized
by a broad array of‘physiologié and anatomic abnormalities most notably
" disturbed glucose metabolism resulting in inappropriate hyperglycemia
. N
. o
The true frequenéy in the general population is difficult to
ascertain because of differing standards of diagnoses but is probaéﬁy

—

approximately 1% (2). Of the 220.million peoplza tin the United States
. i
qg"proximately 1.5 .millior, including lOd,OOO éhildren are insulin
‘dependent diabetics. A& almost.equal number take oral hypoglycemics and
another 2 o 3 million control their disease by dietary measures a%oﬁ{
(1.
The disease is charécter%ggd by a series of ‘hormone-induced
metabolic abnorTélities: by long-term complications involving the eyes,

2

kidneys, nerves, and blood vessels; and by a lesion of the basement
,////membranes demonstrab. by electron microscopy. In recent years it has
become clear that a variety of syndromes are subsumed under the general
term "diabetes" and that they differ in clinical manifestations and in

N

~ patterns of inheritance.

Diabetes can be primary or secondary. Secondary causes
inglude chronic péncreatitis, hormons abnormalities sucﬁias,thosé which
accompany pheocﬂfomocytoma, or Cus ings disease, drugs"and certainﬁ

genetic syndroﬁes. The classification of primary diabetes follows the

recommendations of the National Diabetes Data Group (3). Patients whq

depend on insulin for the prevention of ketoacidosis have insulin



-

- 'dependent diabetes melliéts (IDDM). This form is also referred to as

Type _1 «diabetes and oftéq"dqvélops in childhoéd  or adoléscence.

Non-insulin dependent (NIDDM) o;vape IT diabetics do not rely on

insulin to ;afd off ketoacidosisp This form of the disease fénds;&to

occur ir middle or later life, occurs predominately in obese individuaish
and compLLses‘9O—9SZ of all'diabetics.

It has long been accepted that there is a genetic component

involved in the development of diabetes. Howevg%, the marner in which

‘this is manifest is still  a subject of great debate (1,2,4). 1t is

probable that diébetes is genetically heterogeneous and that similar
diabetic phenotypes méy result from differing genotypes. Genetic
factors play a role in all primary forms of diabetes mellitus, but their
importance wvaries (2). I- iﬁsulin-dependent» disease tHe geneﬁic
factor(s) may be largely permissive while in n;ﬁ;insu;in dependent
diabetes they may be more nearly causal.. This conclusion is based on
extensive studies in monozygotic twins, which showed a 93% conébraahce'
rate for adult  onset diseasé and a 50% cowcordance rate for juvenile

onset disease (4).. Therefore genetic factors appear to be predominant

in 'NIDDM, but presumably enVironmental factors are needed to trigger
, J _

the onset™of IDDM.

The predisposing gené(s) in -IDDM likely resides in the sixth
chromosome in view of the strong association between diabetes and

certain HLA antigens, specifically HLA-B8, HLA-B15, HLA-D3, HLA-D4 (1).

.Theslocation of the predisposing gene(s) for NIDDM is not known, / but

speculation has focused on the eleventh chromosome which bears, o dts
short arm, the structural gene for insulin. It has been observed  that

some people have an insertion of extra DNA located near the insulin




.'structural gene and that tts insertion occurs more frequently in- kIDDM

4

Athan normal controls or patients with IDDM (2)

As prevlously stated, studies in identical twins suggest the -

necess1ty for an 1nteract10n between genetlc and env1ronmenta1 factors

for the development of IDDM ; Vlruses have beenlprimatily ‘implicated‘

(1,2,4). An association between virai .infeotiohs‘fandffIDDMP.jwas

~originally suggested by seasonal variations in the onset of the diSéase}ﬁJ7f'
. N . . .
;-.and  temporal association.  between  the appearance of- . 'diabetes and

“preceding episodes of mdmps, hepatitis, infectious mononucleosis and

.

Co%gatkie'infections. The  most direct e@?dence for a role of wviral

infection in the pathogehé%is; of IDDM relates Ato.‘the drecovery of"
Coxsackie»ﬁirus from7 the pancreatlt stlssueiof a Chlld who dled withd-v
meningoencephalitis and. recent .onset' dlabetes The 1solatedk v1rusi
caused beta cell destructlon and diabetes when 1nJected into mice (5)

The immune system is also implicatcd in the pathogenesis of IDDM.
AutopsieS»of insulin dependent diabetics have demonstrated round cell
invasion surrounding beta cells and. the presence of circulating
antibodies directed againgtvbsta cells, in the serum of newly diagnosed
insulin dependent diabetics suggestlan autoimmune roie.

The pathogenesis: of NIDDM is more complicated and ;speculatiye.
Identical twin studies suggest a strong genetic component. Pathologic
studies.reveal a deficienc§ of beta cells, = but functional aspects are

also involved including a reduced rate of insulin release and -a

peripheral resistance to existing insulin, which may be genetically

L ' : . 7
‘linked and unmasked by aging (4). #
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" Complications of Diabetes

'
*

The complications of diabetes can be divided into- two "major

categories, acute and chronic. The acute compllcaﬁéons/of uncontrolled

dlabetes are ketoacidosis and hyperosmolar coma, as well as an array of
phy31olog1c abnormallties 1nclud1ng electrolyte abnormalltles increased
leucocytes,

Kl

increased platelet- aggiegation 1ncreased glomerular permeability and

red cell membraﬁe- stlffnegs t‘impaired phagocytosis by

filtration, increased retlnal mlcrovascular permeablllty, lowered levels

"-of hlgh density llpoprotelns 1mpa1red wound healing, and decreased

nerve conduction veloeity'(lgz,G). These acute complicatio-; can be
attributed to relative or complete lack of insulin or its effec: iveross
& .

and can be reversed by‘éorneet4 ¢ the hyperglycemia uith insulin (1).
Unfortunately, the diabetic patient is aise subjeet to a number of
chfeuie compliﬁations which eause significant morbiuity and 'premature
.mortalityl and oceuf despite of>the uee»of exogenous insulin (7). The
chronic syndromes xcan“ be divided into three groues: abnormalities
involving large vessels (macroangiobathy or atherosclerosis); disorders
‘which are uniquetute diabetics 'and‘invblve' arteriolee and capillaries
(mieroangiopathy)’and a collection of abnorhalities, many being unique
tobdiabetics, invelving the nervous system, skin and other parts of the
body (1). ‘Due to these chronic syndromes the 1ife expectancy of a
diabetic is two-thirds that of the general populatibn.. Atherosclerosis
appears at an early age and 1is severe. ’Strokes are twice as frequent,
myocardial infarctions two‘vto ten times more frequent and perlpheral
vaecular dlsease 50-100 times more frequent in diabetics.
The'mlcroanglopathy is seen primarily in the eyes and kidneys but

s

has been noted elsewhere and occurs most commonly in IDDM.  The diabetic




is 25 times more prome to blindness and partial loss of vision than the

non-diabetic. Cataracts occur at 4 to 6 times the rate in diabetics and

occur at‘anfearlier'gée. One in 20 of all IDDM diabetics becomes - blind

(1).

Retinopathic changes are divided into two large categories: simple

and proliferativa. The earliest changes are that of increased capillary
P & g

permeability. Micfaaneurysms follow- with subsequent developmant of
hemorrhage and exudate. formation. Ultimately proliferative changes
occur including neovascularization and scarring. Apprqiimately 85% of
diabetics ‘eventually develop retindpatny‘to some degree (2).’

The most serious life threatening complication of diabetes involves

the kidney. Approximately one half of insulin dependent ‘diabetics

N\

~develop renal failure (1). The - typical renal abnormality is a diffuse

or mnodular glomerulosclerosis (Kimmelsteil-Wilson lesion) which is

characterized by a thickening of basement membrane in the glomerular

capillary loops as well as accumulation of glycoprotein in the mesangial
region-of the glomerulus (6);, Renal failure usually occurs 20-3Q, years
after tgé onset‘bf'diabetes. ; ¥

- The neuropathic changes associated with diabetes are extremely.
va;iable. Every diabetic has demonstrable neuropathic sequelae after
séberal years. About one in ten develép significant s&mptoms and one
h%lf of tﬁese have proglems severe enough to ' be disabling. Problems
%%clude sengorf discomfort and various‘ autonomic ébnormalities'

l

ﬁncluding, impaired bladder . emptying, diarrhéa, incontinence and

‘impotence (8).

The exact cause of the chronic diabetic synaromes is unknown. It

may be that hyperglycemia or an associated metabolic disorder causes or

LS
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.complica

' i e v ’ ’, ‘ »] v . S Co b

accelerates the development of chronie complications or alternatively

1

the comp ic¢ atlons may be primarily determined by genetic facters
1ndependert oé‘hyperglycemia (2)." - The most suggestive evidence that the
metanlic environment per se causes complications, in man, comes from
the observation that kidneys from donors who have neither diabetes nor a
family history of diabetes develop charactefistic..lesions oé diabetic
nephropathy within 3-5 years after‘traneplantation into a diabetic
recipient (2).- |

The problem of the relationship between the control of the

metabolic deficit and the development of a long . term sequelag is
. {

. controversial and subject to debate -(1,2,6,9). A Prospective trial

comparing absolute diabetic control to poor diabetic control and the

. development of chronic complications. is not possible. As Tchobroutsky

. states, "the definitive demonstration that the microvascular

complications of diabetes can be prevented by normalization of blood

glucose in man cannot be made since normoglycemia cannot be sustained

from the beglnnlng of the disease with our current methods of treatment”

Y
.

(9). The llterature with respect to man, therefgr consists primarily of
s

SIS ¢

retrosnfbtlve and prpspective studles comparing the degree of diabetic

controlk and durafion of disease to the development of chronic

" Pirart studied over ' 4000 diabetic patients betv'zeenvl947 and 1973
and concluded that retinopathy, nephropathy and neuropathy are true
complications of diabetes, with chronic hyperglycemia' as a common
etiological feetor (10). The Steno Study Group examined .the effect of
strict metabolic control of diabetes by subcutaneous infusion pump and

demonstrated improved retinal and renal function over a six month period



=

(11). Eschwege et al. demonstrated a slowersrate of progfession of

microaneurysms in insulin dependent diab;tics t ced with multiple
daily insulin injections compared tﬂ patient;’ treaied with a singlé
daily injection (12). Miki and co-workers demonstrated a relationship
between good control of diabetes and the slower progression of existing
retinopathy (13). | |

There is an ample supply of experimental studies involving lower
animals that support thé hypothesis that the metabolic environment of
the diabetic causes . the complications (14915,16). In doés- made
alloxan-diabetic, E&german et al.,. showed that microvascular retinal
lesions were significantly reduced in frequency and "severity in well
controlled dogs compared to dogs deliberately poorly controlled (1&;?

Lee and associates demonstrated that diabetic glomerular changes develop

in normal kidneys transplanted into diabetic rats. Conversely, these

c?j3§$s are reversible upon transplantatior of kidneys from diabetic

rats into normal recipients (15).
On balance it should Be concluded that while a causal relationship
between hyperglycemia and the development of complications can be
. g :

ﬁgither proved nor disproved, it is strongly suggested_by the ‘existing

Y

experimental data. As Foster suggesté "it. would appear prudent to

maintain the plasma glucose as near normal as possiblé in ail diabetic
patients" (2). |

The fact that many 'proteiﬂs can be glycosylated. non-eﬂ;ymatiéally
and that the degree of glycosylation is directly :correlateéxaith the
mean level of the plasma glucose provides a hypothetical mechanism by
which hyperglycemia may causé chronic ‘complications. It.is - presumed

that the glycosylated peptides might cause abnormir structure and

T



function of ‘vascular and other tissues (2). This type of evidence
provides for the first time a.‘biochemical rationale. for meticulous

control of glycemia.

Conventiona? Therapy

The first e#piricalttreatment of diabetes mellitus is cﬂéﬁ?féd to
John Rolio'vwho, in 1797 prescribed a d?et exclusively of meat and
'dietary manipulations continued to be the mainstay of treatment wuntil
1921 (17). Witﬁ the isolation of inéulin, the modern era of treatment
for diabetes began. Although certain strategies have evolved since that
time dietary management and intermittent subcutaneous insulin injection
are still the standard treatment of insulin dependent diabetes (1,2).

Ar of advancement in the delivery of éyogenous insulin include
home glucose monitoring, mudtiple daily iﬁjecti né of insulin, and the
use of continuous subcutaneous insulin infdéion pumps (18,19,20). Qith
the use of home élucoée monitogiﬁg many patients can be trained to
becoge éxperts in maintaining near no?moglycemia (18).

The.failure,of conventional treatﬁent to nérmalize blood glucése
levels in diabetics provided the impetus for dgvelopment of a ‘true
'mechaniéal endqcrine pancreas. With such a system blood glucdse levels
are maintained within. a target range by the infusion of insulin at a
variable rate adjusted by on-line monitoring of blood glucose levels.
Use of such mqni;oring ;ystems has been limited because of technical
problems ‘in developing an impiaétable glucése sensor. Presently
available systems utilize extraéorporeal sensors that are bulky and
require éttachment of the patient to an intravenous line with continuous
vblood withdrawal. Due to these difficulties aétention turned next to

the use of insulin delivery systems that mimic normal insulin secretion
4 .




but that do not depend on minute to miﬁg&g monitéring of blood glucose

levels. With insulin infusion pumps iﬁéulin delivery s programmed tq
mimic the diurnal variation 1in plasma insuliﬁ and to provide 'pre-meall
boluses. The subcutaneous routé of insulin administration is preferable

to the intravenous route because of grgater safety and fewer
complications (19). It has been shown in short-term in-patient
stud;es, normai or near normal glucose control can be achieved with ;he
use éf s;ch pumps, Subsequent studies have demonstrated the
effectiveness of  subcutaﬁeous infusion systems in - the out- patient

management of diabetes (19). Althdugh the control of glucose regulation

attained by continuous infusion is approximately the same as intensive

multiple daily injection therapy, patien&*p?e{;g:nce and acceptability
is higher with use of the pump (21). "

Pump therapy has been associated with correction of a variety of
metabolic, functional, and ‘structural abnormalipies that characterize
poorly controlled diabetes (22). The ability of the pump_éystem'to stop

or reverse the microvascular complications of diabetes has not -been

demonstraged (19). The insulin infusion system 1is susceptible to a
variety of problems including catheter leakage or occlusion,
dislodgement of the needle, battery failure and local infections. The

most serious .complicatibh of the infusion system, or any method of
maintaining close metabolic controi with exogenéus insulin, is
hypoglycemia. Poorly éontrolled diabetics are vulnerable éb
hypoglycemia because they generally lack the ‘glucagon response . to va'
falling ‘blodd sugér which is the first. line of " defense agginst

hypoglycemia in non-diabetic individuals (18).



o

The endocrine control of glucose - metabolism is far more

. !
sophisti¢ated than a reflex release of insulin in response to a rising
plasma glucose. It is now recognized, that in non-diabetic individualsg,

normoglycemia is largely maintained by the coordinated interplay of

insulin and glucagon (18). The appropriate secretion of insulin limits

the magnitude and duration of p%ftprandi.l_ hyperglycemia and the

secretion of glucagon prevents the occurrence of hypoglycemia betwéén
meals. The plasma glucose concentration ;nd the overall movement of
glucose to various tissues is dependent upon thg reiative'amounts of
insulin and ‘glucagon at any given time. Therefore the proper
coordination of insulin secretion to glucagon secretion is critically
important. This is made possible by intercellular chanﬁels between
adjacent alphaAand beta cells_known as gap junctions and by feedback
relaticnships between each others hormones (18). _Wheﬁ normally
coordinated the alpha-beta unit pro&ides a Vir;ﬁélly fool;proof defeﬁse
against both hyperglycemia and ﬁypoglycemia.o |

In healthy fasting non-diabetic individuals insulin is secreted at

a rate of probably less than L unit per hour to keep peripheral insulin

levels _in ‘the range of 10-15 microunits Per mL. Avoidance of

hyperglycemia at mealtime requires a rapid and properly timed increase

in the ié:g}in secretory rate proportional to the size of the meal. To

prevent postprandial hyperglycemia the burst of insulin must - anticipate

the influx of glucose from the ‘intestine rather than simply react to g

rising plasma glucose level. The glucose level itself is not> normally

‘the initiator of the insulin response early in the course of a meal,

Insulin secretion begins before the first rise in arterial sglucose

levels (18). " Clearly thén, other signals, besides glucose must shape

T
Lt
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both the timing and the degree of the insulihvresponse to prevent

excessive postprandial hyperglycemia. It would Bppear that, Several
a, T awim

PR «

signals ' originate in the gastrointestinal tract, 1including wvagal ‘-

° —
neurotransmission and a number of gastrointestinal "hormones" such as

<7

\ -
CCK, gastrin, secretin,and GIP. The importance of the hepatic portal

circulation for insulin to maintain normal full metabolism has been
’ - v

demonstrated as well (23).

Given the complex.nature of glucose homeostasis, which reqd&;es the

intimate‘relationship between alpha and beta cells functioning as a
i

,
single unit, it is not surprising that the administration of a single
hormone, insulin, given in response to a single parameter, glucose,

fails to provide optimal diabetic control.  In spite of ‘increasing

£ . .
sophistication injﬂthe fashion it is pgiven, it -seems unlikely that

PEL . P N . ‘ - - ) .
exogenous insulin admlnlstratloy_ will ever provide the strict control

.

necessary to p event chronic diabetic syndromes.

Pancreatic Transplantation as Treatment -

7
i
N

Total endocrine replacement therapy. in the form of pancreatic
transplantation was born odt of the realization that exogenous insulin

administration, as currently practiced, failed to contral - the
. - \‘
development of long-term compljcations of diabetes.

Transplantation of the endocrine pancreas can be achieved in one "
: : - — P

of three ways, immediately vascularized whole orgén transplants, .
segmental pancreatic. transplants or the transplantation of isleté' of
Langerhans as a free gpaft‘ (24) . There is a wealth of egberimental
studies in small animals which demonstrate the. ability of pancreatic

graffs to prevent or reverse diabetic microangiopathy (16,24-32); B
: |8
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NIQ\1974 Maugr et al . demonstrated for the first time the ability of
o

islet transplantatlon to affeqt the’ progression of - renal glomerular

lesions (29,30). They'described ag increase in mesangial matrix of

glomeruli an- cHe deposition of macromolecules (IgG IgM complement) in

the mesangium 6 months after the induction .of diabetes. These

investigators demonstrated that islets transplanted 6-9 months after the -

‘

induction of dizbetes caused a progressive disappearance of IgG, IgM and

complement from the glomeruli.“ In addition, the amBunt of mesangial
+ ' -
matrix either failed to increase or actually-decreased after islet

1

transplantation while in untreated rats the renal lesions progressed

Pd »

Gray, and co-workers (16), performed slmllar experlments and demonstrated

e \

that islet transpla?tation at the 1ncept10n of diabetes would preveqt

the subsequent deposition . of immunoglobulins in the glomeruli and

¢ - ~

thickening of the mesangium. . " Hoffman -and co-workers  ¢ompared

fetal pancreas transplantation to insulin injection - in rats and
i . .

demonstrated that glomerular basement membrane thlckenlng falled to”

. . | AL, | - L
develop in ‘the transplanted rats/ while . the insulin controlled rats-
3

developed glomerular lesions (26). N

-

Leakage from retinal capillaries of diabetic. patients can now be

measured quantitatively after fluorescein angiography. Significant

LY

0'0

leakage has been demonstrated’w1th this techhique at the time of onset o

e

of dlabetes in the Juvenlle diabetes. Krupin et al. (31) adapted this

b .
technique for the quantlt?tlve measurement of fluoresceln leakage into

. oy o '
the anterior chamber of the eye of the rat. In the diabetic animalj the

» . ' . ‘

amount of fluoresceln leakage increased two fold compared to normal
g X N ¥ -

animals. Transplantation of islets into dlabetlc anlmals resulted in a

-

revefsal of this vascular abnormallty and a‘return to normal within 10
s o . ' . : =

-




- days of transplantation Gray (16), also demonstrated that' the 1slet

cell transplantatlon protected against retinal changes due to dlabetes
‘Nelson and assoc1ates ~have reported degenerative changes in
autonomig terminals of Auerbachs and Meissners plexuses in the colons of

_dlabetlc rats (32) Transplantatlon of isolated 1slets one. month after,

inductien of dlabetes completely prevented¢/§Pe deVelopment‘ of " these

anatomic changes in the autonomlc nervous system

The flndlngs that experimental islet transplantation will either

"ptevent or reverse"early‘- diabetic complicatiohs‘"involving_ the

mlcrovascular system of - the'eye ' kldney and autonomlc nervous system
prov1des hope that the use of" 1slet transplantatlon in diabetic patlents
may be helpful 1nearresting, preyenting‘or ‘Possibly reversing diabetic

w

complications .in these individuals.

Pancreas Transplantation
The' use of transplanted pancreatlc tlssue ‘to ameliorate' diabetes

mellitus, is not a new concdpt. For almost a century, since the classic’

N

studi®s of von Mering and Minkowski (33) in 1889, whichﬁ demonstfated -

that removal of the canine pancreas resulted ~in  hyperglycenia,

sclentists have pursued pancreatic transplantation as a treatment for

diabetes:

Hedon in 1892, described neovascularization . of .successful

v

autografts of canine pancreatic segments placed subciiraneously on a
- PN :

.

temporary wvascular 1pedicle (17).  Normoglycemia was unaffected by -
division ofrthe‘pedicle, and dlabetes ensued following excision of the
segmental pancreatic‘ graft.  On December 20, 1893 twenty-nine years~
before "the ploneerlng work of Bantlng and Best Drs. Watson Wllllams andv

Harsant performed the flrst human pancreatlc transplant in Brlstol (35)




£

They treated a 15 year old boy by the subcutaneous implantation of three

pleces of freshly slaughtered sheep pancreasrgf%ever the. t~ died of
A
diabetic ketoacidosis three days ‘later. Leonid Sobolev spent a

lifetime of research' dedicated to the study of the pancreas and is .

generally - credited .with . ‘being the first major  proponent of
transplantation of pancreatic tissue as a t.wztment of diabetes (36).
Studies by"Ivy and Farrell in 1926 and Houssa; in 1929, documented
short-term function: and histological survival of canine pancreatic
allografts (25).. |

The discovery - of insulin by Banting and ‘Best inﬂl922 and lts
purification by J. b, Collip shortly thereafter shjfted the emphaSLS of
research towards improving the admlnlstratlon of thlS new drug
However, wlth tbe realization that exogenous insulin does not control
the microvascular complications of long-term" diabetes, pancreatic
transplantatioudhas re—emerged voth 1in the laboratory and also as a
potentially therapeutic modality.

The research efforts_ and | tecbniques employed .to‘ trahsplant
pancreatic endocrine tissue follow  two major paths, immediately
vascularléed grafts and free pancreatic islet transplantation. While
technical barr ers have prevented w1despread and safe clinical

\appllcatlon of both techn1ques the ultimate problem faced by each method

s allograft reJectlon

whole Organ Transplantation

The flrst vascularlzed whole organ pancreatic transplant in dogs

was performed by Llchtensteln and BarSchak in 1957 (25) Increasing-

famlllarlty with pancreatlc and vascular surgery led to a variety of

14



experimental studies in the canine model, followed soon thereafter by
human trials. |

Tﬁe initial attempts to transplant the canine pancreas wigh
maintenance of exocrine secretion utilized the dqodenumihs a condui; to
the skin (24)¥ The first clinicalxtransplants in humans by Lillehei in
1966 used a variation of fﬁié technique 226). Largiader was the first
in 1967 to successfully transplant the pancreaticoduodenal allograf
withlinternal‘drainage via a  Roux-en-Y loop of recipient jejunum (37)/
Several ofher grouﬁs followed using similar Eéchﬁiques to manage the

exocriﬁe drainage of the grafts.  These early attempts at whole organ
Al

transplantation were largely unsuccessful due to technical complications.

of the procedure relating to the management of the exocrine secretion

TN
(37,38,39), Complications included duodenal necrosis, anastomytic

dehiscence, fistula formation and thrombosis of the vascular p

(37).
Because of the high incidence of complications associated with
whole organ grafts, this technique has largely been abandoned in favor
. { .

of segmehtal transplantation. This graft consists of the body and tail

and has its blood supply from the splenic vessels (38). This technique

has the advantage that.it is technically easier and it can be taken from

a living related donor since more ‘than 50% of the pancreas remains
in-situ with the donor.
The problem of managing exocrine secretions still exist however,

and a number of techniques have been devised to deal with this, The

pancreati-: duct can be anastomosed to- the ureter (40) or to a- Rouy-en-Y .

i

jejunal limb (41), however, the same problems with anastomotic leaks,’

‘enzyme activation and local necrosis can occur (24). “Ligation of the

\,

15



pancreatic duct leads to. local complications including pancreatic
ascites and ultimately, chronic fibrosis and loss of endocrine function
(24,37). Kyriakides demonstrated the feasibility of ailowing the

pancreatic duct to.drain freely into the peritoheal cavity (42). 1In the

absence of enterokinase the exocrine enzym are not activated. _

Intractable pancreatic ascites, has been of problem with this technique"

however, More recently, Dubernard and associates, in Lyon, France ;have
been injecting the polymer neoprene (43) into the pancreatic duct, ﬁhis
not only occludes the duct; it also suppresses pancreatic secretion.
Although questions stiil exist as'to the long-term effgfts of Ehese
polymers on endocrine frnction, the use of duct obliterated segmental
grafts has been one of the more successful of the Varlous technlques of
whole pancreas transplantation (37\ B

From December 1966 - through  October 1986, 1001 whole organ

transplants have been performed clinically (44) . of these, 425 have -

been performed since July 1, 1977. Currently 329 patients have
functioning grafts, 160 for more than one year and 16 m§r¢ than 4 years.
The one-year actuari%i patient and graft survi?al rates (insulin
indépendent) since’ 19§5 are 83% and 44% regpectively. Although the
sufviyal rates. recently are significantly highef' than previous years
these figures are reflective of the problems.,that still \exA © with
immediately vascularized grafts. Wha}é Organ pancreas transplantation
has not been applied to the treatment of large numbers of diabetics.
Organ précurement and storage are still major obstacles as well (25).
Teéhnical failure aside, a major issue with pancreatic
rransﬁlantation is the need for immunosuppression. .While ideally

pancreatic transplantation would be performed in young diabetics before

16



AN
the development of microvascular ‘complications, it must still be
conceded that pancreatic transplantatioﬁ‘is an experimental procedure
and that immunosuppressiQA is hazardous (45). Moreover, the endocrine
pancreas cannot be rezarded as an immediately 1ife sustaining organ.
For these ctedsons, present indications for clinical use of this
procedure are restricted almost exclusively to select;d diabetic
’ f

patients. already requiring immunosuppression for maintenance of a
coexistent renal allograft (25,37,45,46) .

In summary, major problemf with whole, organ or segmental pancreatic
‘gr-“ts include, technical difficqlty ‘in performing the transplant,
management éf the exocrine secretions, reéuirement fqr immunosuppression
and thebproblem of organ storage. Theoretical‘adVantages exist for all

. -~
'féfi/bf these fundamental problems, when considering free graf-s of

)

o \ ,
‘pancreatic islets as an alternative form of transplantation (37,47).

The ease of the technique of transplanting islet cell preparations .

is attested to by the number df researchers who have performed this.

’

experimental procedure successfully (24,37); Management of the
panc.eatic duct is no longer an issue with islet transplantation:
Immunologic maﬁipulatidn of the isigt cell ‘ g?aft to reduce
immunogenigity-has been documented (48). Finally, the ébility to store
islet cell grafts by '%ryopreservation prior to successful

transplantation has bBeen demonstrated experlmentally (49).

Islat Cell Transplantatlon

The problems associated with presence of exocrine tissue in whole
pancreas grafts has . prompted investigation of the effects of isolated
islet transplants in many laboratories: From a  theoretical point of

view, transplantation of normal beta cells into an insulin .deficient,

17
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diabetic recipient 1is the most logical approach to treatment of the
disease (25).

The earliest attempts at islet cell transplangation were free
grafts of pancgeatic fragments. In 1929, Brancati, succeeded in
autotransplanting ffee s?gménts of duct-ligated caniée pancrsas into the
‘greater omentum 5). Histological examination of grafts that had
survived over 30 days‘ showed normal islets améng atrophied acini.
Classic studles by Browning and Resnlck in 1951, documented ;hort term

' @
hlstologlc and functional survival of subcutaneous allografts of minced

murine pancreas (25). 1In 1959, Brooks and Gifford autotransplanted,

vascularized canine pancreas into the rectus muscle. The grafts were

then allotransplanted as large fragments but did not function (35).

These initial attempts to transplant g-pancreatic fragments were

considered unsuccessful and unsafe because the associated exocrine
'enzymes autodigested the transplant tissue and injuredbthe host (50).
The detrimental effect of transplanted acinar tissue on graft
function and viab 1i encouraged the development of isiet-riéh‘tissﬁe.
Most of the pioneering work aFtempting‘to produce rela;ively pure islet
Preparations was done using the rodent model. Two phases marked the
development of islet isolation. Microdissection began with Bensley who

.

studied islets within the guinea-pig pancreas and picked them free from

18

acinar tissue (35). Microdissection techniques, however, were*gg

traumatic, and produced only small numbers of islets.

It was the failure of microdissection and the need for islets to be

used for in Qitro studies that prompted Moskalewski’sywork in 1965 (51).

He was the first to describe the enzymatic method of islet isolation

using thé enzyme complex collagenase, Although the enzy..e destroyed



many islets, it did #ilow complete separation of islets from gcini.‘ The
islets were viable and responded to in vitro glucose stimulation by
degranulation. Lacy and Kostianovsky improved the technique by
intraductal distension of the pancreas before digestion and separated
islets from the digested pancreas by centrifugation in sucrose gradients
(52). These modifications resulted in the isolation of approximately
300 intact islgts from a single rat- pancreas. More efficient separation
was reported by Sorenson using density gradients of Ficoll l(53).
Following Ficoll centrifugation. the islets could then be hand picked to
provide a relatively pure preparation of islets. Suspending the Ficoll
separated islets in phenol red solution under a dissecting miéroscope
with a reflected pgreen light facilitated the process of hand picking
(54). Subsequently, Lacy and associates assessed the viability of
isolated islets in vitro by perifusion demonstrétihg that islets placed
on a millipore filter within a plastic chamber responded to glucose

stimulation with a b}phasic secretion of insulin (55).

-

The gradual improvement in islet isolation techniques eventually

provided the ability to carry out transplantation experiments using
relatively pure isolated rodent islets. Younoszai et al. in 1970, first
reported the transplantatipn of isolated islets (56). They temporarily
ameliorated chemically ind#ced diabetes in the rat by intraperitoneal
gg;g%plantation of isolated islets.

The first major exercise in experimental islet transplantapion _was
reported by Ballinger and Lacy in 1972 (57). Intraperitoneal or

intramuchlar isotransplantation of 400-600 isola:ed islets into

streptozotocin-diabetic rats, produced long-term amelioration of

hyperglycemia, polyuria and glycosuria. Excision of the intramuscular

&
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transplants restored the diabetic state. Their work was independently
confirmed by Reckard and Barker the following year (58). ‘

A significant advance in experimental islet transplantation was
reported by Kemp who, in 1973, ‘described a method of implantation that

improved the efficacy of islet transplantation without increasing islet

[

requiréments (59). . Intrapoftafﬁ embolization of only 400-600 rodent .

islets completely normalized blggd and urine gluc;se levels, where as
the same number of islets transplanted intraperitoneally 7 only
ameliorated the diabetic status of recipiéntsr Int%aportal embolization
probably owes its success to increased islet viability résulting from an
immediately available blood supply and a physiological route for insulin
secretion. The importance of the portal circulation for insulin
activity has been demonstrated (23). |

yon] Since KeMp's work man; grouﬁs haye successfully ;pplied intraportal
injections of islets for long-term fe&érsal of diabetes in rodents (24).
The number of islets required for successful transplantati;n depends on
several factors including the integrity of the islets aﬁd the seﬁericy
of ﬁhe preexisting diabetic state. As few as 240 or, ovér 2000 islets
may be required to restore normoglycemia in fats. The latent period
between transplantation and amelioration o{_diabetes-is shortened, and
glucose tolerance improved as lgrger numbers of islets are used. If

over 1000 islets are used normoglycemia reliably ensues w1th1n 1-2 days.

If only 200- 400 islets are isolated from a pancreas multlple donors may

be needed. 1In rodents this is not a problem since syngeneic strains are

available for experimental studies (24) .

Besides the liver and peritoneal cavity isolated islets have been

transplanted .to a multitude of sites in rodents with variable results.ﬁ‘
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Intrasplenic injection is néariy as efficient as intrapgrtall injection
in rats (24). 1Islet cell function and morphological viability have been
documentéd following emﬁolization to the 1lung via a systemic vein,
direct injection into. the liver, implantation under the kidney

capsule,intracerebral inoculation, trangplantation to an omental pouch,

or anterior chamber of the eye, as well as subcutaneous,

intratesticular, intrapancreatic or intrasalivary sites (24,25,60) .3

Reversal of experimental disabetes was most reproducible with
intraﬁeritoneal and intraportal islet grafting (25).

An alternative approach to obtaining an islet rich tissue haJ been
the use of fetal and neonatal pancreatic tissue. ' The rationale for
using thes€ tissues is ba;ed upon the variable rates of differentiétion
between exocrine and endocrine coﬁponents of . the pancreas. Endocrine’
cells appear early in organogenesis and are able to synthesize insulin
and glucagon at a time when acinar cells are undifkefentiated.
Fﬁrthefmore, endocrine cells have a high growth potential and the choice
of an appropriately aged fetal or neonatal pancreas will provide islet
rich tissue that may ‘continue to develop withou£ the potential for
autolysis (37).

“Leonard and Laz;row first demonstrated thatndiabetes in rats could
be ameliorated by intraperitoneal transplantation of multiple neonatal
pancreases dispersed by collagenase digestion without specific islet
isélation (61). Subsequent investigators have shown that diabetic
-States in ‘rodents can be rever§ed by intraportal, intrasplenic, or
intravenous administration of'dispersed neonatal pancreas (24). The

limiting factor in the use of neonatal tissue is the large number of

e

dqggrs required to effect rapid reversal of diabetes.  Other researchers
- ’ '
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have demonstrated the use of fetal tissue to feverse.the‘Aiabetic state
as well (62,63,64).

The results of the above series of investigations, as Qell as
others{ have established that complete reversal of diabetes in rodents
is'possible by transplantation of islet tissue. Extensive metabolic
studies have'demonstrated‘normalizatlon of growth, glucose tolerance and
a variety of other metabolic factors (25,65). 1Islet tfansplantation . in
rodents was demonstrated to halt and reverse the micrbvaspul;r changes
of diabetés (16,29,30).

The early lsucc%és of islet transplantation in rodents prompted
studies in larger animals. It was quickly realized that the procedures
for isolation developed using the rodent model would not. be adequate in
dealing with the more compéct and fibrous pancreas of higher mammals
(24,25,66) The yield 6f‘ isletsi from one - donor was insufficient to
reverse the diabetic state. Unlike rodents, multiple allogeneic donors
could not ' 'be used as islets would be subject to rejection before
function of a technically successful graft could be determined.

The problem of islet yvield was'partially solved by Mirkovitch and
Campighe (67). They reversed diabétes in totally pancreatectomized dogs
by intrasplenic autotransplantation of dispersed pancreatic tissue
prepared'from the pancreas by collagenése *digestion alone, with no
attempt at islet purification, Splenectomy lead to severe hyperglycemia

and death, They chose the spleen because of its rich blood supply with

-

venous outflow to the portal circulation.
The work of Kretschmer and associates confirmed the feasibility of

using collagenase dispersed \$ragments without purification to produce

-

normoglycemia in pancreatectomized dogs (68). Using gontrol dogs they
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demonstrated the necessity of collagenase digestion during érafg
preparation for successful islet transplantation. Other investigators
have successfully used the model of intrasplenic téansplantation of
islets (24). | |

The technique describea by Mirkovitch and also by Kretschmer
involves direct ihoculation of the islet cell graft into the §Eienic
pulp. Warﬁock et al. have modified the procedure. They have
successfully produced normoglycemia in pancreatectomized dogst by
refluxing the graft in retrograde fashion into terminal splenic veins
(69). They demonstrated superior function when compared to direct

-

splenic inoculation.

Whilg embolization of pancreatic islets fo the liver vié the portal
vein has been shown to be the optimal method of -transplangation Ain
rodents (59), it is not the case in the canine model. Diabetes>has been
treated by infusion of collagenase dispersed pancreatic tissue into the
portal vein of pancreatectomized dogs (70,71).1 Serﬁm liver enzymes are
transiently -elevated and the_dogs are particularly susceptible to the
development of portal hypertension. Kretschmer (71), found this route
to be less effective than transplantation to the spleen. Mehigan

described disseminated intravascular coagulation and portal hypertension

after intraportal transplantation (72). This syndrome was secondary to

- the release of thromboplastins in the preparation and could be prevénted

by prbphylactic administration of heparin and aﬁrotinin.' Lorenz has

‘transplanted collagenase ‘digested islets purified by Ficoll gradient

separation via portal embolization. The dogs failed to develop enzyme

abnormalities or portal hypertéhsion (73). The :intraportél route has

also been wused sﬁccessfully for pancreatic islet transplantation 1in

-
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Baboons (74), rhesus monkeys (75), and pigs (76). With respect to

heterologous sites of transplantation succe§sfu1 engraftment of ‘islets

in a renal subcapsular position has Been reported (77). The superiority‘

i
of the splenic bed as a transplantation site for pancreatfg§§Fagments in

dogs ha; been emphasized By igveral investigators (67,69,71).

The above work demonstrates that, by eliminating the ’steps' of
purificz :ion, sufficient islet tissue can be obtained from one donor to
produce long-term normoglycemia in the canine mode] .

According to the pancreas and isiet transplant registry there have
been é total of 79 cases of isle; autoﬁransplaﬂtation after total or
near total pancreétectpmy performed world wide (78). Approximately

one-half of the 79 recipients were reported to be insulin independent

after the procedure. The results are difficult to interpret and the

relative contribution of " the transplanted islets or thé pancreatic
-remnant to maintaining glucose homeostasis cannot be discerned.

There have been a total of 166 allotransplants of pancreatic islef
tissue performed throughout the world to date (78,79). The islet
preparation techniques, the sitegv of transplantation, and the
application of immunosuppression héve been exXtremely wvariable in the
islet allogfaft attempts. There have been no reports of transplantation

of truly purified human pancreatic ~islets. Currently, none of the

recipients of free pancreatic islet allografts is insulin independent.

It appears that a method of islet allotransplantation suitable for

\

¢linical application is not yet available.

Desplte the current lack of success at transplantlng islets in the

~clinical settlng, research over the last few years has demonstrated that

1

the concept of transplanting insulin Producing tissue in the diabetic
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patient is a goal that can be achieved. A tremendous amount of research
is-currently approaching the problem of increasing both the yield and

the purity of islet cell grafts (66). Y

At the same time a number of laboratories are applying effort;
toward solving.the ultimate problem facing pancreatic transplantétion,
thebrejection process (48,66). The use of immunosuppression 'is béing
studied but the ability to immuno-alter the graft prior to
transplantation or to immuno-isolaté‘ the graft ma} ultimately allow
allotransplantation of pancreatic islet tissue without the use of
suppressive drugs and the)fear of rejection (48).

Further studies are also needed to delineate the ideal site for

transplantation of pancreatﬂg/islets. Such a site should provide a

_'rapid vascular supply for the islets, autologous venous drainage to ~the

liver of their released hormones and easy access both for

transplantation and removal of islet tissue (66). Which site will best

meet these criteria remains to be determined.

Approaching the optimal islet preparation, defining the most

~

efficient and safest site, and manipulating the tissue appropriately  to
prevent rejection should confirm whether islet tissue transplantation
will be the best way to offer diabetic patients a form of therapy that

may effectively prevent the complications of their disease.

Current Issues in Islet Cell Transplantation

1) Increasing Islet Yield

Merkovi?ch and Campiche were the first to demonstrate amelioration
of diabetes in the canine model with islechontaining tissue from 1
donor (67). Th%g was done by transplanting pancreatic fragments

prepared by collagenase digestion and mechanical dissociation,

~
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eliminating the steps wused for graft purification used in the rodent

model. The above study,,ﬁowever, and subsequent experiments (68,80) hés
de;onstréked that metabolic funétion in  diabetic recipients  of
pancreatic fragments was only partially restored.. As a consequence,
different aspects of the islet isolation process have been exa;ined and
modified in an attempt to.improve islet yield.

~ The very nature of the ' techniques described prevZZEﬁly ard

partially responsible for the difficulty in isolating islets. Ductal

distention and disruption expose interlobular planes o collagenase
: N

)

which digests exocrine and endocrine tissue indiscriminately (8L).
Mincing the pancreas results\\in SOZ loss of tissue insulin (67).
Incubation of the chopped pancreatic fragments in collagenase destroys
more than 70% of the islets as well as the acinar t£§§ue (82). The
yield of islets obtained by mechanical dispersion ‘and enzymatic
: < 3
digestion of the pancreas was less than 10% of the-total islet mass of
the original gland (83). -
\

. ?pchﬁiques for improving islet yield currently under investigation
can Be divided into 4 major-caﬁegéries: altefations to the pahcreas in
vivo, manipulations to the pancreas in vitfo, ‘assessment_ of the
technique of pancreatic‘diséersion_aﬁa most importantly,.a reexamination
?f the @ethod of digesﬁioﬁ of tﬁé pancreas (66).

Whiie the pancreas. is~(§§i11;§in the donor there are several
manipulations that may improye islet yield.- ‘Payne (84) demonstrated
that administration df DL-Ethionine to rats prior to isolatidn improves

islet yieidf . DL-Ethionine selectively destroys acinar cells without

effecting islets, however, the technique required . pfolonged

N

~administration prior to gland harvesting, an impractical procedure with

A\
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pancreas through the Venous'system of . the gland rather tha..the duct

cadaverous donors, and as well DL®Ethionine is a known carcinogen. The
use of pilocarpine as a pretreatment in a- similatr fashion has also
- _

demonistrated an 1increase in iilgt yield 1in rats (85). Scharp has
‘ . ‘ . . i . |
examined the addition of pitocarpine, -pancreozymin and secretin to the

ductal perfusate and has increased islet yield (66).

‘The~next opportunity for modifying the isolation process comes with

removal of the ‘intact pancreas. Lacy (52) has shown that " mechanical

distension of the rodent pancreas ing;easéé islet yield, by causing
mechanical separation of iélets from exocrine tissge making .digestion
easier. .Ductal distension doeé not work as well with the more fibrous
caninevand“human pancreas (66). Aiternative methods of distending ' the

gland have been examined. Intra-arterial distension was unsuccessful as

’

the-islets were essentially exploded by the pressure (66). Downing and

,

co-workers demponstrated an increase in islet yield by distending the dqé
L :
. . . {

(86). Combining the technique of pancreatic distensidon with digestion

[ o

by incubation still did not produce sufficient free islets to permit
. , :

single donor transplants in dogs. The next advance in trgating the

paicdreas in vitro came from - Horaguchi arid .Merrel k83) wnen they

troduced the concept " of retrograde, perfusion of ?he/ glaﬁa with

ollagenase prior to islet isolation, With this technique, 1in ghe

"1
( / . -
'\\é
N

anine model, a 57% recovery of beta cell mass was suggeéted by insulin

rLcovery. A 6 fold increase in beta cell content cbmpared to the intact

\

gland was noted. Normoglycemia in dogs was noted following transplants

to the splégn and liver. The imporﬁance of this step has -beenv'

demonstrated by others since (66,69).

/)




The method of mechanical dispersion of the gland used has ﬁeceived

less attention than othér aspects of the isolation process. Somé favor

51mp1e cutting of the gland'with scissors (66) while others prefer
chopping with v)unter rotating blades (69). Gray amd co-workers

recently described a, modification of the digestion filtratlon process
L ,
that they have applied to the human pancreas (87). They emphasize that

their method does _not involVe mechanical chopping of the'gland. The
gland is digested by intraductal distension with collagenase and cut

into‘fragments‘ with scissors.. The fragments are then teased apart

releasing numerous fine- fragments into cold Hank's solution. Further
i B | - /y
4

Y

‘ dispersing 6f these- fragﬁents was. performed by gently’ passing thén

throuthlA,and 15 gauge needles. Using this method 1,101 islets per

gram of tissue were isolated. Collagenase isolation of islets has

received the greatest attention‘ from 1slet 1nvest1gators Most

researchers use a technique based on Moskalewski s original method (51)
]

iThe method destroys islets that are released early in the d#gestion
procéss while at\the same'time leaves much of the islet mass trapped in
" the pancreatic-fragments. It is extremely 1neff1c1ent (Bl)." Scharp has
approached this prohlem and developed a digestion perfusion“ technique
that eliminates the need to identify a set end -point (75).. dhopped,

- . ’ ’ . . . . ’
pancreatic fragments were loaded. into a single sterile screeh and a

series of separate digestions were"perfoLmed washing the released islets

’\\ .’ g

out of © the chamber . Further examination of  the ingtial

: ( o . A "3 »
digestion-filtration process led to modifications designed to 1ncrease
. B i X ‘? iy /

\ﬂ ’ . - . : . o
the efficiency or-convert the process from discontinuous to aﬁ@@ntinuous_

digestion-filtration process. The result of this effoit“.is the

auto-isolator (66). The device has fine stainless steel screens over

&y i

)
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which the pancreatic fragments are placed. Enzymé is then pumped into

the screens and across the tissue fragments. -Scharp has demonstrated

29

that using this method that over 90% of single donor, single pecigient A

islet autotransplants in dogs have been successful.

Lacy and associates have evaluated a novel way tp retain the

pancreatic ffhgments wﬁile permitting collagenasé to release: islets
(88);' Théy have usea the uﬁivérsal fastenef "“Velcro" to hold onto the
fibrous portion of the giand. this method seems to yield more intacf
islegs &hén the auto-isolator (66). |

On'the basis that collagenase de;troysAislets and cont=minatés fhe
graft investigators have evaluated the feasibility: of preparing islet
rich pancreaﬁic’fraéaents by éliminatﬁng‘enzym;t;c:digestibn com?{e_e Y.
'Hinshaw;and'associates -(89) rep&rted isolation of 500,006 - 2}000,000
islets frﬁm a 'singlé human pancreas by band3‘pressing undigested

pancreatic fragments through a stainless steel screen 200-280 u pofe

size. Toledo-Pereyra (77) repofts normoglycemia in dogs

allotransplanted with non-coilagenase ‘digested tissue prepared by

pressing pancreatic tissue through a steel screen with 1.5 mm pore size.

prever, the necessity of the COllagénase digestion step in islet
isolation has been documented by others (68).

In general, the methods being evaluated to isolate islets in “large
’ . L e &

“animals and man provide a sufficient number of 1islets to achieve
. : )

normoglycemia,as shown in dogs, but the islets are so . few in number or

1

so cortaminated with exocrine cells that they arel risky for clinical

trials /90). A A : R



: s »
ii) Increasipg Islet Purity
i :
Increasing the purity of islet cell gv:fts is important from the

point of +i:w . of safety as well as for immunological regions. .Doing
éway with unwénted exocrine tissue will avoid the‘problem$ associated
with this ti;sue and production of a purer graft may pfoduée‘ greater
success with allotransplantation.- ’

Although currenf interest in tissue culture 1s as a means of
immuno-alteration this technique waS‘initially examined as a means = of
gréft.purification. Lazarow et al (91) showed that culture ofi-human
fetal pPancreas resulted in disappearénce of acinar cells and enzyme

production while.islet cell mass was preserved. Similar findings have

been demonstrated in the rat (92), the dog (92,93) and the human

< -

(94,95). Acinar cells are autodigested due "to-the action of. intrinsic

énzymes whike the  islets are relatively spared resulting in purification

;
< -
g

of the tissue.

Matas (93) 4has demonstrated reversal of hyperglycemié in dogs
rendered diabetic by - partial pancreatectnmy\ and sﬁ?ep;ozotocin
transplanted with pancreaﬁic fragments‘ cultured for 24 hours, Insulin
nontent of the cultured tlssue was reduced by over 1/2 compared to fresh
tlssue, however. Another approach to purification of islet cells is fhe

production of'pseudo>i§lets _This technique, is being investigated by

’

Scharp and associates (66) 1nvolves the dlgestlon of pancreatlc tissue

w1th collagenase and tryp51n to a single cell stage. Single islet cells
areAthen separated from contaminating ‘exocrine tissue 1n1t1a11y by use
of Ficoll, se&1mentat10n and later w&th the’ Beckman Elutrlator Tne
elutriatorlworks.on the principal that qounterfcurrent centrifusation

’ |
separates particles of different size (96). Gyrorotational culture is
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then used to re-aggregate the purified single cells into pseudo-isletf.
Schgrp has shown by immunoperoxidase staining that the pseudoislets are
comprised of over 90% islet cells which release insulin in vitro. The
précess has been adapted to be. used with the auto-isclator, however,. in
the dog model only 25% of autotransplants became normoglycemic. Scharp
has concluded that this process results in very pure islet tissue- but
gives a marginal yield (66).

Several other means of islet tissue purification 4re currently
being investigated. Scharp and associates have been examining a new
electrophoresis device aeveIOped by tﬁe McDonnell Douglas Corporation.
?reliminary trials have demonstrated the feasibility of partia'ly
separating individual islet cell types from each other. . The fluorescént
activated cell sorter has begn shown to be able to partially. purify

islet cells. Another approach'in purifying = islet tissue is the use of

monoclonal antibodies directed against islet tissue. The cell -

preparation to be purified is either passed through a:‘éolumn or
‘incubated in’petri dishes. The antibody complexes with the appropriate
éell types and retains them. Further elutriatioﬁ then releases the
desired cells in é purified form (66).

Nason and associates recently described the effect of high dése

radiation on pancreatic microfragments (97). Subjecting the islet cell

graft to 5000 rads resulted in destruction of contaminating exocrine

cells as documented by electron microscopy. This res..ited in-

purification of the graft as suggested by a 2 to 3 fold increase in the
o . . . t

" insulin/amylase ratio of the graft following irradiation. Viability of

the irradiated graft was suppbrted by in vitro challenge.with glucose
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and~; 70% success' rate at 1 month in dogs éutotranspianted to the
spleen. |

A techniqﬁe of canine pancreatic islet isolation which results ‘in
highly purified islets has been described by Noel;- Alejandro and
associates (98,99). Their technique involves initial distension of the
gland with an enzyme solution of collagenase aéd» DNase. The left and
right limbs are distended through the duct. The tissﬁe is then
Incubated at, 37°C. The gland is then distended with a solution of
_hypertonic EGTA aﬁd sucrose and again incubated and this is.followed by
a second digestion with the enzymes . Simple agitation ‘ié used to
dissociate the pancreatic tissue from femaining undigested tissue, ducts
aﬁd vessels, Further disperﬁion is produced by ﬁrituration' of the
pancreatic tissue with 14, 16 and 20 . gauge needles attached to a
syringe. This material is then separated using discontinuous Fiéoll

centrifugation. Islet tissue is removed from 3 distinct layers and then

incubated in a complement solution which causes disruption of

contaminating exocrine cells. The islets are then cultured overnight

prior to transplantation. They state that the tissue is highly enriched

for endocrine cells determined by cell counts from electron ~microscopy, -

demonstrating an increased percentage of endpcrine cells from 1-3% to

60-84% in the final graft and a graft volume of only 1.5 cc. Alejandro
successfully induced normoglycemia in pancreatectomized Beagles in 15 of

24 dogs autografted to the liver via poftal emboliiation for periods of

%

up to 20 months (98}; More recently Warnock and Rajotte have developed a
technique for feliably isoléting highly purified canine islets (100).
They combine the principles -of collageﬁase perfdsidn of " the ducts,

gentle dissociation of tissue, and density gradient separation to
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isolate purified islets. Normoglycemia was successfully induced - in
panéreatectomized dogs following auto-implantation of purified islets
into both tHe spleen and liver.

iii) Increasing Allograft Survival

The ultimate problem facing pancreatiq islet cell transplantation
is allograft-rejection. It was initially hoped that islet cell grafts
would be weakly immunogenic. This hope was based on prior observations
that other endocrine tissue such as parathyroid and ovary e&dkéd onl& a

feeble immunblogic response when transplanted (39). However, the

earliest transplantation of allogenic islets demonstrated that they were

rejected véry fapidly, garviving onLy a -few days in the rat (101). In
19 separate studies cited by Sutherland (24), rat,isle;s transplanted
across a major histocompatibility barrier 5urvived as long as 6 vdays
only in. 2 studies. - Minimizing histoincompatibility by using major
hlstocompatlbxllty complex (MHC) compatible ' donors fails to extend ;he
-rvival of rat 1slets allografts beyond 8 days (39). | Various types of
specific ;mmunosuppr9551on have " been used in islet. transplant

periments. Prednisone, azathioprine, cyclophosphamide and

cyclosporine A have all proved relatively ineffective  in prolohging'

survival of isolated islet allografts (39). Even antilymphocyte serum,

N ‘ x
which is the most effective immunosuppressive ‘agent in prolonging islet

allograft survival in rats, is more effective in. extending skin and

vascularized allografﬁ survival. Islet cell grafts have been
Cransplanted to "immunoprivileged"’sites as well. The anterior chamber
of the =esye, the hamster cheek pouch, the testes and the renal

subcapsular region have been used. The wuse of immunoprivileged sites

_has'ndt coasistently led to prolonged allograft survjival. It wduld
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therefore' seem that islet cell grafts are particularly susceptible to

rejection. The reasons for this are not known. A possible explanation

of the very brief survival of islet allografts is that 1like other

. dissociated cell grafts (eg. bone marrow) they may be susceptible to-

damage by humoral immunity‘ (39). Islet allografts estab}ished in
allogenic but tolerant hosts remain vuinerable to destructien by
administration of antibody whereas allografts of vascularized pancreas
are not damaged (102). | |

Another explanation is based on the fact.that quantitatively less
insulin secreting tissue is gngrafted' with iglet cell transélanCS' than
whole organ grafts. If the number of islet- transﬁianted is  just
sufficient to normalize hyperglycemia the destruction of a few islgts
wouid result in a return to the diabetic state. Finch and Morris have
demonstrated that by increasing the number of transplanted islets
functional survival of islet allografté in rats can be prolonged (103).

Nevertheless, recent experimental findings suggest that despite the
highly vulnerable nature of islet .tissue allografts, the-‘ islets
themselves may be only weékly immunogeﬁié. The evidence for ;ﬁis

contradictory situation comes from experiments in which pretransplant

treatment of islets has been carried out to ensure implantation of pure .

endocrine tissue (104,105).

Lafferty and associates étimulated this work when they demonstrated
that thyroid gllpgfaft survival was prolonged when‘ the tissué . was
, cﬁitured in 95% O2 (for 3-4 weeks priof ;o transpléntatiop.(IOG).. Lédy
,Subsequently adapted the technique for pancreatic aislet tissue (104).

~High O2 tensions are toxic to islet cells, however, Lacy demonstrated

that rat islets cultured: at 24°C for .7 days could be ‘allot;anspianted

34



3

into recipients receiving a singie dose of antilymphocyte sérum with 85%
survival of grafts at 100 days. Subsequently ip has beéﬁ shown that
pretran;plént éuiture alone is capaSle of extending survival of 1islet
allografts (105).

The rationale for improved results wit; allografts :following
pretreatment by culture is based on the "passenger 1eukocy;e" theory
first proposed by Snell in 1957. Lafferty has recently gummarized - this

theory and elaborated on how it applies to modern cthepts . of

immunoregulation and immuno-alteration prior to transplantation (107).

The thééry holds‘tﬁét a small number of allogenic leukocytes could

stimulate a strong immune reaction. It is pogsible tha; the gost
sensitizagion resulting from islet tissue grafts is actually éaused by
the passenger leukocytes contaminating °the graft rather than the
endocrine cells themselves.

This premise was subst;ntiated by demonstratipg the acute rejection
of'éultured islet cell graffs when recipients weré,injected with donor
peritoneal exudaté cells, a lymphoid cell population énricﬁé with
macrophages (108).A Tﬁg donor lymphoid celfg initiated host recog?ition

of the foreign or transplant antigens of the 'graft which serv&& as
targets for immune rqjectién. Thus even thpugh cultured islets still
appeared to eXxpress foreigﬂ transplant ;htigens, an immune rejection
responée was not initiated without donor lymphocytés.

Further iﬁVestigation established that the islets might in fact be
deficient in certain his;oéompatibility antigens. Two funétional groups
of ant{gens céded by thevméjor histocompatibility locus haye} been
‘e#amined by various techniques. Class I antigens (H-2K and H-2D in

" rodents, HLA-A, HLA-B and HLA-C in humans) are believed to be present on
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most nucleated cells . .and are target antigens in transplantation
rejection.’ In contrast Cléss IT antigens (Ia in rodents; HLA-DR in
humans) are ‘believed to control cell-cell. interactioﬁs and the
prolifgrative response of the recipients lymphocytes ' that ultimately
destroy the graft. Parr (109) ‘using an  immunoferritin labeliﬁg
technique was unable to demonstrate any H-2 antigens on the surfacé of
betg cells of dissociated mouse islets while high concentrations of H-2
antigen weré found on acinar, ducfal and cépillary endothelium,.
Faustman and associa?es studying rodent islet cells with cytotoxicity
and absorption assays found that H-2Da nd H-DK antigens were'preéenc on
islet ceils, howeve:, no Ia antigens ~could be demonstrated (110).
Subsequent studies of mouse, rat and human islets héve‘coﬁfirmed that
élass i antigens are'present but Class II antigens arellackiﬁg én _islet
cells (111). Hart énd co-workers (112)vaused mpnoclonal'ahtibodies to
identify Class I and Class II antigens oﬁ rat pancreas and pancreatic
islet cells, or fixed tissue macrophages stained intgnsely:for.C1ass. 11
: antigen;. They postulated that the immunogenic dendritic cell
represented the'immunogenic passenger leukocyte.

At the present time it is genéféliy felt that islet éell grafts,
debleted of‘passenger leukocytes* by a period of tissue éultqre can be
. allografted presentiﬁg only Clags I antigens to the recipie;t. Having
been depleted of Class I1 antigens ,ne;éssar\ Lo provoke an immune
response the traﬁsplantéd islets would ;no: be rzjected even by
nonimmunosuppressed'reéipients. Howevgrf they woﬁld Re,rejected if thé
recipient 'is conffonted witB‘.donof VClass IT antigeﬁs at some point

before or after the islet transplant. _ ‘ &
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Complicating this possibly simplified view is the finding of- class
IT antigens in-the surface of rat endocrine cells by Ulrichs, and

Muller-Ruckholtz (113). ed monoclonal antibodies to demonstrate

that 20-40% of islet beta céells éxpressed Ia, although to a weaker

degree than macrophages, depjdritic-like cells or endothelial ce}ls.
—~ .

They suggest that the Dassenger leukocyte concept may thus be too simple

an approach to the problem of islet immunogenicity.

Presently, there are 4 broad areas in.which most current research,
looking to prolong pancreatic. islet allograft survival falls; graft
immuno-alteration,induction of host toler;nce, immuno—isolation and
immunosuepression. //

A) Immyricalteration: The majority of these studies have been in
the area éf ‘immuno-alteratioﬁ, extensions of the original work of
Lafferty and Lacy in an attempt to prolong allograft survival without

the use of immunosuppression.

-

Lacy originally demonstrated that in vitro culture of donor rat
islets at 24°C for 7 days in conjunction with a single injection of

ahti-lymphocyte serum into diabetic recipients resulted in a 90-100%

survival rate at 100 days following transplantatiéﬁ (104) . Several .

~other techniques of immuno-alferation Béve since been describéd. Bowén
et al demonstratéd thag isolated ﬁquse.islets will form aggregates of 50
to form a large megaislet and, unlike isolated islets, would withstand
exposure to 95% O2 for ﬁp to v7'.days. This pretreatment prevented
rejeétion of 1islet aggregates . when 'tfansplanﬁeé~ across a  major
histocompatibility barrier in mice (114). Lacy and aSsociate;

subsequently showed that rat islets would also form megaislets and

similarity would withstand exposure to 95% 02. Tfansplants of rat

S
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megaislets-culturqdufor 7 days in 95% 02 “beneath the renal capsule of
diabetic mice resulted in 40-50% survival rate at, 70-90 days (115).
Ofper techniques complementing tissue culture have also been developed
to immuno-alter islet cell graftsl Faustman and coworkers have used

monoclonal antibody ‘' against Ia positive donor cells. Incubation of

donor mouse islets with Ia antibody followed by complement would.produce'

a 100%Z survival rate at 200 days. when transplanted across a major
histocompatibility barrier (fl6). Hardy has similarly reduced allograft
“immunogenicity by pretreatment with ultraviolet radiation. He has shown
that irradiatioh combined with 24 hours of tissue -culture couid
indefinitely prolong islet allograft survival in rats (117).

B) Induction of tolerance: Inducing a state of reciéien; tolerance
is also being investigated as a method of increasing allograft survival.
Iﬁ has been demonstrated _that transplantation of Ia-negétive ‘tissue
results in the production of a tolerant state in thg récipient .(105)p

* Faustman has shown this to be an effective: method of prolonging

allograft survival by pretreating recipient mice with “donor blood

depleted of Ia tissue by treatment with monoclonal Ia antibody (118).

This pre-immunization regimén resultéd in an 85% survival rate of the
uﬁtreated islet allografts at 100 ‘days (122). Hardy has had similar
Success pretreating recipient rats with blood similarly’ depleted of
passenger leukocytes by exposure to ultraviolet ;adiation;‘ ' He
demonstratéd 100% survival at 100 days following transpiantation of
untreated rat islets across a major vﬁistocompatibility.barrier (119)1
Another technique of inducing dpnor tolerance has been demonstrated by
Gray.et al (120). They showed that rats became tolerant‘ to renal

‘allograftgs after a 14 day course of cyclosporine A. 'Long-term
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acceptance of the renal graft was followed by an islet - allotransplant
from the same donor, with 4 of the 5 animals accepting the islets
without further immunoguppression. Gray concluded that once a recipiént
rat has acceptéd a renal allograft under the influence of cyclosporine),
it will accept permaneAgly an islet allograft of the same stréin.*
C) Immunoisolation: The subject of immunoiisolation techniquesA as
o a method of prétecting pancreatic islet allografts has been reviewed by
 Scharp and associates ,recently (121). The concept of immuno-isolation
was developed By Algire, Prehn and Weaver in the 1950's as avmeans of
stﬁdying the cellflar mechanisms of rejection. They developed the -first
diffusién ghambers to investigate whéther cellular or humoral® factors
were reéponsible for the destfuction of non-véscularized grafts. They
used a drffusion chamber‘ with different membranes, which either
permitted or failed to permit the migration of host immuno;ellirto‘ the
grafts.‘-Membfanes that prevented cellular contact résulted in proldngea[
survival of allogenic tissue. " This definitive work clearly established
the concept? of immunoJisolation and its potential for 'protecting
transplanted tissﬁg from rejection. Subsequently a number af techniques
have been studied as methods of immuno—isolation.f
Currently there are 4 major techniqﬁes being developed to achieve
;this goal, extravasculaf diffusion, chambers, intravascﬁlar' diffusion
chambérs, intravascular uitrafilération chambers anq micro—éncapsulation
techniques. Each of these major épproéches has definite advantagés and
disadvantages, - however the application of these techniqueé into
functional and practical devices will require the solu;ion; of many

biotechnical problems. Extravascular diffusion chambers can be

implanted in manv locations but -dre limited by host fibroblastic
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responses which further reduce diffusion capability, Intravascular

diffusion chambers have improved diffusion Acharacteristics but have

serious wvascular access problems.

Intravascular ultrafiltration

chambers have. a more rapid response since they do not rely on diffusion

1Y

transplants (24). Azathioprine in éombination with prednisone has been

but have an additional problem of ﬁrotein deposition on membranes micro

'

encapsulation (122) incbrporates the

‘membrane making it more efficient but

membrane toxicity and instability.

islets inside a biochemical

thevtechhique is limited by

Immuno-isolation offers an alternative to other methods of

imprdving allograft survival but the technology must be ‘improved to

deﬁ%lop suitable materials for effective clinical trials (121). ’

D) Immunosuppression: The third method of improving islet tissue

allotransplantation is the use of generalized immunosuppression and a

\

variety of drugs  and protocols have

transplant models.

been tested in the various islet

Silicca and Carrageenan have been employed due to their ability to

inhibit.macrOphége activity,but " only silica was found t6 be effective

preventing rat islet allograft rejection indefinitely if begun 6 days

prior to tramsplant (123)r These agents,

however, . are permanently toxic

‘to macrophages and have not been tried in man.

Most of the immunosuppressive regimens currently used, utilize

lymphocytopenic drugs in an attempt to inactivate ‘the cells involved in-

initiating and effecting the immune response. Chemotherapeutic agents

including melphalan, 6 mercaptopurine, .

cyclophosphamide have been tried.

azathioprine, methotrexate and

Cyclophosphamide has shown little effect in pancreatic . islet‘&
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the backbone of clinical immunosuppressior for over 2 decans. However,

results in.canine and human whole organ pancreatlc transplants and islet
'transplantatlon have been poor. Bell et al were unable to .prolong
normoglycemia in rat islet tzapsplants with azathioprine with or without

steroids (24), nor could Kolb and associates in"dogs‘(124). Kretschmer
-~

et al using‘\gfifhioprine and prednisone in canine pancreatic fragment
allotransplantatlon did achieve normoglycemia in 8 of 24 dogs (125).
All 8 subsequentl% died of 1nfect10ns assoc1ated w1th * excessive

— ’
immunosuppression. Even corticosteroids have failed to prevent or

reverse islet allograit rejection in rats alone ;r in combination with
azatnioprine‘(Za).

Slight prolongation of intrasplenic islet allograft survivalh'has
vbeen'reported in dogs treate ith azathlogrine and prednisone (24), but
Kolb (124) et al observed almost no effect with a similar regimen after
: intraportal islet transplantation in dogs.

s

Antilymphocyte'serum'on one of its derivatives have been the most
effectlve agents in delavlng reJectlon of islet‘allografts in animals
(24) Franglpawe (126) showed prolongation of mouse islet alldg{aft
'survival and Beyer (127) prolonged allograft survival in rats. B;rﬁz}\

et al demonstrated 1ncreased surv1val of xenografts from rat to mouse
e . . ;
: e

with antllymphocytev seru@; (128). Lorenz and co-Qorkers extended
(Q \: ‘-x % " :}‘Lg” =TT

duratlon of normogl %&?azf om<# months to greater than one year in dogs

G . x

combining antilymphocﬁ%" ‘pbulln and aZathloprine in dogs w1th weak

histoincompatibility (129).“‘. _ "

*

)
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Cyclosporine A has proven to be a potent immunosuppressive agent in‘

most experimental models of tissue transplantatlon as well as clinical
« .

,transplantation of 'kidneys, bone marrow art  and liver. - It is of
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particular interest in pancreatic transplantation because of its
‘potential use in a single agent thus reducing the need to use Steroids
with their undoubted dlabetogenlc act1v1ty (130). However, a variety of
experiments have thus far shown cyclosporlne to be less successful in
preventlng rejection of pancreas allografts rn experimental animals than
with other tissuesu In whole organ allografts, cyclosporine has been
shown to prolong survival in rats (131). Cyciosporine in doses of 10
.mg/kg Per day for 15 days showed modest prolongation of survival while

: S 14
raising the dosage to 20 'mg/kg increased average survival slightly.\ A
dosage of 40 mg/kg  was found to be toxic, all animaﬁs dying while

receiving cyclosporine. ‘Rynasiewicz ' and colleagues achieved better

. results using continuous . administration of cyclosporine (132). Using

dosages of 10 mg/kg daily, 57% of segmeEfal gfaﬁfs were not rejected

when ‘transplanted across a minor histocompaéibility .barrier. - Higher
dosega presented rejection completely ‘but  infectiv» complications
resulted in death in 50% of cases. \

In dogs McMaster and associates found rejection of duct occluded
pancreas allografts was delayed by eontrnuous oral cyclosporine
administration_(l33), Untreated dogs remained normoglycemic for a mean
of 13 days whilewthose- receiving 25, mg/kg per day cxolosporine were
normoglycemic for a mean pf 85 days.lf . o ,"‘ ’

Work by DuToit and Garvey in'Oxford support ihe modest prolongarlon

in whole organ graft surv1va1 with the use of cyclosporlne,- although
—

Garve attributes . the oor results . to 1inadequate absor tion f  the
y é% q P

,:orally administered drug in pancreatectomlzed dogs™ (.130).

o

with dlspersed pancreatlc islet preparations L generally geen

Results w1th cyclosporlne in - prolongatlon of "¢ sraft survival -
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unimpressive as well. The sv vival of intraportal 1islet allografts
transplanted across: a major histocompatibility barrier was unchanged
with doses of cyclospsrine up to 20 mg/kg/day given for 14 days and even

doses as high as 40 mg/kg/day produced.Only a mean survival of 10.3 days

with several rats dying of toxic effects (131). Rynasiewicz also showed

no prolongétiqn of islet cell' surviggl in rats® transplanted across a
‘major histocompatibility barrier witg doses up to 50 mg/kg/day (134).
Others héve demonstrated significant'prolongation of islet éell graft
survival in rats with cyclosporine, with high doses (50 mg/kg/day) with
compa:atively little» toxicity (135,136)! The ¥ats, however, tend to
rejeét their grafts shortly after thé'cyclosporine'ié stopped.

The effeét of cyclosporihe on allografts of pancreatib

4

microfragments in large mammals has- also been examined, , although

experience is limited.

DuToit and associates treated dogs allografted with cyclosporine

for 14 days. Althougﬁ\féf dogs never became normoglycemic survival;time':

was prolonged in comparison to allografted dogs w¥thout treatment (130).

Kneteman and associates compared dogs allografted with pancreatic

microfragments without immunosuppression with dogs' treated ° with
azathioprine and prednisone or cyclosporine A (137). Rejection (plasma
~ glucose > 150 mg/dL) was prbionged from a ‘mean of 1.8 days in the

azathioprine/prednisoné ‘group' to 19.3 days 1in those treated with

cyclosporine. Untreated dogs rejected at a mean of 5.0 days. Similarly:

survival was prolonged in the cyclosporine group (mean 33.3 days) when |

cémpared to the azathioprine/prednisone = gp (mean. 13 ?dayé) and the
untreated dogs (mean 16 days). The contrast between the effect of

cyclosporine on islet allografts and on other tissues is striking. The
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concluded that short—term cyclosporine 'therapy pralonged survival of

above studies -show that cyclosporine can prolong allograft survival but

rarely produces long-term survival.

ently Aleiandro and associates dehonstrated for the first time
. . ¥y : '
s" 1

'ficantl§ improved pancreatic islet allograft survival in a large
aniﬁalsfﬁith{ tbe use\ of cyclosporine A (99). - They - allotransplanted

AR .
pancreatlc 1slet tissue - to 19 ‘pancreatectomized beagles ' and three

spontaneously diabetic dogs. Allografts were from one or more unrelated
donors. The islets, enriched and contained 1in a packed cell volume of
less than 1.5 cc were embolized to the liver via .a branch of the

superior mesenteric veins. * Treatment ' of diabetic recipients with

cyclosporine was begun 3-5 days before transplantation ‘and . dosage

~adjusted to keep serum through levels between 400-600 ng/mL Five dogs

with cyclosporlne serum levels below L55 ng/mL promptly rejected their

grafts. Only 1 of 17 animals wrth serum levels above 400 ng/mL rejected

30 days post transplant Cxplosporine A  was discontinued‘30, 60 or 90

days . after continuous therapy in 10 animals. Graft fallure was observed

2 months later in 1 anlmal and 5 months in another. Elght othér islet
allograft rec1p1ents have ~;ustalned fasting normoglycemla for 7 and 8

<

8° : . : ;' ;
months in 2 and for at least £ month in the remalnder. Alejandro

i

1slet allografts and 1nduced .a state of immune unrespon31veness to islet

cell antlgens in Beagles.

. : : '-:i" .
Recurrent D1abetes S s

Another potential batrler to successful pancreatic transplantation
is the recurrence of = the orlglnallgjsease "Process in the transplanted
. : ] . ’ .

tissuem Ihis is a possible oyttome in what may be an autoimmune

~.disease. "In ~kidney %éﬂografts destruction - by ¥ecurrent
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glomerulonephritis occurs. with uncertain fréquency (39). It is known,
however, that in idertical twin kidney transplants, where rejection is

excluded by definition, recurrent glomerulonephritis ‘may‘.sometimes
. , L .
P , o

. v . R
Sutherland and associates have also reported ~their experience in

P

result in graft failure.

3

two cases of twin to twin transplants of immediately vascularized
segme ta” prafts (138). All 4 donors, had no history of diabetes.
Segment . grafts of distal hemipancreas were trarisplanted between twins.

All 4 récipients were initially normoglycemic but with . a few weeks of

o EER

transplantation 3 of 4 patienﬁé had returned ﬁé‘%ypergly@emia; Biopsies

performed in these pétients supported the view of recurrent diabetes,
showing much B cell destruction and evidence of "isletitis". One of the

‘graft regipients was managed,post—operatively on an immunosuppressive

regimen of azathioprine and continues’ -to be insulin independent at 9
months. Sutherland concludes that thef.phqnomenon noted in his work ' is
. » , s . - 2

apparently ‘a reaction quite separate from generalized rejection (1385p

An animal model, the BB rat,]alsov allows examination of the

recurrence question. This rat develops a spontaneous onset diabetic

'

syndrome characterized by severe insulin deficiently and isletitis "and
is considered the animal model most closeiy-resemﬁiing' human Type 1
diabetes (39). " Transplantation of islets have:been shown to reverse the

diabetic syndrome in‘cthese rats. However, when BB islegs - were

transplanted to spontaneous diabetics specifically tolerant of allogenic

donors so that rejection was excluded as a cause:of transplant failure

‘diabetes recurred and histological examination revealed a  heavy
mononuclear infiltrate typical of isletitis (139). Fortunately clinical

results to date indicate that recurrent diseasg¢. 1is not the obligatory
- . . A.gf\ .

v

-




g

@

- ;1
4

outcome of cransplaﬁtation in the human. Both the timing‘of the human‘

transplantations and the use of immunosuppression will diminish the
likelihood of loss of graft function due to autoimmunity.

Sites for Islet Transplantation

Pt . s
C i

-

¢ : : ) L
The ideal site for transplantation of pancreatic islets has yet to

be determiﬁed. . The major objective of  evaluating possible .

transplante%iop sites is to identifj the safest and most efficient
lodétion‘gor islet transplantation in humans.. Considering the = venous
‘draineééfof the transplant site divides potential ‘areas into either
aupeloggus, draining into the portal circulation‘ or - heterologous,
d?gﬁning into the systemic circulation. Potential autologous sieeé
inciude‘intfaportal, iﬁtfasplenic, mesenteric, omental or intrahepatic
&hile heterologous sites include .:eubcuteneoue intramusculer,

intratesticular, intraperitoneal or the renal capsule (66),

4

qnitialvislet transplants were to theqperitoneal_cavity. " However,
iﬁ,hasvbeen demonstfeted in rats that the intraportal éoute is the most
efficient (23,24). There has beenionly one definitive studyJ evaluating
the effectiveness of autolegeus over heterologous sites. Brown (23)
transplanted fetal papcreatie tissue under"the‘renal'cepsule and shewed
only a marginal response. By_performing a renal &ein ‘to poﬁtal vein

shunt he made the diabetic rat become normal. Support“for the

superiority of the portal route for delivering of insulin also comes

from the work of Albisser and associates (140). They demoﬁsfrated an
optimal degree'of glycemia, as well as other metaboliec parameters, with

insulin delivered to thesportal vein by means of a pump compared to that

attained by peripheral infusion of insulin or autotransplanted segmental
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grafts draining into the systemic circulation. Other autologous “sites
such as mesentery and the omental pouch show initial promise (66,141).
Heterologous sites have been assessed including the testes, the

lung, anterior chamber of the eye, the Salivary gland and while islet

graft function and morpho%%ﬁic*viability have been documented, diabetes
. ."l, _/.'m' .

has rarely been reversedi@?&WZS). Intramuscular and subcutaneous sites

have not been effectige ?n ;slet studies (66). -

Autologous and Héterologpus'sites have also been examined in large

1 ' .

animals. Infusion of pancreatic microfragments into the portal vein of
dogs haﬁzsuccgssfuliy reversed hyperglycemia (70,71,73,99). Transient
elevation of liver epéymesvgenerally occur and dogs develop significant
portal‘h&pertehsign. Walsh and associates describe the onset of severe
poftal hypertension- necessitating a portosystemic shunt in a patient
treated with an intraportal autotransplant of‘pancreatic microffagments

(142). Despite-ﬁefformance of the shunt the patient developed hepatic

infarction and subsequently died. The cause of the portal hyperténsion

'was attributed to vasoactive substances (bradykinin) within the graftf

‘The intraportal infusion of pancreatic microfragments has also been

associated with portal vein thrombosis and bleeding esophageal varices

(143).

: : R . 3 - ’
Mehigan and colleagues:“described disseminated intravascular
coagulation and portal hypertension in dogs following = intraportal

infusion of pancreatic microfragments (72). Both of these phenomenons

- were felt to be related to vasoactive substances and thrombogenic

3

materials released from cells during the graft preparation- that were
subsequently released into the vascular system of the recipient. The

seVerity,of _both the portal hypertensién and the vdegree of clotting

47



48

abnormalities were reduced by the addition qfdhebarin and aprotinin to

the graft preparation. - S 4
Aprotinin'is known to bind and inactivate kaliiﬁfeéhs (bradykinin)

of man and pig but not of dog (144). It has been shown to be effective K

in preventing transplant induced porcal hypertension in pigs, to be.only

vpartially effective in dogs and to be ineffective in monkeys. Heparin,

9., g :
which could be expected to prevent secondary thrombosis,. vas. shown to
. Lo 2.

i £

have 1itt1e'effect.on portal hypertension in ahimal studies (144).

Torres and associates describe the development of systemic

* hypotension during the infusion of  pancreatic microfragments

intraportally. They felt this was due ‘to vasoactive substances within

the graft and the rate at which the graft was injected (145). Purer
preparations of pancreatic- islets habe been infused into the portal vein
in dogs successfully without the dévelopment of portal hypertension or
other related problems (73,99).

The spleen has been successfully wused a§$4é recipient site f&fy

pancreatic islets (67-71) and this site seems effective for protecting

the recipient from vasoactive substances %p the dog model. However,

_ metabolic studies in recipient dogs are not completely normal (68,69).

 These animaig have fasting normoglycemia  but K~ values during glucose

tolerance tests are lower than normal dogs and peripheral vein insulin -
levels are quite low, The renal subcapsular region has recently been

assessed in the ‘dég model. Toledo-Peryra (77), successfully i versed

diabetes in "dogs allotransplanted with noncollagenase mechanically *
dispersed pancreatic fragments to. the Trenal subcapsular region. The

lack of rejection in the nonlmmunosuppresed rec1p1ents further suggest

zthat the renal subcapsular reglon may be an 1mmunopr1v1leged site in
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dogs. In contrast Hesse and Sutherland were unable to demonstrate

normoglycemia in 11 dogs autotransplanted with collagenase digested

. pancreatic microfragments to the renal subcapsular region, suggesting
B o

that the renal subcapsule is not an appropriate site for tr#nsplantation

of dispersed pancreatic tissue (146) . i

Cryopreservation and Islet Cell Transblagtation

Cryopreservation holds great potqﬁé&al for the fiela of _pancreatic
isiet cell transplantation. As clinical islet <cell transplantation
becomes.a reality there will be an incre;sed demand for the proceéurg,
and a need for a method éf graft preservation will be créated. Such %%%?
preservation wi;l allow time for histocompatibility testing and ’ﬁermit
;ransport‘of islet cell grafts ffom the loéation.of the donor to'thgt of’
the recipient. Long-term stdrage would allow for the development of
tissue banks where potential gréﬁts could be accumulated allowing for
optimal matching of donor and recipient as well as the qg%g;ning of more
than gne suitable graft,“should mulﬁiple dohors prove"necéssary.

Cryopreservation provédes a technique for long-term storage of
isélated islets_without cumulative loss 6f function inherent iﬂ other
storage'methods. Alternative istorage ;echniques such as cell culture
and simple hypothermia have been used successfully for short-term
preservation of islet preparations, but have been limited by a

ofressive. loss of cell viability over time.

~

Knight et ‘al were the first to report successful hypothermic
storage of isolated islets, but secretion of insulin was decreased “by

50% within 48 hours (147). . Frankel stored’mouse islets at 8°C for 5

weeks and was able to retain 2/3 of 1insulin secretion, but only if’

islets were rewarmed to 37% weekly for a Efief periodb(148). Shulak

=l
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demonst~ated satisfactory function ef islets stored at 4°C for up to 48
hours after which time the grafts deteriorated (149). Other studies.

4

have found a similar time limitation to the success of cold storag

(24).” Tiss;e cﬁltare cén also be wused for short-term‘storage of isle.
ciésue. Anderson restored normoglycemia to digbetic nude mice within
weeks by gransplantation of SOO isleés'ili;h had - %ggn cglfureq £

days (150). -Nakégawara revérsed diqbétesﬂég fgts“bylgg;z
7 day cultqred isologous islet$.&&51>; The usé of tigsuéic
also been .applied to - purification. (91,55} and;
(104,105) of islet cell grafts but their technical success depends upon

preservation of viability. Tissue culture techniqueg . have also been

used for preservation and purification of pancreatic microfragments in
J

" . e :
. the canine maodel (93), but transplants to diabetic recipients were only

partially successful. 1In general, ‘the use of tissue culture for sForage
of islet tissue for over 1 week gaye not been successful and the
relativeiy sophisticatéd equipment and fastidious conditions required
for maintenance offiéfétsihave preventeq successful application of the
tgchnique to large animal transplantation models.

Cryopreservation, however, can store islet tissue for prolonged

' periods. Rajotte and Scharp, documented successful function of islets

cryopreserved at -196°C for 2 to 5 weeks transported between centers and

transplanted in rats (152).  1In vitro function of islets cryopreserved

_for 1 1/2 years has been documented by Bank (153).

Cryopreserved pancreatic tissue has been shown to be viable both in

vitro and in vivo (154,155). Several groups of investigators -haVe

‘reported viability of crybpreserved fetal and neonatal small -mammal

pancreatic preparations: 'Slow cooling (0.3°C/min) of 17 day‘feta1~ rat

o
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pancreatalfrozen in 2M dimethyl sulfoxide (DMSO) gave 80% survival as
judged by the ability of frozen-then-thawed pancreata to incotporate
amino acids in protein (156). Altholgh warming and dilution rates had
little effect on percent survival, full permeation with cryoprotectaot
was required and when glycerol was used; perﬁeation had to be at 22°C
and for much longer (157). Single frozen-thawed fetal pancreata
imolanted beneath the kidney capsule can reverse the diabetic state in

rats if implanted for 21 days in healthy carriers (158) Neonatal rat

pancreatic fragments, cooled slowly to -70°C, Permanently normalized

diabetic recipients when insulin was given for 1-2 weeks after

implantation (159). Human fetal pahcreata have been wviable after
cryopreservation when pre—freeze and post-thaw culture was used (160).
Cryooreservation has also been successful with adult rat islets.
Cool?ng with a 2-step procedure (161) gave the same response‘to‘ glucose
challenge as in controls (162) and it was found that cultured islete
tolerated the stresses of cooling and thawfgg better (163 164) Culture
after thawing resulted fn 87% survival histologically and  75%
functionally (165,166),' and islets equilibrated stepwise in‘2M DMSO,

cooled slowly at (0.25°C/min), warmed at 7.5°C/ﬁin»and cultured for 24

hours after removal of the hyperosmotic protectant, had high survival

rate during perifusion (167). Fast cooling as suggested by Bank (153)

\
has also been successful resulting in a net insulin release into culture

medium on glucose challenge of islets cooled at 75°C/min in 1M DMSO and

thawed at 3. 5° C/mln that was 75% of that released by nonfrozen controls
\J

Varying protocols have also been used to cryopreserve rat islets which

~have successfully reversed hyperglycemia following transplantatioh into.

diabetic rats. Bretzel et al cooled islets at 2°C/min 'to -35°C, at
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7°C/min to -100°C and: then abruptly to -196°C (168,169) . Similar

suceese has been reported by Rajotte and co-workers when islets were
cooled at 0.25°C/min.to -75°C and thawed at 7.5°C/min from -196°C (152).
They also found that faster cooling ra%es resulted.in survival of fewer
y;lets and continuation of the diabetic state in all recipients.
Subsequent work'has led Rajotte et al to modify .neir cryopreservation
protocol so that islets are cooled at 0.25°C/min to —QOfC and ~rapidly
thawed at 150°C/min . (170). They showed that only 3000. islets were
needed to render diabetic rats normoglycemic follow1ng slow freqzing to

-QO and rapid thaw1ng as opposed to 5000 islets when using ‘their

previous protocol.
o

It has also been demonstrated that  transplanted éryopreserved

pancreatic fragments can  normalize carbohydrate metabolism in

pancreatectomized dogs and pigs (170-176). The importance of

equilibration with 2M DMSO of a temperature of 25°C rather than O°C for

the successful reversal of diabetes by transplantation of canine islets
. froa)

has been documented (171). Rajotte and co-workers have further modified .

52

their protocol for Cryopreserving canine islets and presently cooel in 2M

DMSO ‘slowly at a rate of 0.25°C/min to -40°C, plunge to —196°C in liquid

nitrogen and thaw rapidly .at 150°C/min (173).
The superiority of slow cooling and rapid thawing for  the

succe.. K

autotransplantation of cryopreserved canine microfragments
nas been ¢ "nstrated by other investigators as well (175). Alderson et

al successfu. y pProduced euglycemia in 3 out of 7 dogs autotransplanted

ﬁith cryopres -ved canine fragments cooled slewly (0.5°C/min) to -50°C

prior <o imm ‘sion in liquid nitrogen and thawed rapidly (80°C/min).



Pacs

When islets were cooled’ rapidlyv(SAC)’ all 5 dogs “autotfanéplanted
rémainea hypergiyceﬁic. o | |

Recent work has suggested a second and potentially important use
for cryopreservatioﬁ. Tﬁere is evidence ‘that cryopreservation vﬁay
purify Jpancreatic islet cell preparations (89,171). It has been
estq?lféhed that‘varying vcell types and multicellular structures have

'

different optimal cryopreservation. ptotocols,'ﬁafticularly cooling ' and

‘;&haﬂing rates (177). This reflects the difference in size, surface to

ratio, membrane permeability and tolerance of the' cells to

osiu iec  shock and ice crystal formation in these single and
: ‘ S

multicellular systems (177). These concepts provide a theoretical
mechanism whereby crygpreservation protocols _optimized for pancreatic
islet éells might result in selective destruction of contaminating
exocrine tissue. Hinshaw et ai ’ha;e noted the sensitivity of exocrine
cells to low te;peratures (89). 'Rajotte eL‘al (171) and Bank (178) have
documented evidence of selective destruction of exocrine tissue

I

following cryopreservation. The selective destruction of nonendocrine

. tissue by cryopreservation' may  have significant. immunological.

implibatigns as well} Shomld highly antigenic cells such as pqésenger

leukocytes ‘an ~dendritic cells.be ' subject to* destruction by .freezing

. PN 3 . . L .
considerable advantage would sbesAttained in islet allotransplantation

(179). o
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CRYOPRESERVATION -PURIFIES CANINE PANCREATIC MICROFRAGMENTS1

Experimental islet cell. transplantation is very successful in

. syngeneic strains of rodents where purified islets from multiple donors

can normalize serum glucose and reverse microvascular complications in
diabetic recipients (1—3); The techniques developed in the rodent model
have proved ineffective for isolating sufficient islets from the compact
pancreas of large mammals and humans. A partial solution to this
problem, validated in the canine model, has been to eliminate the steps

of purification which reduce islet yields, and collect islet-containing

.pancreatic fragments (4). However, .the presence of contaminating

exocrine cells in these grafts has resulted in unacceptable‘
complications (5-7), thus precluding effective clinical trials (é),

To promote bclinical trials, new approaches are needed to ‘stere
sufficient islets to treat individual recipients’ and purify islet
grafts. Cryopreservation is an effective method for storage of islet
grafts (9,10,11). Furthermore, cryopreservation may destroy
contaminating exocrine cells, an observation which concurs yitn the

reputed sensitivity of exocrine tissue to cold (11,12). The ability to

remove harmful exocrine tissue from dispersed pancreatic tissue would

‘obviate portal hypertension. The pPresent study examines the effect of

cryopreservation on pancreatic microfragment purity. Function of the
cryopreserved autograft was compared with that of fresh tissue follow1ng

1ntraportal embollzatlon in a 1argﬁ mammal transplant model .

A version of this chapter has been published: Evans MG, Rajotte RV,

Warnock GL, Procyshyn AW. Trans Proc 19(4):3471-3477, 1987.
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MATERIALS AND METHODS

Experimental Design

\,

Intravenous glueose tolerance (ivGTT) was tesred‘in IifEng, then
total pancreatectomy .was performed. Tissue was remov\hr frdé fre;h
pancreas and freshly prepared and crfopreserved grafts for determination
of insulin and amylase content. Six dogs received cryopreser;ed tissue
by portal vein emboli%atioﬁ while an equal number of cqntroi animals
received fresh tissue. Portal pressure was measured before and afrer
embolization to the Iiver. Autograft function was assessed by fasting

s .
plasma glucose and insulin determinations daily for the first week and

weekly thereafter. A second inTT was perfotmed 1 -month followiﬂg

transplantation. Animals were sacrificed whenﬁ they lost 25% of

preoperative weight in the face of ‘hyperglycemia. Samples of freshly

prepared and cryopreserved grafté were fixed in 10% formaliny for

staining with Gomori's Aldehyde Fuchsin,

"Animals and Care
3

Twelve mongrel dogs of both sexes weighing 17-26.3 kg were studied.
Surgical procedures were carried put under general anesthesia with
sodium pentobarbital, 30 mg/kg/body weight. The dogs were weighed
weekly and Vpermitted unrestricted exercise tyice daily. Edll diet

consisted of 360 .g of meat (Dr. Ballard's, Nabisco, Taronto, ON) aﬁd 600

g of Burger Bits (Pow R Pac, Swifts, Calgary,vAB)., On postoperative day

1 hydration was maintained with 1 L of normal saline injeeﬁed.

éubcutaneously. On postoperatlve day 2 water was allowed on day 3 a

. meat diet was offered and on day 4 full diet resumed. Each meal was

supplemented with 8 capsules of Cotazym (Organon Canada Ltd., Montreal3

PQ). Prophylactic antibiotics, Derapen-C (Ayerst:, Montreal, PQ) 3-4 mL,
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were administered at the onset of .surgery, and on postoperative day 1.

Until cryopreserved grafts were thawed and reimplanted, daily
suBcutaﬁébus injections of 6-8 units of NPH insulin (Connaught
Laboratbrigs,,Willowdale, ON) were administered.

Pancreatectomy

4

The dogs were anesthetized with sodiﬁm pentobarbital (30 mg/kg)
then pancreatectomy was peffofmed as described in detail by Cobb and
Merrel (13). Through an upperiﬁidline incision the entire pancreas was
mobilized with the 4. major vascular connections preserved. Both

branches of the pancreatic _duct were cannulated (PE90 polyethylene

tubing) in situ. Finally, the blood vessels Qere_clamped, ligated " and:

Yo

K

the gland removed. :Immediately the pancreas was weighed and ducts
distended byﬂinjection of Hank'’s balanced salt»solution (HBSS, Gibco,

Chagrin Falls, OH) approximately 60 4

e horizontal 1limb (body

and ta}l) and 20 mL iﬁto the vertiqék: B §inate process). The
: 5 ';é to' the laboratory for
graft prepara%ion. When transplantiﬁg' fFesh tissﬁé an assistant
mi%ptained fhe dogs under general anesthesia during graft preparation.
& :

Cryopreserved grafts were transplanted 24-48 h later at a second

laparotomy.

~

Graft Preparation . ~ o o

The graft‘was'prepared by a method previously reported from this

%ab by Warnock (14). Briefly, the’ cannulas were connected to a

“%erfusion appdratus and flushed with chilled (4°C) HBSS\at a pressuré,of
300 mmHg . The perfusate was then changed to a solution of 0.4%

’ callagenase (Type V, 490 U/mg,-Sigma Chemicals, St. Louis, MO) in HBSS

at 37°C. The flow was in a retrograde directiorn at a pressure of 300
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mmHg. through ducts of decreasin;g size. The gland ':;vawspended on a
%0-pu m:sh above the reservoir of collagenase from Yhieh the enZyme was
reperfused. When the gland was mushy or mueoid' (average 24 .min)
digestion was judged eomplete. The digested .gland was bisected - and
. transferreg; to 2 jars containing 50 mL -of enzyme-stop solution
consistin%/;of.‘:%°f HBSS supplemented mith'.ZZ Trasylol - (Mi}es
Pharmacegticels, Rexdale, ON), penicillin 100 U/mL and streptomycin 100
ug/mL. The tissue was minced for exactlyhéo seconds in a mechanical
minCer (15). - &he supé&natent fluidiwas discarded and the ,preparation
resuspended in fresh enz;me—stﬁ§5 so¥utipn‘ and transferred to an
: ' \ ‘

Ehrlenmeyer flask. Dissociation was accomplished by shaking the flask

v

vigorously in an Evapomix for 10 min at 4°C, followed by filtration

-through a 400-um screen. Residual anfiltered tissye was returned to the

Ehrlenmeyer flask and passed’ through the 'dissociat'on process .again.

f)‘ ’ B
Flnally, the preparatlon was washed x3 in enzym -stop solution. =~ The

e

flltrate,was centrifuged at '2000 rpm“for-20 seconaa and supernatant

P2l

fluid:removed.. The pellet of 1slet e%ssue was cryopfeserved (n=6) or

.4 . ) . : LN ¢ Qw.r,
v . t L R B - . . .
" resuspended in 30-40 tc *of enzyme stop solutioﬁ for- immediate S .
[ ! k/ . »
autotransplantation (n=6). These procedures were performed in a 1am1nar
flow hood w1th the time for graft preparation belng approx1mate1y 2 h. . .
Ed : :
B Cryopreservatlon ' : . - T G J

C :

Free21ng and thaw1ng were by methods prev1ously repdrged- (11) with : ’
f N i PR .
modlflcatlons as follows The tlssue pellet vwas resuspended at 22 & in
. ) x
Medium:l99‘with lOZ fetal callf. serum - 2% aprotlnln penlcllhéy 200 U/mL
a1l .t ‘s

3

.and streptOmycin" 200 ug/mL - (V/V)L A volume .equal to that of the'
‘ Y - ot . ’
B -original tissue pellet of 2M dlmethyl sulfoxide (MeZSO)' in the same

Medlum 199 mixture : was then " added to the Ehflehmeyer-_flask"at' 25°C.




<<

After 5 min another volume of 2M MeZSO solution was then added and

shaking coqtinued for 25 min. Four volumes of 3M MeZSO solution were

%

then added (flnal Me280 concentration in islet bearing solutlons was 2M)
14

‘followed by shaking at 25°C for 15 min.

‘'The tissue suspension (0.5 mL ti 4mL suspension) was then

aliquoted .to 16x125 mm glass KIMAX (Owens, Illinois) test tubes at 4°C.

1

After 10 min the tubes were transferred to an ethanol bath at -7.2°C to

supercool foggquin. The suspension was then nucleated by contacting
the tube with stalﬂ}ess steel tublng through which liquid nltrogfn (NZ)

‘was pumped by an ﬁTS (FTS Systems Inc.) circulating pump. R Fifteen
minutes were allowéd for release of the latent heat of fusion,_then the
tubes‘were transferred to evacuated dewars filled with ethanol and
surrounded by liquid N2 for cooling at O.?5°C/min k;G). When the
temperature reached’-40°C the tubes‘gere plupged into liquid N2 (—196;C)

for storage. - : ) ‘
. AU 2

Thawing;Proéedure. .

After 24- 72 h the tissue was thawed by agitation in a water bath at
37 € (150° C/m1n) Supernatant was aspirated after’ centrifugation (1500
rpm) and, 2.5 mL . of 0:75M sucrose in Medium 199 Soiution was added to

each aliquot to remove. the hypertonic MeZSO from the intracellular soace

of the pancreatic fragments:. After equilibration'of the preparatfoﬁ for

30 min at. O°C the sucrose was dlluted 1n 4 concurrent "steps of 5 min
each by the ‘addition of Medlum 199 with, lOZ FCS 2% Irasylol,-peniciliin~'
'i'i.andrstreptomyCLn whlle- shaklng at 22°C. The mixture “was  centrifuged,

““the pellet washed, spun and resuspendedl td';3Q mL with Medium 199~

- -

'solutlon for transplantatloh T o L '

o : , . -

«
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Transplantation Procedure
N [ ]

Ve

Silastic tubing (Dow Corning, Midland, MI, Cat. No. 602-205) was
introduced via the gastréduodenal vein remnant and advanced inﬁo the
portal vein with a 3-way stopcock attached to a manometer to allow

"monitoring of portal venous pFessure. Sodium Heparin (Ailen and

Hansburga, Glaxo Canada Ltd., Toronto, - ON),; 150 USf U/kg  was given
' ~

intragpnépsly. Pancreatic tissue was injected in 6 equal aliqﬁats each

infused over S;min} at“imtervals_of 5 min with a total infusion time of

1 h. The Silastic catheter was :flushaz with 5 cc of saline containing

1000" USP units of sodium heparin per liter after xach aliquot.

Tissue Assavys . -

Sampla% of pancreas, freshly prepared and cryopreserved grafts were
weighedi homogenized and‘soniéated in 5‘ mL of chilled 22Aaci@ (stoa):
80% alcohol. 1Insulin wasvexcgacted over 24 h at 4°C, ‘Samples were
neutralized ahd dilgted in saturated sodiﬁm bicarbonate'(Cibco, Grand

Island, . New York). Insulin was “- ‘measured ‘by double—ancibody

radioimmunqassayo (17) using Insulin RIA 'kips (Pharmacia, Uppsala,

.

Sweden) and human insulin standards (WHO International Lab for Biol.-

Standards) and amjlase ‘withi Dri-STAT Amylase-DS reagent © (Beckman

-

Instruments, Carlsbad, CA). The ratio of 1nsu11n to amylase content was
. _ .

determined as a measurement of purlty The comparison was made under
s L
‘the’ assumptlon that tissue, 1nsu11n and amylase content  are proportlonal

“ta pancreatlc ﬂ celf and exocrlne tissue mass' respectlvely (18) '

' )
‘ . .

. Blood Indlces

le " . s -
v . o8 -0
. L ' .

)Fasting p;asma ,gluCOSe ‘(PG-mg/dL):.mas' ‘measured by the glucdséf

‘oxidase method using the Beckman ,Glucose ,Analyzer 2 (Beckman
. “ . N N o . R o . '

Instruments, Brea, CA). Immunoreactive ;insplin (IRI 4U/mL) 'was

o

72



' followlgg 1'*raporta1 1nfuslon of' cryopreserved tlssue which - was

-
R

Portal Pressure (Figure II-l)“

1»frash1y isolated tlssue (31g2i3.3 cm HZO):

-
i . < N

determined by  double antibody radio%?munoassay using RIA  kits
(Pharmacia, Uppsala, Sweden) . For ivGTT saphenous veins were
‘ »

cannulated, glucose . (0.5 g/kg. body weight) was' injected and blood

collected at 0,-1, 5, 10, 15, 30, 60 and 90 min for assays of glucose

"and insulin. The K value (19), a measure of the decline in glucose

level (%4/min) was determined from glucose levels at 5, 10, 15 and 30

4

min.

Analysis of Data . é_

‘

All results are expressed. as meantSEM. The data were analyzed with

St@dent’sht-test for paired or unpaired data as‘applicable. Differences

are stated as significant when p<0.05 unless indicated otherwise.

. \

=
j RESULTS

Volume, insk¥d }‘an%*‘i ylase concentration and insulin/amylase
: o pAICE: :

Insulin Amvlase Ry A'

ratios of whole pancreas, freshly processed and cryopreserved grafts are.

shown. Both insulin and amylase concentration were reduced

significantly following - the "Eoliagénase "~ digestion Pprocess.
. : . & LT . oo F

Cryopreservation causeé a . "significant reduction in the amylase

3

concentratlon whlle 1nsu11n remalns unchanged resulting in a greater
¥ . . A

4

than 3- fold lncrease in the 1nsu&{h amylase ratio.

3

@

51gn1f1¢antly 1ess (p<O 61) than that seen following the infusion of”

73

§ Portal venous pressure inbneased by 16.412.3 cm H‘Oy (meahi+SEM) - .
VS



\/

g

- pancreatic fragments

Survival of Dogs (Table II-2)

Following intraportal embolization, 2 of 6 dogs receibing fresh .

éiggue and 3. §f 6’ dogs recéivihg cryopreserved tissue remained
normoglycemic. Four ‘dogs engrafted with fresh tissue died before 1
montﬂ: 1 dﬁe to small bowel infarction: 2 died suddenly within 24 h éf
transplantation without oSvious cause; a fourth died seconqary ﬁo
documented ggéft failure. Following intraportal engraftm;ﬁt of
cryopreservedftissﬁe 1 'dog died due to graft failure.

Autdgraft Function (Figure II-2)

The fasting plasma glucose was equal for 4 weeks fbllowing

intrapertal embolization of freshly prepared or cryopreserved paﬁcreatic
- .

v

fragmentsi ‘Resqits from ivGTT ;preoperatively"and 1 mor‘l"th~ following
engraftment are shown (Figure I{73) with only normoglycemic ,gpimals
being listed at .1 month. K valués were significantly reduced {p<0.01)
in dogs receiving\bothrgfesh and cryopreserved ti;sueﬁintraportally at 1

month; . . .
Histology

A ' : ' i
Intact islets were observed _ in fresh grafts -and followiwg.

. X v ( ) : - X
cryopreservation. Fresh acinar tissue appeared viable, but, following

Cryopreservation degeneration of. exocrine cells was evident " with "

vapuolization of cytoﬁlasm and loss of éelluiar integrity.

\ . . -

- DISCUSSTON & .

\
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Previous gtudies have suggested that cryopreservation purifieg®
< X T R T .

LS . e

Feoatin msean. T S : - S e B .
pancreatic-microfragments By virtue of'theﬂ.sen51t1v1ﬁy of ‘exoertﬁe'
: S SR - o s . ‘

tissue to cold (Ll; In- the Present étﬁdy,fpufification'of; canine
. RS B . . C . 2 s R . N .

s demonstrated by a greater than 3-fold increase
N o ‘ : A



in the insulin to amylase ratio following cryopreservation. Insulin and

aﬁylase concentration were. both significantly reduced by the isolation

process. In comparison cryopreservation did not affect insulin, but

2

resulted in a signif;cant fall in ’the concentration of amylase.
Histologicalfexamination of islet celi preparations showed preservation
of intact islets following cryopreservation, however, exocrine tissue no
longer ?pbeared viable denonstrating vacuol%za ion andﬂloss of cellular
integriti. These findings suggest  that cryopreservation purifies
péncreatie microfragments at the expense of contaminating exocrine

component 1n keeplng w1th the suggested sﬂsceptlblllty of

It has be&k;,established ‘hat*different cell types have different
N x
optlmal coollng and thaw1ng rates due tqﬁ‘thelr déq%,ﬁ}ce' in sglize,
o ; "8 '
membrane permeablllty and toleranciﬁto osmotic shockA

-

The present
results suggest that when' thig cryopreservation ~pro col is optimized
foryyancreatic islet cells, selectivel destruction of contaminating
N g ST , . .

‘.“‘

"exocrine cells occurs:

» @, ) ;
Other methods of ~purifying canine Vpancreatic miCrofragments: have

]

no

in tbe 1nsu11n/amylase ratlo of canine - pancreatlc fragments cultured for
'V 3 .

e zafﬁg(is 21) . Durlng culture they demonstrated’ a'éignificant fall in
. T -
amylase concentration. In contraet to the present study in which: the

insulin concentration was unchanged following , cryopreservation ° they
. \ ) . - . . ! - .
. demonstrated a-fall in insulin concentration of over.1/2 ' that of the

- i -, -

whole pancreas during 'cultufe.: When autografted tofdiabetic‘dogs the

-use of ‘cultured islet _tiesue_nfesultéd in a '50% success .rate: in.

. -normalizing plasma glucose (21). gHowever,w partial pancreatectemy and

beenyxeported. Matas et al‘demonstrated a greater than 6- fold increase"
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streptozoﬂ#cin is a less reliable model of diabetes, as demonstrated by

o v

the fact ﬁhat‘l of their control dogs remained normoglycemic. Nason et
al reported the use of high dose radiation to purif§ canine pancreatic
microfragments (22). They demonstrated a 3-fold increase in the

insulin/amylase ratio of' tissue, follow1ng external beam irradiation.

4
1

Follow1ng intrasplenic autoimplants Nason and associates were able to

reverse diabetes in 70% of dogs followed. for 1 month. The induction of
)

islet cell neoplasia, -ho&ever. is a possible complication of this
techniquei(23). The use of pseudo- 1slet formatlon by Scharp (22) 'and
Ficoll gradlent sedlmentatljh (Sigma, St. Louls MO) by AleJandro et al
(25) has allowed the isolation of highly purified preparations of‘eanine
islets.  Scharp has been able to successfully reverse diabetes in 25% ef
.dogs transplanted to the $pleen with pseueo islets derived from ‘gingle
organs; Alejandro and associates have had success transplantlng islets
purlfled by Ficoll gradient sedimentation using an allotransplant model,
howeyer, insufficient yields ogf purified islets sometimes necessitated
pooling of purified islets from huitiple donors.

In the present " study, the ’function of :grafts‘ purlfled by

b4
‘cryopreservatlon was compared with controls that received fresh" ‘tissue.

Diabetes was successfully reversed 1n 3-of 6 dogé,fot@qwing;_intraportal'

embolization with cryopreserved tissue compared with 2 of 6 treated with

fresh tissue. Results of post-transplant fasting plasma glucose and

comparison between K values ~at 1 month WOufzisuggest that the degree of
: . o _

glucose homeosta51s achleved w1th the cryopreserved graft is equal to

N

vthat of fre§h>tlssue and that the moderate success rate seen (= 55%3 was

~due to the site of engraﬁtment ghosen rather ‘than loss of v1ab111ty as a

P

L2

- result of.,tryopreservatlon..a The fability .to .30ccessfu11y reverse

o
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pancreatectomyrinduced diabetes with 100% success_ using’thg identical‘
cryopreservation protocol as,the present study has been demonstrated

..

when the graft is’ transplanted to the spleen (10) ,b o toL 4%: —
Embollzatlon of unpurlfled pancreatlc tissue to the llver has- been o

a55001ated with a number of severe comolicatlons both’ experlmentally and
cllnlcally (5-7) 1nclud1ng portal hyperten31onb .ln the present ‘study

- portal . pressures  were. Significantlyl-flower following intraportal
embollzat1on of pancreatic m1crofragments purified by cryopreservatlon
Vasoactlve substances andothrombogenlc materials, released from exocrine
cellslcontaminating the graft, have generally been implicated as the
causefof‘ bortal hypertensionf under these circumstances (5,26). The
slgnificant.fall in amylase' concentration seen reflects the loss of
exocnine tissue‘lntthe.graftyfollowing cryopreservation and resulted in

a reducedvload df Vasoactive and thrombogenic materials being presented

. to the portal system,.explaining .the'significant fall in portal wvein
pressure followingvengraftment. The degree of portal hypertension seen
u51ng cryopreserved tissue was never severej@nough to 1nduce small bowel
1nfarct1on as occurred in 1 dog transplanted with fresh tissue.

The occurrence of severe systemic hypoten51on follow1ng 1ntraportal
. e ,

1nfu51on of fresh pancreatic t1ssut has been descrlbed and is attrlbuted
to vasoactrve klnlnsﬁ release from exocriné tissue.in the graft (27).
The greater degree of such contaminants in the fresh graft may eXplain f}

the 2 sudden.deaths observed follow1ng engraltment with fresh pancreatic

tissue. No such deaths were observed follow ng intraportal LnquLOn 'oi.

- o

d cryopreserved tissue - . ’

- “

In summary,. purification of canine pancreatic microfragments by |

Cryopreservation is. demonstrated by a greatesr han  3-fold rise in the



insﬁlin/amylase rétio. The fﬁnctioﬁ of cryopreserved autografts in the
liver was similar to that of ffeShly prepared tissue with the advantage
of s{gnificantly reduced’ porfal hypertension during iﬁtraportal
embolization. Similaf E?esults using human tissue wouid provide a
purifigd. islet ééilv ptébarétion associated Qiéh fe&er .engraftment

complications and should allow for safer  and more successful clinical

trials in the future. S
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TABLE II-1. Insulin amylase ratio.

¢ v

Spun Insulin Amylse
B volume content conte.at I:A
(mL) (mU/mg) (IU/mg) ratio
Pancreas 62.316.3% 3.39+0.78 3.01+0.32 1.2+0.3
Processed - 18.6+2.0 1.79+0.15 1.74i0.13*{;'1.0i0.1***
_Post-cryo 13.741.5 2.1940.20  0:68+0.09%% .3,740. 8+

meantSEM
* weight (g)
** p<0.001
**% p<0,01
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Table II-2. Autograft sur*ival.
W ‘
Survival Normoglycemié Graft Days Survivalx
n 1 month 1 month ~failure (meantSEM)
;h Fresh liver - ¢ 2 2 1 1 3.0£1.2
Cryo liver 6 5 3 3 20.0

* of those not surviving to 1 month
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FIGURE II-1: lntﬁaportal embolization of cryopreserved pancreatic
fragments resulted in a significantly lower rise m portat venous pressure
comparcd with freshly- pr@pared tissue (p<O 0. 4
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®- - -® Fresh - Liver (n=2)

B— Cryopreserved - Liver (n=2

3

o 1 2 3,f/_,.4

POST—TRANSPLANT (weeks)

FIGURE I1-2; Fastmg plasma glucose following transplantation of fresh and

o cryopreserved pancreatlc fragments n dogs normoglycemlc one month after
_engr dftment . _,/_‘
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‘COMPARISON OF SITES FOR TRANSPLANTATION OF CANINE

e ! -
- . l .

. PANCREATIC HICROFRAGMENTSl

Experimental transplantation of islets of Langerhans has been

highly successful (L).. Thisﬂtechnique can not only normalize the acute

hmanifestations of diabetes mellitus, but has been shown to. prevent or

reverse the chronlc mlcrovascular complications as well (2 4. Cllnlcal
4 - ‘ .

trlals of islet cell transplantatlon have not been successful (5).. -One

of the: 1ssues that remains to be clarified is that of the optimal site
-~ o \

for 'engraftment of pancreatic islet tissue. flhe superiority‘ of
intraportal- mbollzatlon has been dbcumented in rodent.studies (6). The
spleen liver and more recently, the- renal subcapsular region have been
used successfully for engraftment of 1slet)containing tissue in dogs
(7-10).. The degree of functlon and the incidence of transplant related
compllcatlons varies dependlng on the recipient site used. “In the
v-present study we compare .'theu - function and safety of
collagenase—dispersed pancreatic fragments implanted into the spleen,

s

liver;endfkidney of totally'panbreatectomizedﬁdogs,,

e+ MATERTALS AND METHODS

'Experimental desléﬁ N -
: o R

In 28 dogs ::totalﬁjpancreatectomyﬁlwas‘ performed l\.QE§Fe,after

RGN

'*'lntravenous glucose tolerance test (ivGTT). Six dogs were maintained as. - -

A version of €hls chapter has been accepted for publicatlon Evans

. B vd

MG, Warnock GL, RaJotte'RV Dlabetes Research 1988
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'L') K ; g i T
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apancreatic controls. Pancreatic autografts were transplanted to the

spleen by venous reflux (8) in 10 dogs, to the 1liver by pprtaln

embolization in"6 and. injecéed\pnder the kidney‘ capsule in another 6.
Portal pressures ~were measured before and after embolization to the
séleen and liver. JAutograft fmnction - was assessed by fasringw,plasma
glucose,g%PG) determinations daiiy .for the first week .and ,weekiy

-

thereafter. A second ivGTT was~“ performed 1 month following

transplantation. Liver enzymes, bilirubin and renal function were

." . ,
determined preoperatively and following transplantation at 1, 7 and 28

days. A coagulation profile was determined prior to, 2 h, 2 days and 7
. . . e

" days after transplantation to the liver and spleenf Anémals were

sacrificed when they lost 25% of preoperative weight in face of

hyperglycemla (PG>150 mg/dL)

Ahﬂlmals and Care

Twenty-eight moﬁgrel dbgs of*ﬂoth sexes weighing 17-26.3 kg were
studied. .Surgical procedﬁres were carried out under general anesthesia

'with-sodium pentobarbitai 30. mg/kg/body welght Ihe dogs were weiﬁhed

weekly and permlfted unrestricted exercise twice daily. Full diet

consisted of 360 g inmeat (Dr. Ballard's, Nabisco,‘Toronto,'ON)'andv6QO

postoperatlve day 1 hydratlon was malntalned w1th 1 L of normal saline

~

1nJected,subcutaneously On postoperatlve day 2 water was allowed, on

?1day 3 a meat dlet was offered and on day 4 full dlet resumed EadﬁlmealC

vyiwas supplemented w1th 8 capsules of Cotazym (Organon- Canada Letd.,

Prophylactlc antibiotics, Derapen C (Ayerst Montreal,

'were admlnmstered at phe onset of surgery, 'ahdy on

postoperative day 1. o "~; i

g,.Qf Burger ‘Bits (Powi.R Paé Sw1fts Calgary, ﬁAﬁ?f'dailyt”JﬁﬂQnP
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Pancreatectomy ¢ -

‘The dogs were anesthetized with sodr:h‘ pentobarbital (30 mg/kg)'

°

then total pancreatectomy was performed (11). Through an upper midline

incision the entire pancreas was mobilized .with the 4 major vascular

» .7 -

connectlons preserved. Both branchés -of the pancreatic. duct were
cannulated 8§E90 polyethylene; tublng) in situ. Finally, tﬁe blood
vessels were'e}amped; ligated,*and the gland removed. ‘Immediately the
pancreas was weighedaand ducts distended by injectionvof Hank’s balanced

éalt solution (HBSS, Gibco, Chagrin Falls, OH) of approximately 60 mL

into the horfaontalvlimb and 20 mL into the vertical limb. The gland

88

was immersed in HBSS at 4°C and transferred to the laboratory for grafc

preparation. The abdomen was #Zlosed in the 6 dogs maintained as
. R i S
apancreatic controls. During in-vivo studies the dogs were kept under

general anesthesia during graft preparation.

Graft Preparation

The graft was prepared as previously reported from this lab (8).
Briefly the cannulas, were perfused‘with. chilled Hank’s balanced salt

solution (HBSQ)Fﬁor 10 min at a constant pressure of - 300 mm Hg. “The

-

perfusate was\theﬁ”changed, to a solution of 0.4% collagenase (Type V,°

. B NG .
. 490 U/mg, Sigma Chemicals, St. Louis, MO) in HBSS at 37°C. The gland |

was suspendedion a 60-um mesh above the reservoir of collagenase from

which the enzyme was reperfused When dlgestlon was Judged complete the

gland was bisected and transferred td'r2 jars contalnrngHJSO mL of

enzyme-stop solution consisting of 4°C‘;HBSS‘.supplemeﬁged‘_with 2%

‘trasylol (Miles Pharmaceuticals, Elkart, Indiana), penicilliﬁ;lOO”iUZmthl.-;

and érreptomyéin 100 ug/mL. The? tissue was minced for exactl&ifSOa

.-

secpnds}'in a mechanical mincer (12).  The supernatant - fluid was




discarded and the preparation"resuspended in fresh enzyme-stop solution
.and transferred to .an EhrlenmeyerAflask. Dissociation was aceomplished
' by shaking the flask v1gorously in an Evapomix for 10 min at MA;C,
followed by filtration through .a 400- -pm  screen. Residual unfiltered
tissue was returned to (he Ehrlenmeyer fla:; and passed through the
dissociation process again. | Flnally, the preparatlon was washed 3 times
‘1n enzyme- stop solutlon and the filtrate was centrifuged at 2000 rpm for
20 seconds‘ind supernatant fluid removed. The erllet of iSlet ‘tisspe
was'resuspended in 30-40 cc of enzyme-stop solution prior to 1mmed1ate
autotransplantation. These,procedures were performed in a lamlnar flow

hood with the time for graft preparation being approximately 2 h.

Transplantation Procedure

The graft, resuspended in 30 mL of chilled Hank's balanced salt

. : l
solution (HBSS) with 2% Trasylol pen1c1111n and streptomycin, was
isografted immediately rollowing graft preparatlon Intrasplenic:

injection was by venous reflux (8). Brlefly, the spleen was delivered

into the operative field and PE90 polyethylene tublng inserted by

venotomy 1nto superior and inferior terminal splenic veins advancing the~";4

tubfing to the hilus and not into the spleen. Vascular“clamps were

n was injected into

applied to the splenic pedicle. The grafttgg”
the cannulae over a'perlod of'5 min“to allow tfssue .to refluX'-intot
'.venous sinnsolds The cannulas were then withdrawn and ve1ns llgated
The Vascular clamps were released 5 min after injection of the graft was
- completed. |

Liver engragfment. was performed by intraportal v.embolization,

'Silastic tubing :(0,0ZO 1nches ID, Dow ‘Corning, Midland MI) was’

introduced via the gastroduodenal vein remnant and "advanced into. the

R



" portal vein, with a 3-way ‘stopcock attached to a manometer to~ allow

monitoring of --portal venous pressure. Sodium heparin (Allen and
Hansburgs, Glaxo Canada Ltd, Toronto, ON), 150 United r States
Pharmacopeia U/kg  was _given intravenously. Pancreatic ' tissue was

injected in 6 equal aliquots, each infused over 5 min at intervals of 5

min with a total infusion time. of ‘1 h. The silastic catheter was

flushed Wlth 5 mL of sallne contalnlng 1000 USP units of sodium heparin

per liter after each aliquot. )
. ) ] N .
Prior* to engraftment under the renal capsule the left kidney was
. e .

first mobilized by dividing the peri renal fascia. The capsule at.=the

lower poie was then punctured and cannulatéd’(PE90 polyethylene tubing).

The graft was'resuspended in 15 mL of HBSS with 2% Trasylol, penicillin

and streptomycin and was infused slowly while the catheter was

manipulated in multiple , direktions to distribute the graft under

approximately 75% of the subcapsular space.. Manual pressure wis applied

to the puncture site for 5 min following injection. ‘
. . . N 3

'Blood Indlces . e A
Fastlﬁ% plasma- glucose (PG mg/d(% measured hy the glucose
oxidase ~ method using the Beckman Glucose @nalyzﬁrﬂ;llﬁs‘(Beckmaﬁ

Instruments,_Brea"éATI -

For 1ntravenous glucose toleranceﬁtests (1vGTT)s saphenous veins were

—

cannulated, glucose (0. 5 g/kg body weight) was injected and blood

‘collected at?b,il, 5, 10, 15, 30, 60 and 90 min for assays of glucose

- The K v: ue (13), a measure of the decline in glucose level (%/min), was

determined from glucose levels at 5, 10, 15 and 30 min; Alkaline

phosphatase (ALk Phos) serum glutamate oxalacetic transaminase (SGOT),

1actate dehydrogenase (LDH), bilirubin, blood urea nitrogen (BUN), and




v

~r

Creatine were measured using the Multistat III analyzer (Instrumentatlon

Laboratory, Lexington, MA).. _Prothrombin times (PT), and partial

EN
-

X J - -
thromboplastin times (PTT) were"assayed using the  BBL-Fibrometer

TOA Automatic Platelet Counter Model PL-100 (TOA Medical Electronics

Co., Kobe Japan) w1th adJustment for the size of dog platelets Flbrln'

<
degradation’ products (FDP) were measured using the Thrombo -Wellco test

(Wellcome Dlagnostlcs, Dartford England)

Y
Analysis of Data

All results are expressed as a meantSEM, The data were analyzed
dsing»the‘Student’s t-test for paired or unpaired data as appllcable
Differences are significant when P<0.05 unless stated otherw1se

’

" RESULTS

‘Portal Pressure (Figure III-1) -

£

s.Portal pressures (cm H20) aftér the dinfusion of" pancreatic

fragmentsfto the spleen ‘and liver are shown. Following intraportal

embolization the. portal pressure rose from 6.9iO.87 to 38+3.02.

(P<0.001) . Intrasplenic engraftment was not associated with a

!

slgnlflcant change in portal Pressure.

Surv1va1 of Dogs (Flgure ITII-2)

-

All 6 apancreatlc dogs became severely dlabetlc surv1v1ng 6. 5+0.75
days. Of :the 10 dogs receiving 1ntrasplen1c autografts 9 ,Awere
normoglycemic at 1 month. One dog became hyperglycemic (plasma glucose

[PG] 350 mg/dL) on day 4 following engraftment and remained so for' the

remainder of follow up. Following intraportal embolization, 2 of 6 dogs

remained normoglycemic at 1 month. One died due to small béwel

91

(Becton Dickinson, Mlsslsauga ON) Platelet ‘counts were performeh on a -



'infarctipn; 2 died suddenly within 24 h of engraftment without obvious
a >
cause, and a fourth died due to persistent diabetes 7 days fe}lowfng the

transplant with a PG of 678 mg/dL. None of the dogs engrafted under the

. 4
kldney capsule becamé normoglycemlc One ' dog died within 24 h- of

engraftment before PG was measured while another died on the eighth
post- transplant day (PG 436 mg/dL) -the remaining 4 dogs became

progressively hyperglycemlc ’

Autograft Functlonf v ) : ’ . -

Fasting PG in dogs maintained for follou-up &: shown *in figure
. f o

I1I-3. r\.'Following pancreatectomy tncontrol dogs became . rapidly
hyperglycemic with a PG of 428+45 at.death.‘ Function is similar in the
recipients of intrasblenic and intraportallgrafts, while recipients ef
.renal capsule .grafts demonstrete progressive hyperglycemla ?he
pretransplant K value of all dogs was 3. 4+O 2 which fell significantly
at 1 month to 1.310.2_for recipients of intrasplenic grafts (p<0.01) and

1.440.4 for successful intraportal grafts'(p<O.Ql).

.Liver Function (Table III-1)

Alkaline phosphatase rose significantly in  recipients of

intrasplenic (p<0.001) intraportei (p<0.01) ~and renal capsule (p<0.059

graftsrwithin 24 h. The differences between groups at 24 h were nmot

sbgnificant; Values returned to preoperatlve 1evels in all groups: by 1

month. = Serum COT : values were 31gn1f1cantly eleyated : following',

'ﬂlntrasplenlc (p<0 001) intrapertal (p<0.01) and renal capsule grafts
(p<0.001) 24 h follo&ing transplantation. The _différences between

groups at 1 day were not significant and values returned to preoperative

levels -in . all groups by 1 month. Lactate dehjﬁregenase rose.

Significantly feilowing engraftment in the spleen (p<0.05) and 1liver

92
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(p<0.01) ope day followiﬁg‘transplant, but was not affected by renal

capsule.eggraftmeht. The differenees between groups observed at 24 h

»‘1 l(,

‘ ¢ . »
were not significant. At 1 month values have returned to preoperative

levels in both groupse Despite these tran$1en§ elevations in 11ver<,

enzymes follow;ng transplantatlon plasma bilirubin was not affected.

Renal Functlon

: ) 4
Blood urea nitrogen anis I creatinine measured preoperatively in
’ ) . ' ¥ C :

recipient dogs were 13.6+1.4 and 1.0+0.07 respectively. . No significant

charige in renal function was noted following engraftment regardless of..

the site used.

'3

Coagulation Profile (Table III—Z)

& . .
Coagulation parameters were measured in dogs receiving intrasplenic

- and intraportal grafts. The number of dogs (n) 1is the same for other

parameters as shown for PT. Prothrombin~<time_was not significantly

affected by transplantatlon to either organ. Significant prolongations

in PIT occurred %_h following intraportal embolization of graft.

‘Platelet ounts  were ’sighificantly depressed 2 = days following

’ intrasplenic engraftment. Both ' abnormalities were transient, havfng

returned to normal by 1 week. Isolated elevation'ovaDP ebove 40 mg/L

was noted in 1 dog 2 days after receiving an 1ntrasp1en1c graft and 1in

one other 1 week after intraportal embollzatlon

DISCUSSION _ '4/

The spleen'(7j8) 11ver (9) and recently the kldney (10) have been

[

used -successfully //as rec1pient ' sxtes fdr' canine}f pancreatic“‘

. ’ . .
microfragments. The\ﬁlndlngs of this study are consistent with that

reported by other authors,'supporting the reliability of the spleen as a

17'13;
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recipient site for pancreatic microfragments Kretschmer et al reversed
. re . -

hyperglycemia for up to' 10 weeks in 20” of 21 dogs treceiving« an-
intrasplenic graft of collagenase-dispersed pan"re%tic tlssue (1&)

Warnock demonstrated similar” findlngs nbrmallzfngiplasma glucose (PG) in

.9 of 13 dogs," rf%%\agrafted to the spleen by splenic vein reflux;v(8).

More‘recently Hesse and Sutherland autografted pancreaticfmicroﬁragments

to_thehspleen, by venous reflux'as well, and reversed diabetes in 10 of

—

14 dogs rendered dlabetle by total pancreatectomy and followed for 2 to
e

9

'6 weeks (I5). 'In the present study, as in those previouslx mentioned,

- . ¥ X . >

= - ~., I
glucose tolerance is consistently impairéd, with K wvalues at 1 month

signifieiB;ly lower than preoperative .values. j ﬁhether‘ the redqfGced

- , 5 /

'functioh of intraspleﬂie g;afts is a'quantitatiyé or qualitative defect
2

is_not known;jhowever, it has been shown ‘that over time the functio of

intrasplehic jautogrefts, as measured by K. _values 1dproves ‘ end

A

‘stabilizes without evidence of fatigge'forvup to 6 months (16).

In contrast to the success of intrasplenic trﬁnsplants:-only 2 of @/

- : ' £
b . , ) . .
dogs receiving = intraportal pancreatic microfragments became
normoglycemic, both'suryiving to 1 month. Oné dog died: due to graft
B . R ) . / - : .
failure and complications were a significant ‘probiem with other dogs.
N . e

One dog dfed /4__deys post-transplent due ;to coﬁplete, small . bowel
infarction secondary to severe and pe;sistent,portal wenous hyﬁértension
following graft infusion; Two dogs-died suddenly within 24 h follow1ng.
ehgfaftment. Documentatlon of graft function was - not‘achieved before

- death and autopsy did not reveal the cause of death in either of these
‘ o S | - o
dogs. Post-transplant fasting PG levels were similar in the remaining

b ~

two dogs to those of dogs engrafted to the spleen, -as- were K values

determined by ivGTT ‘at 1 month. This ?suggests that " the function of"
» : - . TN
15570
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o . o .
daﬁlne pancreatlc fragments engraftéd to either the spleen or liver is

-

comparable _
- R 1
Intraportal . infusion of canine pancreatic. microfragments has
! . ' :
previously been reported. ¥retchmer and "~ associates produced
. . 1] -

normoglycemia in 3 of. 10 dogs transpl:nted with collagenase dlgested

pancreatlc tissue (9). .In contrast to the present study, graft failureA

was responsible for the deatr of a-l,] unsuccessfullrecipients.

.

Kolb et al (17) successfully reversed diabeted in 5 of 5 dggs by

(S

intraportal embolization " of- pancreatlc fragments and- Horaguchi and

Merrell (18) h;h similar results “in 3 of 5 dogs (

-
-

' The subcapsular region of the capine'kidneyvwas”demonstrated to “be

a potential recipient site by Toledo-Pereyra"and»aSSociates”When' they'

reversed diabetes in pancreatectomlzed dogs w1th allograftsf prepared

without cbllagenase ”‘digestion and mechanically dlspersed «(1Q).

- ’ '

Normoglycemia was_ maintained Without '1mmunosuppres51on or - w1th,

.

azathloprlne (2.5-5: mg/kg/day) for greater thanq6 months suggestlng -that

the renal subcapsuiar region .may also be an 1mmunopr1v1leged 51te ;In

contrast, Hesse and Sutherland were unable ‘to produce normoglycemla in

W . 3 .

L 3

11 dogs autografted with’ collagenase d;gested pancreatlc microfragments‘

i

(15) . The flndlngs of the present study ‘are - 1n keeplng w1th tlose of

Hesse and Sutherland None of the 6 »dogs engrafted under the renal
" . : :
capsule. malntalned normoglycemla oIt routinely 'tﬁok 2 or 3 days. for”

“fasting sugars te- r:ach diabe%}cr levels in contrast to apancreatfc
. - - :
op - 3

controls suggesting some minimal graft function 1n1t1a11y All dogs

_were hyperglycemlc by the end of 1 week w1th fastlng glucose values in
vthe‘fange seen w1th apancreatlc controls As'in'the St dy of Hesse and

Sutherland, the surv1val» ofi.the dogs was “prolonged compared“with

- =
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apancreatic animals (with 4 of 6 dogs surviving 30 days) suggesting
residual B cell function In the present study islets were not observed
in the tissue under the repal ‘capsule. Hlstologlcally the - spe01mens

consisted only of necrotic debris and some flbrous tissue. T

.7 These results eontrast dramatically with those of Toledo-Pereyra(et

-

al, who used a graft prepared solely by mechanlcal means without the use'

5of collagenase . dlgestlon ~and" performed allografts rather thanz

~'transplant1ng a%tologous tissue, " as in the preSent study and that of

Hesse and Sutherland Although dlfferences in experlmental pro acol may

exclude direct comparlson with that of Toledo Heryra ~the" results of the

.ﬁ

\

present study would ~support the conclu51on ,that the renal subcapsular °

%

o

'~regipn-is ‘mot an appropriate site for the ‘engraftment of'.pancreatioft‘

_ microfragmentsl .
;Ihe safety lof engraftmentﬁofv;lsletfhcontaining'tissuellﬁas‘ alsof”
éxamined‘in;the current;study;i Portal hyperten51on in varying deérees
o has;been'deseribed “bdth.in,dogs' and in clinical trlals follow1ng the-
“— embollzation of pancreaticrtissue’-into the,porta‘_vein (9 17 19 21 ?B)

S

. and. ;. DuToit \documerited portal~ hypertension ollowing inadvertent
~\\emholization to the. liver‘ofmintrasplenic ﬂpancreatic tissue (22). In

‘this:study,'during the 1nfu31on of. pantreatlc mlcrofragments into the

RN

' sprenic Veﬁns vascular clamps were plaeed occluding the hilum of the

_spleen f ngln following;_engraftment; then removed: There-'was a’

“slight nt ¢ ns1gn1f1cant rise in portal pressures followrng engraftment

) Although » - measurements oﬁ» thls klnd followlng intrasplenic

transplantatlon -have, ;not * prev1ously been reported 1n the literature

T LN .
R

'these results are in clear contrast to the degree of portal hyperten31on

-,well documented o, occur durlng 1ntraportal embollzat1on (9 17 19 21)

’

'\ .
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Following intraportal infusion, portal hyﬁertension was a
consistent findlng 1n all dogs in this study and was directly
responsible for the death of 1. .The volume infused was the same as that

i

grafted into the spleen suggesting, that the elevation in portal préssure

is specific for the intraportal route of engraftment. Kretschmer et al

(9) documented transient elevation in portal pressures in dogs, but

greater ' elevations have also been described - leading to severe
) < : ) . .
complications.: such as pertal vein thrombosis, bleeding esophageal

varices, (23) hepatic infarction and death (20).

-4 - . )
Despite the clear association of  portal hypertension with

-

intraportal émbqlization, liver,fﬁnction abnormalities occgrred in' a11
_groups receiving pancreatic fragments. This was charact?rized by
significant elevétion of Aik..Phosz and SGOT within 24 Hvofv engraftment
'in dogs of all éroups, while LDH elevation occurred in dogs engrafted to

2

thé liver andvspleen These findings ‘were tran51ent hav1ng returned ‘to
predperative 1evels by the end of l.week in most cases and by 1 month 1;
all dogs"and were not ,353001ated with changes in serumt bilirubin.
Transient alterations: in 1iver' enzymes following intrasplenic and
iptraportal infusion 6f isletA containing fragments hat been préviously

desé¢ribed (9,17) and -+ it has been suggested that- such changes reflect

hepatocellular damage following intraportal infusion either directly or

subsequent to intrasplenic engraftment. However, the finding of similar

transient changes in enzymes following injection under the repal capsule

I

demonstrates that this abnormality is not. specific for sites ~draining
into the portal circulation._

Disseminated intravascular coagulation has been documented

secondary to intraportal (2) and intrasplenic (24) engraftment of

97
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pancreatic microfragments. Isolated transient abnormalities in the’

plételet count and FDP 2 days following intrasplenic engraftment and in

the PTT and FDP 2 h and 1 week after intraportal embolization were seen.

A" consistent pattern of clotting abnormalities suggestive of a

consumptive coagulopathy was not observed following engraftment to

either the liver or spleen. The use of ~appotinin in the graft

preparation and heparin administered intravenously may have contribucgd

|

to the lack of coagula%ion problems as has been suggested by @ghefs

-,
(19,25).

t

The occurrence of severe systemic hypotension following intraportal

. . - -~ L ‘ . .
infusion of pancreatic tissue has been described and attributed to

Id

vasoactive substances released from contaminating exocrine tissue in the

gra:  (26). This phenomenon may explain the 2 suddemdeaths observed in

\dogs engrafted to the liver. <No such deﬁ%hs were observed in dogs

follo ~ intrasplenic transplantation. ) .
Keal ﬁuﬁgéion was also monitorcu. Blood urea nitrogen and serum

creatinine were not affected following engraftment regardless of the

o
site used.

.In summary, the spleen, liver and kidney were com?argd as potential
recipieht sites for‘canine pancreatic'fragments. In‘theKEurrent study 9
of 10 dogs~ tr;néplanéed to’ the spleen by ver .c reflux bécame
nofmoglyceéiclwithout mortality or compl?cations, uggesting that the
sﬁlenicAvasculaf bed is a-reliabié and safe recipient site. In contrast
Intraportal infusion was successful in only 2 of 6 animals and acute
complications accompanied its use. Implantaﬁion into the renal

subcapsular space wés assoclated with .early graft failure in 100% of
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animals suggesting that it 1is not an

- .

dispersed pancreatic fragments.

-appropriate site fér collagenase
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TABLE III-1. Livef“fﬁﬁétiOn;tgstsvfollQWing_transplantation*;.

. \l,u,.:'

Pre-op 1 day | 7 day 1 m&ntﬁ
. . N
(ALK PHOS (Tu/L) - |
Sple%p ‘ - "<é918;2 (10) 22428 (10) 155&3}A‘(9) 65+11 (9)
Livwﬁﬁxx‘ | £>}9.2 (6)313_145¢32 (4)“:_‘}56i68 (3) 3?: ;3i?;4 (2)
Kidney = 53t9.2 (6) 234155\(55F 7’é§3¢129"(§> ;;_242&150‘p;>:_
SGOT (Tu/LY ]
Spleen. 28+1.2 261#39 . 33425 3442 .5
Liver 26£2.9 - 268+57 48172 38%9.5
' Kidney "3514.3 27134 83430 4512
LDH (Tu/L) 4 ’ '
LSpleeﬁ 159420 278442 "141t37 13041
o : ‘
Liver. 142422 429%77 287455 61416
"Kidney 172412 3054131 160436 190455
BILIRUBIN (mg/dL)
Spleen . 0.44%0.06  0.55%0.09 = * 0.33+0.06 0.5£0.07
Liver. 0.3740.03 1,040 34 0.81+0.14 0.38%0.19
 Kidney 0.8240.14 0.8240.42 0.6+0.12 0.45+.13

*
meantSEM

() number of dogs

"
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 TABLE I11-2. Coagulation profile of’ dogs receiving intrasplenic-and

intraportal.pancreatic fragments.

Pre-op

2 hours

- 2 days

l‘week

PT (sec)

Spleen  14.5%0.02 (10) 9.8+0.34 (10) - 9. 6+0:13

Liver 9.5%0.02 (6) ¥ 9.7%0.08

<

‘PTT‘(sec)

Spleen’  14.840.43

Liver - 15.2+1.42

PLATELsgs'
(x10%)
Spleen 250+20.2

Liver 298414 .7

FDP
(>40 mg/L)*
Spleen 0

Liver 0

-

. 15.7+0.82

24.5+0.50

B

193+20.4

302+53.4

(6)

9.5+0.01

16.5+0.73

19,.31.45

185+19.8

255%23.4

"ild)‘é.sio.za (10)

(3) 9.5£0.03‘(3)

\
14.3+0.50
16+3.0 -
224422 .8
319427 .4
0
)

( ) number of dogs

* significant fibrolysis
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Portal Pressure (cm of water)
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FIGURE IllI-1: ‘The effect of mtrasplemc and intraportal engraftment of

pancreatic fragments on portal pressure
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FIGURE 11I-2:  Survival of dogs following tr.ansplantation.
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500

400

300

200

100

104

W
Transplant
A
- ,/'/ ?
B 0 Spleen (h=9) *
i A Kidney (n=4) **
O Uver (n=2)*
= < Apancreatic’ control
- B g
] . ] ] ] !
B .1 2 3 4
* noimoqucomlc at 1 month A —
*%  surviving at 1 month ‘ ) Time (Weeks)

FIGURE llI-3: Fasting plasma glucose of dogs following pancreatlc fragment
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Iv
TRANSPLANTATION OF CRYOPRESERVED CANINE PANCREATIC MICROFRAGMENTS

TO THE LIVER AND KIDNEY

Experimental islet cell transplantation is very successful = in
syngeneic strains of rodents where purified i:iets from multiple donors
can normalize serum glucose and reverse microvascular complications in
diabetic recipients (1-3). The techniques developed in the Trodent model
have proved ineffectivé‘for isolating Sufficient islets .from the compact
pancreas of large mammals and humans. A partial solution to this

-

prob{em,‘yaiidated i.. the. canine model, has been to eliminate the steps
Y, o i -

éf.purification, thch reduces islet yields and collect islet¥containing

pancreatic fragments (&4). However, the presénce df contaminating

exocrine and immunogenic cells in fhese grafts has been responsible for

a number of unacceptable complications (5-7), thus precluding effective
Cfinical trials (8). -

Cryopreservation-is an éffective method for storage of purified

islets (9) and dispé?é;d péncreatic tissue (10,11). Furﬁhermore,

cfjggreservation' may destroy .contaﬁinating exocrine cells, an

observation which concurs with the reputed sensitivity of, exocrine

tissue to cold (11,12). The ability to re@ove,harmful.exocrine tissue

from dispersed pancréatic tissue would reduce complications associated
with its use. The present stddy examines the effect of cryopreservation
©.on pancreatic micfofragment purity. Function of the cryopreéerved

autograft was compared with that of fresh tissue following intraportal

embolization and injection under the kidney capsule in the canine model .
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MATERIALS AND METHODS ' . !

Experimental Design ' : VoI

In 30 dogs, total pancréatectomy Qas performed 1 week after
intravenous glucose tolerance testing (ivGTT). Six dogs were maintained
as apancreétic controls. "Tissue was removed from ffeshly prepared and
crv reserve; grafts’ for deterﬁiﬁation of insulin aﬁg amylase égnt?nt.
Six dogs each . were engrafted by !portal vein embolization and by
injection under the kidney capsufe. An equal number of control .animals
received fresh tissue by the same methods.  Portal pressure was measured
before ahd after embolization to the 1iv§r. ,Autpgraft fugction ‘was
assessed by fasting plastha glucose . (PG) detérminations daily for the
first week and weekly the-eafter. A second‘GTT‘ was‘perforﬁed 1 month
following transplantation. Liver enzymes, bilirubin and renal function
were assessed preoperatively and folldwing gransplaﬁtation ét 1, 7 _and
2§ days. A coagulatibn profile was measured priér to ‘and 2 h, 2 days
and 7 days after inﬁraportal.embolization. Animals were sacrificed when
they lost 25% of preoperative weight ip'the face of hyperglycemia

(PG>150 mg/dL).

Animals and_Care

Thirty mongrel dogs of Both_sexesiweighing 17-26.3 kg were studied.
Sukg;cal procedures _were carried out under g;neral anesthesia with
sodium pentogarbital, 30 mg/kg/body wgight. The dogs were weighed
weeklyvand permittedv unrestricted exerciée twice aéily. Full diet
;onéiéted of 360 g of méat (Dr. Ballard's, Nabisco, Toronto,loﬁ) and 600
g of Burger“Bits (Pow R Pac, Swifts, Calgary AB) dain. On

N

postoperative day 1 vdration was maintained with 'l L of normal saline

injected subcutaﬂeoualy. ' On postoperative day 2 water was allowed, on




s . >

day 3 a meat diet was offer=d and on day 4 full diet resumed. Each meal
\ - -

¢ . ’ N
was supplemented with 8 capsules of Cotazym (Organon Canada’ Ltd., - West
4

Hil1l, ON): Prophylactic antibioticél' Derapen-C “(Ayerst, Montreal, PQ)
9 . : o

2 .

3-4-nL, were administered at the -nset of sgrgéry'and on postoperative

day 1. Until ‘cr;:;?éféz;ed graf: were thawed éﬁdoreimplanted, daily
subouEaneous ihjections of 6-8 units o6f NPH  insulin (Connayght
Laboratories, Willowdale, ON) were administered. ™

Vo '
Pancreatectomy . ‘ : - A

Through an upper midline ‘incision total* pancreatectomy - was
" - s -

performed (13). ' Both branches of  the pancreatic duct were cannulated
. . . e

(PE9O polyethylene tubing) in situ, thqh‘the blood vessels were clamped, -

~ X

Vé

/

ligated and thﬁ gland removed. Immediately the pancreas was weighed and

>

ducts distended by injection of Hank's balanced salt solution- (HBSS',

Gibco, Chagrin Falls, OH) approximately 60 mL into the horizontaL limb’

(body and-tail)l and 20 mL  into the verqggal 1limb (uncinate process) .
L . L ‘ - ” '

The gland was iEpersed in HBSS at 4°C and tréﬁs edgto the laboratory
for graft "~ preparation. When transplantinglfresh tissue an .assistant

maintained the' dogs under general anesthei'a during graft preparation.

Cryopréserved grafts wére transplanted . 24-48 h later at a second

1ap§rotomy.

Graft Preparation ' ﬁ\

" perfusate was then changed to a solution of 0.4% collagenase (Type v

" The graft was prepared by a method prgviously reported from this
-’ .
lab (14). Briefly, the cannulas were conriected~to a perfusion apEératus

and flushed with chilled (4°C) HBSS aé\a pressure of 300 mmHg. . The

N

490 U/mg, Sigma Chemicals, SP. Louis, MO) in  HBSS at 37°C. The gland

v

was suspended on a 60-um mesh above the reservoir of col}ageﬁase from



-

which the engyme was’ reperfused. When digestion was judged complete the .

gland was bisected and transferred’ to 2 jars contalnlng 50 mL of .

- ’%?Fyme-stop solution consrsting of 4 C HBSS supplemented w1th 2%

trasylol (Miles Pharmaceutlcals Elkart IN), penlcrllln 100 U/mL and

streptomy01n lOO pg/mL The tissue was mlnced for exactly 90’ seconds in

a mechanlcal mlncer (15) The supernatant fluid was dlscarded and the

preparatlon resuspended in fresh enzyme- stop solutlon and transferred to

an Ehrlenmeyer flask D155001at10n was accompllshed by 'shaking__the-

flask v1gorously in an Evapomix for 10 min . at"4°C, followed by
, 2 o A . ;

filtration throdgh, a 40Q-pm ‘screen. Residual unfiltered tissue was

returned to the Ehrlenmeyer flask and passed through the disSociation‘vffil'f

process again.‘ Finally, the preparatlon was . washed x3 in enzyme-sgop
: ' b :
solution. The filtrate was centrifuged at 2000 rpm for 20 seconds and

supernatant fluid removed. The pellet ‘of islet tissue was resuspended

in  30-40 cc - of enzyme-stop  solution - prior to  immediate

-autotransplantatibn (12.dogs). Prior to cryopreservation (12 dogs) the

pellet was resuspended by doubling igg volume 'in’tissne culture media -

v Medium 199 (Gibco, Chagrin Falls, OH) supplemented with 2% trasylol, 1C%

fetal calf serum (FCS); penicillin 200 U/ﬁL and streptdmyein 200 pg ‘ml.o

?hese procedures were performed under a laminar flow hood w1th the time

for graft preparatlon belng approximately 2 h.
. ] . \‘w
Crvopreservatlon

.’AFreezing and thawing were by methods previously reported (11).

Briefly the'tissue pellet was‘resuspended at 22°C in Medium 199 with 10%

]

A :
~ FCS, 2% aprotinin, penicillin 200 U/mL and streptomycin 200 ug/mL (V/V). °
A volume equal - to that of the original tissue'pellet of 2M dlmgthyl

'sulfox1de (Mest) 1n the same Medium 399 mixture was then added at 25°C.
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After 5 min " another volume of 2M (Me S0) solutlon was then added and
shaking continued for 25 m1n Four volumes of 3M (Mezso).solution were
added (flnal Me, SO concentrate in islet beéring solutions was 2M)

2"
followed by ehaking at 25°C for 15 min. 7
The tissue”suspensien'(b.S mL tissue in 4 mL suepeneion) was then
‘aliquoted to 16x125 mm glass KIMAX (Owens, Illinois$ test tubes at 4°C
. aud after 10 miu the tubes were-transferred to an ethanol‘bath at -7.2°C

€o supercool for 5 min. The suspension was then nucleated by contacting

was

the tube with stainless steel tubing through which-liquid .(Nz)

pumped. Fifteen min were allowed for release - of the latent heat of
fusion, then the tubes were transferred to evacuated dewars filled with

ethanol and surrounded by liquid N for cooling at 0.25°C/min (16).

2
When the tissue reach -40°C it was plunged into liquid N, (-196°C) for

storage. R »' . o B >\;, . j/{-

Thawing Procedure

~

After 24-72 h the tissue was thawed bf egitatidn in a2 water bath at
37°C (ISO°C/miu). Supernatant wes'aspirated after centrifugation (1500
‘me) and 2.5 mL of 0,75 mol/L sugzuse in Medium 199 selution was adde
to each aliquet. .After equilibrétibn of. the pteparatlon 30 min the
sucrose‘was d* . ted in 4 concurtent steps of 5 min each by the addition
of Medium 199 with 10% FCS, 2% trasylol penicillin and ‘streptomytin
-whlle shaklng at 22°C. The m;xture was centrifuged, the pellet washed,v

spun’ and resuspended to 30 mL with Medium. 199  solution -for

transplanting.

Transplantation Procedure
Liver engraftment was _perforued by intraportal - embolization.

Silastic tubing\ (01040 inches 1D, Dow Corning, Midland,' MI) was
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introduced via the gastroduodenal vein and advanced into the portal vein
with a 3-Qay stopcock attached to a monometer to allow monitoring %of
portél enous pressure., Sodium Hepar%y (Ailen and Hansburgs, Glaxo
Canada Ltd., To;onto, ON), 150 United States Pharmacopeia (USP) U/kg_was
given intravenously. Pancreatic tissue was given in 6Wéquai aliquots
each infused over 5 min, %t‘intervals of 5 min with % total infusion
time of 1 h.» The Silastic catheter'was flushei;with 5 cc of:-saline
containing 1000 USP wunits of sodium hepariﬁ‘ per -liter after eééh

|

:alﬁquot. - Prior to engraftment under the renal capsule the left kidney
//'/‘A\

S was mobilized by dividing tﬁe perirenal fascia. The capsule at the

lower pplg Qas then_éﬁnétured and cannulated (PE90 polyetﬁylene tubing) .
. The graft, resuspended in 15 mL of HBSS with 2% trasylol, penicilliﬁ and
.SCreptomycin was infusedvslowly while the catheter was'magipulated in
multiple directions‘to'distribute the graft under apﬁroximately 75% of
tg; subcaﬁsular space. aManual pressure was applied to the puncture site

for 5 min following iﬁjection.

Tissue Assays

Samples of freshly prepared and cryopreserved grafts were weighed
‘homoge?}zea anq sonicated in 5 mL of chilleq 22 acid (stoa):. 76%. ETOH.
Insulin was extracted over 24 h at 4°C. Samples wére neutralized and
diluted in Esaturated 'sodigm bicarbonate (Gibco, Grand Island, NY).Q
Insulin was measured by double-antibody radioimmuhoass;y (17) using
Insuiin RIA kits (Pharmacia,' ﬁppsala, Sweden) andi humgn insulin

- standards (WHO‘International Lab for Biél! Standards)Aand amylasé with
Dri-STAT Amylase-bs reagent Y(Beckmanllnstruments, Carlsbad; CA). The

ratio of insulin to amylase content wafrdetermined ag\a measurement of

purity. The = comparison was made under the ass lon that tissue



insulin and amylase dontent are proportional to pancreatic B-cell -and
exocrine tissue mass respectively (18). ' .

Bloo& Indices

Fasting PG (PG mg/dL) was measured‘by the glucose oxidase method

\

using the Beckman ,Giuéose Analyzer 2 (Beckmanllnstruments, Brea, éA);
ForlivGTT saphznous veins were cannulated, glucose (0.5 g/kg gody wt)
was injectedvand‘blood collected at 0, 1, 5,'10, 15, 30, 60,‘90 min for
assays of glucose..The K value (19), a measure of the decline in glucose
level {percent/min) was determined from gldcgse leveis atﬂ5, 10, 15, and

30 min, Alkaline phoéﬁhate (Alk. Phos.) serum glutamate oxalacetic

transaminase (SGOT), lactate dehydrogenase»(LDH,, - ilirubin, blood urea

nitrogen (BUN) and serum creatine were measured using the Multistat III

-

analyzer (Instrumentation Laboratory, Lexington, MA). Prothrombin times
(PT) and partial thromboplastin times (PTT) were assayed wusing the
BBL-fibrometer (Becton-Dickinson, Missigsauga, ON). Flatelet 'counts
were performed on a TOA Automatic élatelet- Counter, Model PL-lOO (ToAa
: )

Medical Electronics Co. . Kobe, . Japan) with‘adjustment for the size of
‘dog platelets. Fibrin degradatioﬁ products (FDP) were measufed using
the Thrombo-Wellco test (Welicome Diagnostics, Dartford, England) .

Analysis of Data ) - ' -

~

All results are expressed as meantSEM. The data were analyzed with

1Stﬁdent’s’t—test for paired or unpaired data as applicable. Differences

are stated as significant when p<0.05 unless indicated otherwise.
~
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RESULTS

Insulin Amylase Ratio

Volume, insulin and amylase concentration and . insulin/amylase
ratios of freshly processed and cfyopreserved grafté are shown (Table
IV-1). Cryopreservation Siyses a significant reduction in.thé amylase
concenttation while insulin remains unchhnged, resulting in a’ greater
than 3-fold increase in the insulin/amylése\ratio.

Portal Pressure

Portal pressure was measured - during intraportal embolization of
freshly isolated and cryopreserved pancreatic fragments (Figure Iv-1).

Portal venous préssure increased 16.4+2 .3 cm H20 (ﬁéaniSEM) following

intraportal infusion of cryopreserved tissue which was significantly

, less (p<0.01) than that seen following the infusion of freshly isolated

!
.tissue (31.243.3 cm'HZO).

Survival of Dogs (Figure IV:2)

All apancre?tic controls became seve;ely diabetic (PG>150 mg/dLl)
surviving 6.5+0.8 days. Following intraportal,embolizatioq of fresh
tiséue 2 dqgs died within 24 h of undetermined cause, whilé a third dog
which was iﬁitiélly normoglycemic (PG=109V mg/dL) died 5 days following
eﬁgraftment ldue to intestinal infarction. A fourth dogl became
pfdgressively diabetic following engraftment and died on tﬁé seventh ,
pésﬁoperacive day. The remaining 2 dogs displayed long-term

d%ormoglyceqia, one developing hyperglycemia (PG=298 mg/dL). forty days
following engraftmeﬁt and the btﬁef remaining nofmoglyéemic throughoup'
follow-up. Intraportal infusion of cryopreserved microffagments was not !
associated with'any acute mortaiity. 'All mortality in this group ‘was

. V4 ~ .
associated with a return to the diavetic state which occurred early in 3

"



"4 ' ' ot
‘dogs (day 2, 5 and 14) while 3 dogs remained normoélycemic for an

extended period, failing 45 and 75 days after engraftment while the

third dog remained normoglycemic permanently. Following renal capsule |

engraftment of fresh and cryopreserved tissue hyperglycémia rapidly

~ensued with only 1 dog from either group remalnlng normoglycemic beyonq
~ the fourth post-transplant day. Survival followipg renal capsule grafts
was variable ranging frpm 1 to 45 days and 5 to 35 days following the
engraftment of fresh and cryopreserved tissue respectively.

Autograft Function (Figure 1IV-3)

Follow1ng pancreatectomy control dogs became rapldly hyperglycemlc
with a plasma glucose (PG) of 428+45 at death. Throughout the 3 month

follow up fasting PG was equal in dogs- receiving cryopreserved

pancreatic microfragments intraportally to those engrafted with fresh

Eiasae. Recipients of renal . sule grafts of both fresh and
cryopréserved tissue became i ~ogressively hypergiycemic; The
pretransplant K value of all dogs was 3.4i6.2 (n=3b); Normoglycemic
récipients were re-studied at 1 and 3 mopfhs. The K- value fell

significantly to 174%0.4 and 1,040.2 (p<0.01) 1 month following
vihtxaportal iﬁfusion of  fresh ~ (n=2) ‘and cryopreserved (n=3)
microfragments, Three months following engraftment the remaining
recipients of fresh (n=1) and cryopreserved.(n=l) grafts had_K values
of 1.5 and 1.3 respectively.' Hyﬁerglyqemic idogs with renal capsule
grafts were not restudied.

Liver Function (Table IV-2)

Alkallne phosphatase rose 51gn1f1cantly in rec1p1ents of fresh and
cryopreserved intraportal grafts (p<0.01) as well as fresh (p<0.05) and

cryopreserved (p<0.01) penal capsule grafts within 24 h. Differences
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between groups at 24 h were not significant. Serum 6. levels were
elevated within 24 h following inﬁraportal embolization of fresh and
cryopreserved tissue (p<0.0l1) and after the engraftment of fresh

(p<0.001) and cryopreserved (p<0.05) tissue under - the renal capsule.

Observed differences between groups at 24 h were not significant..

Elevation in LDH occurred followingvintraportal infusion of fresh tissue
(p<0.01), within 24 h as well. - Ali these biochemical abnormalities were
transient retufning to preoperative levels in all céses by 30 days and
were not. associated with changes in serum biliruBin.

Fi
Rena] Function

—

Blood urea nitrogen and serum creatinine measured preoperatively in
recipient dogs were 13.6+1.4 and 1.0+0.7 were not affected - by
transplantation of fresh or cryopreserved tissue to either site.

Coagulation Profile

o

-
Coagulation parameters were measured 'in dogs receiving intraportal

grafts (Table 1IV-3). Prothrombin time and platelet counts were not
altered after the infusion of either fresh or cryopreserved tissue.
Significant prolongation in PTT occurred 2 h following intraportal
embolization of both fresh and cryopreserved microfragments, but had
returned to normal.;;?§~days. Isolated elev;tidn of FDP above 40 mg/L
was noted in 1 dog 7 days after intraportal infusion of fresh tissue and
2 h‘and 7 days following engraftment of cryopreserved tissue in apothef.
DISCUSSION
Previous studies have suggested that cryopreservation purifies
‘

’ Y
pancreatic microfragments by virtue of the sensitivity of exocrine

tissue to cold (11,12). - In the present study, pﬁrification of "canine
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pancreatic fragments is gé@éﬁstrated by Fa greater than 3-fold Vincrease
in the insulin to amylase ratio following cryopreservation. While
insulin content remained unchanged cryopreservation reduced the amylase
content significantly,  These fiﬂaings suggest that cryopreservation
-purifies pancreatic microfragments at the expense of contaminating
exocrine components and are in keeping with the suggested susceptibility
of pancreatic exocrine tissue to injury by the freeze-thaw process
(11,12). It has been established that different cell types have
different optimal cooling and thawing rates due to their difference in
size, membrane permeability and tolerance to osmotic shock (20). The

present results suggest that when the cryopreservation protocol is
' e

optimized for pancreatic islet cells that selective destruction of

contamiﬁating exocrine cells4occurs.

Other methods qf purifying canine pancreatic microfragments have
been reported. Matas et al demonstfated a greater than 6-fold increase
in the insulin/amyiase ratio of canine pancreatic fragmenté gultufed for
24 h (ib,Z]). During cultﬁre they demonstrated a significarf®fall in

‘amy.ase concentration. In contrast to the present study in whicﬁ the
: -
insulin concentration was unchanged following cryopreservation they
demonstrated a fall 1in insulin concentration of over . 1/2 that of the
whole pancreas during culture. - When autografted to diabetic dogs the
‘use of cultuged islet tissue resulted in a 50% success rate in
normaliging PG (21). Nason et ai reported the wuse Uof‘ high. dose
radiation to purify canine pancreatic microfragments (22). They
demonstrated a 3-fold increase in the insuliﬁ/amylase}ratio of tissue,

" following external beam irradiation: They did not dembnstrape a

significant fall in the amylase concentration of the graft suggesting

o
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that purification occurred by virtue of destruction of non-exocrine
tissue contaminating the graft. Following intrasplenic autoimplants

Nason and associates were able to reverse diabetes in 70% of dogs

followed for 1 month. The induction of islet cell neoplasia, however,

is a possible complicatiom—6f this technique (23). The use of pseudo

islet formation by Séharp (24) and Ficoll gradient sedimentation by
Alejandro et al (25) has allowed the isoiation of highly purified
preparations of canine islets. Scharﬁ has been able to successfully
reverse diabetes in 25% of dogs transplanted go the spleen with pseudé

islets derived from single organs (24). Alejandro and associates have

had success transplanting islets purified by Ficoll gradient

sedimentation wusing an allotransplant model, however, insufficient
yields of purified islets.sometimes necessitated the pooling of purified
islets from multiple donors (25).

In the present study in ino function of grafts purifiéd by
cryopreservation was compared to controls of fresh tissue following

intraportal embolization and injection wunder the renal capsule in

diabetic dogs. Acute mortality occurred in 3 of 6 dogs following

intraportal infusion of fresh graft while the use of cryopreserved

pancreatic microfragments was associated with early graft failure in 3
of 6 dogs. This would suggest that intraportal embolization is not the
optimal -route for engraftment of pancreatic microfragments,  when

compared to the spleen which has been used reliably for engraftment of

both fresh (14) and cryopreserved (10) tissue. Prolonged normoglycemia

was achieved, however, in 2 of 6 dogs engrafted with fresh tissue and 3
of 6 treated with pf§opreserved tissue. Fasting PG in dogs receiving

cryopreserved grafts was equal to that of control dogs engrafted with
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fresh tissue throughout the 3 month follow-up. K values 1 month after
eﬁgraf;ment were equal as well. This demonstrate: that the function . of
cryopreserved grafts was equal to that of frest controis following
intraportal embolization.

Embolization of unpurified pancreatic tissue to the liver has ' been
associa%ed with a number of severe complications both experimentally and
clinically (5{6,7). In the present study portal hypertension was
significantly reduced following intraportal embolization of pancreatic
microfragments purified by cryopreservation. Vasoactive subétances and
thrombogenic materials, released from exocrine cells contaminating the
g?aft, have generally been implicated as the cause of portal

*hypertension under these circumstances (5,26). The significant fall in

»

amylase concentration seen,in the present study, reflects the loss of
exocrine tissue in the graft following cryopreservation and resulted in
a reduced load of vasoactive and thrombogenic materials being presented

to the portal system, explaining the significant fall in portal wein

pressure following engraftment. The degree of portal hypertension seen

i
<

using_cryopreserved tissue was never severe enough to induce small bowel
infarction as occurred in 1 dog transplantéd with fresh tissue.

Acute abnormalities in liver enzymes occurred consistently in dogs
receiving intraportal grafts, and were similar whether the_dog received
fresh or ‘crybpreserved tissue. These changes were transient having

- i -
returned to preoperativeulevels by 1 week in most cases and in all dogs

3
by 1 month and were not associated with chénges in serum bilirubin.

Transient alterations in liver enzymes following intraportal infusion of

islet tissue has been described (27,28) and it has been suggested that’

' such changes reflect hepatocellular damage following intraportal
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engraftment. However, in the present study szﬁfiar changes were seen
after injection of fresh and cryopreserved pancreatic microfragments
under the renal capsule suggesting that the development of transient
liver enzyme elevation is not a site specific finding.

The occurrence of severe systemic hypotension following intraportal

infusion of fresh pancreatic tissue has been described and is attributed

to vasoactive kinins release from exocrine tissue in the graft (29).

The greater degree of such contaminants in the fresh graft may explain

the two sudden deaths® observed following engraftment with fresh

pancreatic tissue, as no such deaths were obser&ed following intraportal
infuéion of cryopreserved tissgef

Disseminated infravascular coagulation (DIC) has also complicated
the %nfusion of pancreatic microfragments into the portal wvein (5).
This was not observed following the transplantacion of either fresh or
cryopreserved grafts. In the present study, dégs were systemically
heparinized intravenously énd as well heparinized saline was used to
flﬁsh the catheter tﬁrough which the graft was administered followiﬁg
each aliquot. The use of heparin both systemically and accompanying the
graft intraportally, és well as aprotinin the graft preparation has

previously been suggested in the management of pancreatic tissue induced

DIC (5,29).

Toledo-Peryra has demonstrated the feasibility of tte renal

subcapsular- region as a recipient site for canine pancreatic fragments

\

(29). He successfully revepsed diabetes in dogs by allografting
mechanically dispersed pancreatic tissue. In comparison Hesse and
Sutherland failed to reverse diabetes in 11 dogs autografted with

freshly isolated collagenase digested pancreatic fragments (31). 1In the
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presént study, we were unable to reverse diabetes in 12 dogs engrafted

nder the renal capsule with either fresh or cryopreserved tissue as the
‘dog became progressively hyperglycemic in all cases. These findings
support those of Hesse and Sutherland, and we also feel the renal

subcapsular region is an inappropriate site for engraftment of
: ~ -

pancreatic fragments. The lack of an adequate blood supply to dilute

hY
- 3 V. . . -
and remove enzymes rq&fiiingrom contaminating exocrine cells under the

kidney capsule; likely results in autolysis of the pancreatic islets
however the loss of endocrine- cells transplanted to this site may élso
be due to ischemia as tﬁis is a relatively avascular area. Although
cryqpreservéﬁioﬁ purified grafts significantly it did not sufficiéntly
reduce the amount of contamlnatlng exocrine tissue to allow for survival

of islets transplanted beneath the renal capsule.

3

‘ In summary, purification of canine pancreatic microfragments by

cryopreser&atiqn.is demonstrated by a greater than 3-fold rise in the

f
insulin/amylase ratio of pancreatic tissue following cryopreservation.
7 o

The function of . cryopreserved autografts 'in the liver was similar to

that of freshly prepared tissue with the advantage of significantly

reduced portal hypertension. during 1ntraportal embolization. The
fallure of all fresh or cryopreserved autografts to reverse diabetes
following injection under the renal capsule éuggest that unsuitability

of this site for implantation of islet containing tissue in dogs.

121



A C122

Table IV-1. Insulin, aﬁylase concentration and insulin/amylase ratios

of freshly processed and cryopreserved grafts.

Spun . Insulin Amylase

| volume content content Insulin/Amylase
n (mL) (mU/mg) (IU/mg) - ratio
Fresh 12 17.6+2.0 2.08+0.20 22,2440 28%% : 1.0i0.l*§
Cryopreserved 12 12.4%1.5 2.3310.22 .8340.10%% 3.3£0. 5%

-mean+SEM
* weight (g)

*¥% Cryopreserved different than fresh p<0.001
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.y ~ :
able IV-2. Liver function following intraportal and renal capsule
implaggation of fresh and cryopreserved pancreatic

microfragments.

o Pre-op 1 day 7 day 1 month

J

ALK. PHOS. tIU/L)

Fresh intraportal 26+9.2 (6) 145%32 (4) 156468 (3) 38+2.4 (2)
Cryo intraportal — 35#8.7 (6) 302+86 (6) 251464 (6) L4620 (5)
Fresh renal capsule 53+9.2 (6) 234%65 (5) §75i12§ (5) 242iiSO (2) «
Cryo renal capsule  50£7.5 (6) 248%46 (5) 325+172 (3) 394 (1)
, N , ,

SGOT (IU/L) _ .
Fresh intraportal 2642.9 268+57  4847.2 3849.5
Cryo intraportal 27%2.3 161442 55+12 33£2.0
Fresh renal capsule 35+4.3 271434 8330 46412
Cryo renal capsule 23*+1.4 115+29 © 54%14 101

LDH. (IU/L) _
Fresh intraportal 142422 429477 287455 61+16
Cryo intraportal 226%50 292436 263175 87+30
Fresh renal capsule 172412 3054131 Toox36 190455

Cryo renal capsule 89+17 160140\, 135+27 108

-

- . . 1 v L

i

BILI (mg/dL) ‘
Fresh intraportal -~ 0.27+0.03 1.0+0.34 0.81+0.14 ~ 0.38+0.19

Cryo intrapoital =~ 0.74+0.08 1.0+0.33 0.74+0.24 0.72+0.20
Fresh renal capsule 0.82+0.14 0.82+0.42 0.6+0.12 O.ASiO.l}

Cryo renallcapsule 0.38+0.08 143+0.07 - 3.6£2.9 1.2

( ) = number of dogs
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Table IV-3. Coagulation profile of dogs receiving intraportal

autografts of pancreatic microfragments

A\

-

/ ,
/- 1
/ |
pre op 2 hours 2 days v 7 days
PT (sec) ‘
Fresh inérapdrtal "9:5i0.2(6) <9.7+0.08(6) 2.5£0.01(3) 9.5%0.03(3)
;_Crxo intfgpprtal 9.5 (6) 9.7£0.07(6) 9.5 6) 9.5+0.03(5)
PTT (sec)_
Fresh intraportal 15.2+1.4 _ 24.5%0.5, - 19.3%£1.5 16+£3.0 , '.
ACryo intraportal 16.8+0.8 ,21.8%1.9 l7lli0.& 13.8+0.3
PLATELETS (x10°) . .
Fresh intraporféi 298+14 302453 255423 319+27 .
Cryo intraporthl 280441 263437 185489 - 305470 g
O~
FDP (>40 mg/L)ﬁ
Fresh intraporkal 0 0 1 O
Cryo intraport;x\ 0 1/ 0 1
) - nﬁmbér‘of dogs
* - significant fibrinolysis .



FA3

PORTAL PRESSURE (cm of waten

125

&~

&

40+ o '/A Fresh;

30

20
10| : o - y,
W 7

'Pre—trahsplant ) o Post—xransplant

. FIGURE IV—1' The effect.of intraportal embohzatlon of fresh and cryopreserved
pancreatlc fragments on portal Venous pressure, ) ' -

{



PERCENT SURVIVAL .

- PERCENT NORMOGLYCEMIC

1001 Apancreatic control
R I L e — Fresh intraportal
8o (T oLl Cryo - intraportal
i oL e Fresh renal capsule
60 - : Cmm———- - Cryo - renal capsule
I b e .
40 K
i "—“g—"“——“"‘i -
{ : 1
20+ (S ST L !
- !
o‘ ! 'l > N 1 . A l
40 60 80
100 r T
l
'-|
80 |
. ]
. [ al ' -----
60 |- | K
I I \ y o
o o
40 HE : L
! "L ———————————————— 1 L-—--—yt‘,"".- ---- '
: i - !
20} - S :
3
0 i v ] N ] — 1 ‘s 1
0 20 - 40 60 80
| TIME (days) o

FIGURE IV-2: Survival and nor‘mogly-cemi‘a -of dogs following intraportal

and renal capsule engraftment of fresh or cryopreserved pancreatic .

microfragments.
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FIGURE IV—3: Fasting plasma glucose of dogs followihg pancreatic microfragfnent _
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DISCUSSION

jxﬁerimental pancreatic islet “transplantation has beeﬁ very i
successful in both small (1,2L3,4) and large (1,5-9) animals. Since the
seminal work by Ballinger and Lacy (2), a number of laboratories have
successfully reversed diabetes in rodents by transplanting pancreatic
islets (1,3,4). %irkovitch and Campiche (5) paved the way for large
animal studies b; demonstrating that by avoiding the steps used for
purification, developed in the rodent, sufficient vyields .pf‘ islet
cénﬁaining tiss@e could be isolated from the more fibrous pancreas‘ ?f
larger mammals to produée normoglycemia following transplantation.
Other gfoups have suéceésfully used this technique to demonscfate'\theu

'reiiability of pancreatic microfragment trahsplantation fé: the .
treatment of diabetes in large animals (6-9,10). ‘It 4hés been shqwn
experimentally that islet cell transplantation not only broduges

) : ’

normoglycemia, but that it can also halt . and reverse the chronic
micfovascular changes of diabetes (1,11—19). There are several barriers
that must be overcome before clinical-islet cell transplantation can
become a reality including increasing islet yield, improving graft
purity, assuring the opfimal recipient site ‘and minimizing allografﬁ
'rejéction (20). The present study, using aqtotransplantagion of
;islec-containing tissue in the canine model agdréssed two of these
‘issues. Different sites for engraftment of pancfeatic microfragments
were coﬁpared from the point of view of both fﬁncﬁion and safety. éraft_

- purification by cryopreservation and its influence on recipient . site

function was also exémined] This study further defines the optimal site
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for engraftment in large animals and suggests that cryopreservation is
not only ' the most realistic method for long term preservation of
pancreatic tissue, but that it purifies grafts as well.

Comparison of Sites

The ideal recipient site for pancreatic islet chtaining tissue has
yet to be determined.. It 1is generally held that autélogous drainage
(venous drainage of the graft' into the poftal circulation) is superior

-in function  when coapared to a graft. draining /systemically
(hete?oldgous). This makes sense theofeticali& since the liver is the
organ on which ingulin exerts 1its major action and is supported
experimentally by‘the work of Brown (él) and more recently by Albisser
(22). 'While this concept is widely supported, there have still been a
large number of hetérologous sites examined iﬁ both small and largg
animals. The superiority of the 1ivef, via portal vein embolizatioﬁ, as
a recipient site for pancreatic islets in rodeﬁts has been confirmeq. by
sevéral groupé since’first being demonstrated by Kemp (4).. intraportal
embolizatioq, however, has not been as successful in large animals

,

experimentally (7-9) or in limited c¢linical trials. (23,24) . The

infusion of islet containing tissue into the portal vein has also been

/ggsogiated with a number of unacceptable complicationsjin both dogs anq
‘humans,“ including pércal" hypertension (8,9,25,26,27), bortal vein
tﬂ;;;gbsis (28), / bleeding esophageal varipes_‘(28), disseminated
intravascular coagulation (25) and systemic hypoteﬁsion (27,29). For

this reason other transplant sites have been examined in the dog model.

The spleen first used by Mirkovitch and Campiche has been successfully

utilized for the transplantation of pancreatic microfragments, Théy and

others engrafted tissue into the spleen by direct inoculation into the
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“splenic pulip either by capsular puncture or via catheters advanced
through splenic veins (5,6,8,9). Warnock demonstrated improved function

'by refluxing the graft in retrograde fashion into the spleen from hilar

veins (7). The superiority of ‘the spleen for transplantation of

pancreatic microfragments in dbgs has been demonstrated (9). It appears
that the spleen .by virtue of its rapid sinusoidal blood flow dilutes

thromboplastins and vasoactive amines such that they are presented to

the 1liver in _’insufficient ‘amounts  to . cause significant portal

hypertension (7).

Ry

Until recently, experience with the use of highly purified islets

transplanted intraportally had been.confined_to that of Lorenz (30) who_

produced normoglycemia for 3 weeks .in 10 dogs given - intraportal
allotransplants of Ficoll isolateé pancreatic islets. Alejandro et él
(31) have also devéloped a techﬁique for isolating highly purified dog
islets with Ficoll. They.successfully reversed diabetes in 16 of 22
Beagles reéeiving allogenic islets intrapgrtallyf 'In both Ehese studies
neither significant portal hypertension or other complicationé
previously associated with portal embélizatidn oé pancreatic fragments
iﬁ large animals occurred.

Heteroldgous sites have not been investigated in largs animalz
until recently. Toledo-Pereyra et al, successfully used tr=2 renal
subcapsular region to reverse diabetés in dogs aliégrgfted' with
mechanically dispersed paﬁpteatic fragments (3%}7 ‘inrcontrast, .Hesse
and »Suthegland were -unable to produce normoglycemia in 11 dogs
autotfansplanted with collagenase .digested pancreatic tissue when

utiiizing the renal subcapsular region (33).

4

st
Ly
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. f
In the present study a comparison between fhree potential sites was

- made. Collagenase digested pancreatic microffagments were autografted
to the spleen by refluxing through hilaf/;eins, as by Warnock, the liver
via portal vein embolization and to the renal subcapsulat region.
- "
Surgical panoreatectomy Qas used as a model for diabetes and the
consistent development of hyperglycemia and rapid death of all
apancreatic controls attest to the severity and reliability of this
model. Autopsy failed to reveal any yesidual pancteatic tissue im these
or any other dogs 'expi;lﬁg‘du in follow-up. ‘All' 10 dogs receiving
1ntrasplen1c grafts surv1ved to 1 month, nine being normoglycemlc with
graft failure occurring in 1 dog. Although fastlng PG (PG) was

consistently norﬁdglycemic the fasting plasma insulin was significantly

lower at 1 month post-transplant compared to preoperatively (Table A-1).

Intravenous glucose tolerance at 1 month was also significantly impaired

with a K wvalue of 1.3+0.2% in contrast to 3.5%0.3% prior tﬂ

pancreatectomy. Peak insulin levels during intravenous glucose’

tolerance testlng (ivGTT) were also reduced 51gn1flcantly (Table A-11).

These flndlngs are con51stent with that reported by other authors,

supporting the reliability of the spleen as a recipient site for

pancreatic'microfragments. Kretchmer et al reversed‘hyperglycemla in 20

of 21 dogs transplanted with pancreatlc tissue and followed f8r 10 weeks
.

,(6). Warnock demonstrated slmllar findings normalizing PG in 9 of 13

dogs. autografted to .the spleen by splenic vein reflux (7). More

recently Hesse and‘Sutherland autografted pancreatic microfragments to

the spl=en, by venous teflux,as well, and reversed diabetes in 10 of 14

dogs rende .d diabeticvby total pancreatectomy and followed for 2-6

‘weeks (33). While normoglycemia is Iachieved in the fasting  state,




imbaired glucose tolesance is an 1invariable finding. In the three
pre;iously,mehtioned studies the mean K value fell froﬁ preoperative
levels of 3.3+3.27%, 3.440.2%, 3.1% to 1.6+0.25 at 2 Qeeks,'l.AiO.l at 1
month‘and 1.47 at.2 weeks, respectively. The reasons for this lack .of
metabolic efficiency are not totally clear. It has been suggested that

islets trapped . within fragments of exocrine tissue may not be as

-
¥

effective as free. islets, . or that the graft by virtue of its bulk cannot

be completely supported by the segmental vascular supply of the spleen
until neovascularization occurs . resulting in further loss of 1islet
tissue (34). Alternatively it may be that the graft contains a margihal

amount' of insulin - secreting tissue which can maintain fasting

normoglycemia, but with an inadequate reserve unmasked by glucose

challenge. This concept 1is supported by the. significantly lower peak
insulin levels during glucose tolerance testing noted in this study and

by others (5,6). The value of peripheral vein 1insulin levels as an

accurate parameter of intrasplenic graft secretion is questionable

(6;34), since the iiver is between the site of transplant and the
peripheral veins where insulin' levels are sampled. The iliver can
extract a large portion of the insulin in the portal blood in one pass.
Increased hepatic extraetlon in response to moderatebsecretlon from the
graft could result in seriously Low peripheral insulin levels. Whether
. the weakened performance of intrasplenic grafts is a quantitative .or
qualitative defect is not known, regardless it has been shown that over
time the funcsipn of int%%splenic autografts as measufed by K values
improﬁes (35), and stabilizes Qithout evidence‘_of;fatigue for up to 18

months (34). h ‘ _ N .
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Dutoit documented portal hypertension following inadvertent
embolization to the 1liver of intra;plenic Pancreatic tissue (36).
Portal preséures were measured before and'after‘injection\of the - graft.
In this study during the infusion of pancreagic microfragments into
splenic veins, vascular clamps were plaﬁed occluding. the hilum éf the
spleen and left for 10 min following engraffment. There was a sligh£
but insignificant rise in portal bressures fo¥lowing engraftment.
Although ‘measurements - of this ‘kind folioWing .intrasplenic
transplantation have not préviouslyl been réported in the 1literature
these results are in clear contrast fo the degree of portal hypertension
well documerited to occur '.during intraportal embolization (8,9).

‘Disseminated intravascular coagulation has been dogUmented secondary té

ihtraportal (25) and intrasplenic (37) engraftment of  pancreatic

microfragments. For this reason, coagulation parameters consisting of

prothrombin time (PT), partial thromboplastin time (PTT), platelet count

and fibrin degradation product (FDP) were measured serially following
transplantation. A significant drop in the platelet count occurred 2

‘ 1
days following infusion of the graft into the spleen, but no

abnormalities involving any 6zﬁer paiameter° occurred, excluding a
consumptive coagulopathy as a potentiél complication of intraéplenic
'eﬁg?aftment.

| Liver function  was ;also assessed following‘ tranéplantation.
Significant eleﬁatio; occurred in the mean Alkaline Phosphatase (Alk.

Phos.), serum glutamic oxalacetic transaminase ' (SGOT) and lactate

,:dehydrogénase (LDH) 24 h post-infusion; but these values had returned to

« preoperative values by the end of 1 week in most cases and by 1 month in:

all dogs. Bilirubimwas not altered. Similar transient elevations in
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liver enzymés following intrésﬁlenic infusion of pancreatit tissue have
been repor éd‘ préviously by both Kolb et al (8) and :Kfe;schmer and
associates (9). Rénal function as assessed by blood urea nitrogen and
serum creatinine levels was not altered by intrasplenic transplantation.

Iq summary, the spleen appears to be .an e#cgllent site for the
engraftmeﬁt ;f pandreatic fragments as demonstrated by a 90% success
rate up to 1 month, with metabolic efficiency in this study, equal to
that previously gfepgrtedi The site is safe with no .technical
complications occurring and no long-term effects ‘on liver, genal or
coagulation function.

'

In contrast to the succéss of intrasplenic prévipléﬁts only 2 of 6
dogs receiving - intraportal = pancreatic m‘c¥6fragments ~ became
norr glycemic, these being the oniy :eciéients to\ survive 1 month. One
dog died solely due to graft failure and complications were a
- significant proglém with chef dogs. One dog died 4 days
post-transplant due to complete small bpwel ‘infarction and  was
hjperglycemic at‘that time. At adtépsy this dog did not demonstrate
<portai vein -thrombosis. The small bowel ihfarcted secondary to severe
and pefsisﬁent portal venous hypertension due to _the graft infusion.
This dog developed portal venous pPressure in‘excesé of 42 cm of water,
which was the 'limit of the manometer, and wa§ probably substantially

higher. The graft was infused more rapidly than intended and this may

have been responsible for the severity‘.of the portal. hypertension.

Torres and associates have demonstrated that’ the incidence of

complication from infraportal infusion of pancreatic tissue is related

to the rate of -injection (299:".Two'dogs died suddenly within 24 h

@&

following engraftment. ‘Documentation of graft function was not achieved
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before death and autopsy did not reveal the<§guse of death in either of

these dogs. 'Specifically ‘they did not have evidence of complications

. ) -
related to portal venous Hhypertension, or a bleeding disorder. It - is

possible that hyperinsulinemia féﬁulting in hypoglycemia and hypokalemia

was responsible for these sudden \deaths.’ This- has been described ’in

dogs receiving whole organ allog?afts (38). Blood. sugars Qere drawn
within 1 h of engraftment iﬁ‘random aogs (not these two speciggcal}y)
and hypogfyceTia was not noggd; however, serial glucose and electrolyte
'_detérminations during the first 24 h following transﬁlanﬁation were . not
performed routinely‘“so' ‘that deflnlte conc sions can not be . arawn.

Systemic hypotension follow1ng 1ntraportal embolization of dispersed

pancreatiéitiSSUe has been described (29) and m¥y have led to the-dgmise

of these dogs. The possibili;y of an anesthetic related death,  however,

cannbt be ruled out for these dogs.

The two  successful intraportal transplants demonstrated equal

fu :tion when compared to dogs receiving intrasplenic grafts and had

“significantly higher fasting 1nsu11n levels. Intravenous glucose

+

tolerance testing at 1 month was perfommed tévealing a K. value of

: ‘,‘w%,,
1. 4+0 04 whlch compares favorab?fw%wiikﬁ

of the 'intrasplenic

autografts. Just as in dogs recelvrﬁ“ dogs
have significant glucose intolerance compéfed with theinu'preoperative

'state.

Intraportal infusion of canine pancreatic microfragments has .

: = ‘ -
previously been reported (7-9,39). Kretchmer and assov %s. produced

- normoglycemia in 3 of 10 dogs transplanted with colls,, se rigested

pancreatic tissue (9). In contrast‘ to the present study zraft failure

was responsible for the death of all 7 unsuccessful recipients. “Post-op




&
' ’ “2- .
K values were slgniflcantly lower then preoperative values similar to

{

the present study, _however,'the mean K value following -intraportal
engraftment was well wifhin the diabetic range (0.7740.1) in Kretchmer's
series. Kolb et al (79) successfully reversed dia;etes in 5 of 5 degs
(by intraportal embolization of pancreatic fragments, and Horoguchi and
Merrell (39).had simiiaruresuits ia 3 of 5 dogs;

Portal hypercension was a consistent finding in all dogs in this
groﬁp. The volume infused yasvthe same as that transplanted into the
sbleen suggesting that the elevation in portal 'pressures seen‘in this
study 1s specific Afor intraportal route of pancreatic engraftment.

.Veagus eﬁgorgementvof the small bowel was seen'in 'pre;ertion to the
degrec of portal.presﬁﬁre elevation in all dogs, resulting in infarction
of small bowel and death in1 animal. Portal hypertension in varying
‘degrees has been described both in dogs and in clinical trials following

the embolization of paficreatic tissue into tiie portal vein

(8,9,25,26,27). It has beep ~attributed to <vasoactive substances and

thrombogenic materials derived prifmiarily - from the exocrine tissue of

. such grafts. Kretchmer et al (9) documented transient elevation in
" portal pressure 'in dogs, but greater elevations have been described

leading to severe ~complications such as portal wvein thrombosis (28),

bleeding esdphageal'varices (28) hepatic infarction and death in somc
: v orEs B . o |
patients (26)2 .Coagulation-abnormalities~have also beén demonstrated in

conjunction with portal hyperten51on following portal infusion of

)

pancreatlc tlssue; : Mehigan and . associates documented prolonged T
thrombocytopenia’and increasing FDP in association with consic. ..ie
perloperatlve bleedlng in dogs and 1 patlent (25) follow1ng embollzatlon

’

of pancreatlc tissue to the 11ver
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The administration Sf aprotinin and heparin either in the gfaft or
intravenously has been advocated to manage portal h&ﬁértension and
coagulapathy (25,40). Heparin should block the consumption of :clotting
agents in the 1liver Aby interfering with high, levels of tissue
thromboplastins found in autografts. Aprotinin  has been suggested
because this inhibitor may block proteolytic vasoaétive agents and
thromboplastins as wéll (40). Mehigan added Heparin at a ‘concentration

»

of 30 USP units/mL and aprotinin at 200 KIU units/mL, to the graft and
showeé}g significant reduction in poftal pressure and improved clotting
function in dogs (25). Kolb et al administered 2500 Usf units of
heparin intravenously prior to‘tfansplaﬁtation, it isAnot‘clear pwﬁéther
aprotinin was wused in the’.graft (8). . Kretchmer ggve‘ heparin
int&aﬁenously at a dose of IOO»GSP units/kg body weight, and did not use
aprotinin (9). IraverSo studied the éffects of heparin and ‘aprotinin
f;llowing administration of pancfeatic shock factor derived %ﬁfrom
collégenase digested pancreas ‘in doés, pigs and monkeys (40). Aprotinin
in  doses of 5000 KIU/kg or 10000 KIU/kg given with thé PSF
intraportally, blocked.the occurr;ncé of portal hxpertension in 7pigs,
was only partially effective in dogs and did Aot work in monkeys. The
’use of heparin 500 Usp unit/kg given inkravenously did not effect: the’
seQCrity qf portal hypertension above, in any species althougﬁ i; would
be expected to prevent secondary thrombosis. -
; . ¢
’~In this study portal hypertension occurred in all daogs transplanted
to.tﬁe f}i§e§ .and - was bdirectiy responsibie for the death of one.
Significaﬁt‘,coagulation abnormalities were not asgociétedi with

intraportal infusidn, however, aprotinin:in a dose of 200 KIU/mL was

administéred with the graft and heparin was given intravenously at a

a .
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dose of 150 UsP units/ g- Given gHe wide variation of dosages for these

¥,

agents reported in the literatureithe efficiency, rdosage and route of

administration of'these Eéents %Fqgires fd;ther clarification.
Livef.enz;nes (LDH, élk.‘Phos., SGOTX\were meesured serially\and as
in the spleen group they all Became elevated 24 h follow1ng engraftment,
and were not assoc1ated with significant ' changes in serum bilirubin
levels. The values et 24 h, however, nere not signifieantly different

from dogs engrafted in the spleen and similarly returned to preoperative

values by 1 month post-transplant. 'These-findings are in agreement with

those of Kolb et al (8), ‘but are slightiy at variance with those ofﬁ

Kretschmer and associates (9) who found that 11ver enzymes. were
mlnlmally elevated follow1ng engraftment in the spleen when compared to
the degree of elevatlon seen follow1ng lntrﬁportal infusion. Although

one could presume,that these changes reflect hepétocellularvdamage " due

to intraportal embolization of pancreatic tissue, the fact that the same

changes occurred following 1ntrasp1en1c 1njection in this studyd would

b ao s

argue against such a conclu51on. _ R

In summary, when successful engraftment in the liver occurs similar

glucose homeostasis as that ’'seen with intrasplenic graftsf can be

expected, however, with'the islet’ cell preparatlon used 1n the Present
study the development of 51gn1f1cant acute complicatidns following

. ) . . ,N / K .
intraportal engraftment would indicate’ the spleenu1ls a-  superior

recipient site.
o \

Transplantation of_.pancreatic islets "the renal subcapsular

h;reglon has successfully reversed dlabetes in rbdents (l), however; until

> & C A

.'precently thls 51te had not been examined in 1arge animal models.i The

subcapshlai.region of the canine 'kidney was shown to be a potential

o,
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recipient site. by Toledo-Peryra and’ associates when they reversed

diac {es 1in pancreatectomized dogs withi.allégrafts qf pancfeaticﬁ
microfragments mechanically prepared'without cog;agenase digestion (32).h? f.%
Normoglycemia was mai.atained withbut . immunosuppression or - with
azathiopfihe (2.5-5 mg " ,lay) for greater than 6 msnthslsuggestgng that

. ) 3 " 'l.
the renal subcapsular region may also be an immunoprivileged site. In

contrast to this study Hesse and Sutherland’ were unable to produce

a b
oy

normoglycemia in 11 dogs Eﬁtograft”withicollaéenase digesgedixﬁancreatié'
microfragments k33)._.The findings of : the present study are in keeping
withvﬁhose of Hesse and Sﬁtherland.r fNoné.éf the ‘6 dogs w%th isiét
tissue engrafted under the renal capéule femainea ﬁofmoglycemic. ';p"- ‘
routinely took 2 of 3 days for faéting sugérs to»reaEﬁ-diabetic ievei§
probably reflecting early graft function. ~All dogs were ;hyperglycemic",
by the ed of 1 week with fasting glucbse values in the range seen ‘with
. apancreatic controls.A Absence of ﬂ"cell function wés'substantiated »py
the fasting plasma insulin values of 1 .mU/L routiqeiy, wﬁich is thee
lower limit of sensitivity for the assay (Table A-T). A$ ih the'vsFudy
of Hesse and Sutherland the survival of the dégs was prolonéea comg;red
with apéncreatic controls (with‘a of 6 dogs surviving 3b'day§),,v-which
again may reflect initial graft function. Another possibility is ;ha£
marginal function was prévided by viable islets that may have imblanted
iﬁ the ;etroperitoneum after leaking ouﬁ ofbﬁhe renal subcapsulaf space.
Such small leaks were occasioﬁally observed during engraftmegt. éthdugh
the bulk of the‘;iséﬁe was placed 5eneath the renal cabsule.

‘In ﬁhe present‘study, islets were not obse?ved in ghe tis;ue under
the rehal'capsule when examined'histdlogically, the spe;imens' consistéd

only of necrotic and fibrotic tissue. These results contrast



v v
“#%ﬁmatically with those of Toledo-Peryra et al. They used a graft
prepared solely by~;mechanlcal means without the use of collagenase
dlgestion and performed allografts rather than transplanting autologous
tissue as in the. present study and that of Hessgland Sutherland. The
necessity of collagenase digestion for = the preparation of a graft ‘that
wlll reliably rever;e‘hypelglycemia has been documented (6). AAlthough
differences in experimental protocol may exclude direct comparison with
the work of Toledo- Peryra the results of the present study would support
thesrlew that the'.renal subcapsular region is not an appropriate site
for the engraftment of pancreatlc mlcrofragments

The spleen has prev1ously been compared dlrectly to- the liver (8 9)

and the kldney (33) as a reclplent site for pancredtic .microfragments.
d ? ’ .
Kélb et al (8} ‘reported equal success with both -sites, however,

Kretschmer and associates (9) demonstrated success u51ng the spleen in
20 of 21 dogs COmpared to 2 of lO when engrafted in the liver via portal
vein embollzation. Hesse and Sutherland producedpnornoglycemia in 10 of
14 dogs transplanted to the spleen and were unable to vreverse
hyperglycemlu in- any of 10 dogs grafted under the kidney capsule (33),.
In summary, the spleen possesses properties considered optimal for
‘the successful engraftment of pancreatic islet contalnlng tissue. This
Aorgan hasAa rich vascular supply which 1s immediately available to = the

-transplanted tissue (providing nourishment and diluting harmful exocrine

: :contaminants)rand provides autologous'venous drainage to the liver for

its hormones. In the current study 9 of 10 dogs transplanted to the

spleen byl venous reflux became normoglycemic without any morbidity
suggesting the splenic vascular bed is the optimal site for, collagenase

digested pancreatic ‘microfragments. The liver also has an excellent
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blood supply and has potential advantages compared to ‘the spleen. Since

the major site of insulin wutilization is the liver, an ‘intraportal

transplant might be expected to fuactiﬁg more efficiently and an

intraportal transplant would be techn%%;iTy simplér than .using the
spleen in the <clinical situation (345. Y.Tﬁeb‘kiyer béing ’a less
immupologically active organ than; the spleen méy thedretically be a
Lhils . ~ .
~superior si@g’for the transplantation ofvallogeneic tissue as well. 1In
the present study, however, iAtraportﬁl'infusion\of graft was associated
with success .in only 2 ‘of 6 animéls- and significant complications
accompanied its’use,li;dicating the liver.is a less desirable recipient
site. The rénal subcapsular regisn is a' "potential space” and. the
infusion of pancreatic tissue inﬁ? this area is difficult. There is no
immediate vascular supply to supéért the tissue until neovascularization
occuré, and as well any functioning tissue that might survive would be
.secreted into the systemic rather than portal circulation. Tﬁe ‘renal

subcapsular region was associated with graft failure in 100% of animals

suggesting that it is not an appropriate site for the transplantation of

collagenase digested pa..creatic microfragments
R
“ W

Cryopreservation and Graft Purity

Experimental pancreatic islet cell transplantation has been very
successful (1). In rodents intraportal embolization of isolated and

purified islets reliably reverses diabetes and halts progression of

chronic microvasgular changes (13,16,17). Low yields of virtually pﬁre

r

islets has not been a problem in rodent studies because of the ability
’ . t
to.péot islets from multiple syngeneic ‘donors. Although Lorenz has

reported the successful reversal of diabetes in dogs allografted with

islets from a single donor purified with Ficoll gradient sedimentation

7
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(30), direct extension of techniques developed in the rodent model  have
not generally been successful in large animal studies’' or in clinical

trials, because of inadequate yvields of purified islets. Mirkovitch and

¢ S

Campiche demonstrated the ability to Treverse diabetes in large animals
. i < Ay
. v - . 0 J’.‘y, .

. . oo vF
by transplanting collagenase digested pancreatic fragments, ‘consisting

of islet cells as well as contaminating’ exocrine, endothelial, ductal
and immune cells (5). This model has been succegsfully utilized by
others to reversg diabetes in large animals (6,7,8). The contaminating
components of this type of graft, particularly fhe ex;criﬁe cells, have
been responsible for a number of complications including‘ éoftal
hypertension (8,9,25,26,27), portal véin thrombosis (28)j sygtgmic

hypotension (27,29) and disseminated intravaécular coagulation (25)

following intraportal infusion in both experimental 'quels and

clinically.

Contaminating> components of. the graft that express class 1II
antigens, the sole stimulators of certain immune responses; have been.
implicated in the vulnerabiliﬁy‘ of'islet cell grafts to allograft

L
rejection (41).  Class 1I iantigens are found in high éoncentration on
dendritic cells and are present on ductal, vascular endothelial cells
and exocrine cells. It has been demonstrated that class II antigens are
either absént on islet cells or occur ,in.relatively low concentrétiéﬁ
(42) . In'ﬁhé rodent model, by treating isolated and purified islets to

remove class II antigen,uallograft survival can be>prolonged without

systemic immunosuppression (43,44). A pure preparation of islétsi is

-therefore desirable for immunologic reasons as well as the safety of the

' N
transplant procedure.

145



146

The ability to store viable canine pancreatic fragments

ey
cryopreservation is well established (45,46). The sensitivity of

)]
i

- exocrine tissue to low temperature and evidence that cryopreservation

selectively destroys contaminating exocrine cells has been documented

b

.;

(47,48) . Theléfesent study examined the effects of cri?péeservation ~on
pancreatic microfragment purity. |
Insulin/amylase ratios indicate that cryopreservation results”iﬁ a
greater than 3—folq pﬁrification of canine pancreatic \microfragments.
Insulin and amylase were botﬁ significantly réduced by the collagenase
digestiop process while cryopreservation'resulted in a significant fall
in the amylase ‘concentration without éffggting' insulin content.

Histological examination of islet cell preparaéions by Gomoris aldehyde

fuchsin staining . show _preservation of 1intact islets
cryopreservation, however, exocrine tissue no longer appears viable
) . !
demonstrating vascularization and loss of cellular integrity. These
e o . A
findings indicate that  cryopreservation does purify  pancreatic
microfragments at the expense of contaminating exocrine components.
These results are in keeping with the suggested susceptibility of

pancreatic g@Te tissue to injury by’the freeze-thaw process (47,&85.

%
It has b @ﬁ%

:t}bllshed that different «cell types and multicellular

structures have different 'bptimal cryopreservation protocols,
particularly cooling and thawing rates (49). This reflects the
differege in size, surface to volume ratio, membrane permeability and

SN A _ - o
tolerﬁ?’ f the cells. to osmotic shock and ice crystal formation in
these vingle and multicellular systems. The present results  suggest

that when the cryopreservation protocol is optimized for pancréatic

islet cells that selective destruction of contaminating exocrine cells
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I
occurs. The effectﬁof cryopresgervation on other contaminating cell
types was not assessed in.this study. . Should highly antigenlc cells,
4 . . a'J

such as passenger leukocytes and dendritic cells e 'subject to

' . . . 3 )
destruction by freezing increased survival could be&obta;méi folﬁ%ﬁin”

transplantation of islets across maJor hlstocompatlblllty %arrlers (503,f
gther methods of purifying canine pancreagic microfrqgments have “a‘f
been reported. Matas et al demonstrated a greater than 6-fold incfease
'in the insulin/amylase ratio of canine pancreatic- fragments cultured for
24 h (10,51). During vculture they demonstrated a significant fallg;fn‘
amylase concentration. In contrast ‘to the pnesent study, in which the
! ~

insulin concentration actually rose following cryopreservation, they ®

demonstrated a fall in 1nsu11n concentration of over one half that of

= 3
v

the whole pancreas during culture. Nason et al reported the use of hlgh
dose radiation to purlfy canine pancreatic microfragments (52). They
demonstrated a.3-fold increase in the insulin/amyiase;ratio of tissue
‘irradiated compared to the nonirradiated graft. They did not
demonstratebqgsignificant fall in the amylase concentration of the graft
suggesting that purification occurred by virtue of destruction of
nonexocrine tissuevcontaminating the graft. ' The potential for radlatlon
to induce islet cell neoplasia (53) may ultimately 11m1t the usefulness
of this approach to purlfylng pancreatic tissue

The use of pseudo islet formatlon by Sharp (20) and Ficoll gradient
sedlmentatlon by Alejandro (31) have allowed the isolation of. highly
purified preparations{ of canine islets, howemer, with both these
techniques'marginal islet‘yield continues to be a problem.

Islet cell grafts purified by a dnumber of tecnniques have been

autotransplanted in the canine model. When autografted to diabetic dogs



the use of cultured islet tissue resulted in a 50% success rate in

normalizing PG or report%d Bi Matas et al (51). They used partial

~pancreatectomy and streﬁpozotocin to induce diabetes, a less reliable

mcdei as dempnstrated by the fact that one of their control ,dogs

reméined normoglycemic and this makes their  autograft results

questiogable. Nason.aﬁa assoeiates were able to‘reverse“di;betes in 707%
S A

of dogs autotransplanted and followed for 1 month (52). The 1islet

i
tissue was purified by external beam irradigtion and transplanted to the

spleen. Scharp has been able to successfuily reverse diabetes in 25% of

dogs transplanted to the spleen with pseudo islets derived from single
organs (20). Alejandro 'and @ssociates have had success transplanting
islets purified by Ficoll gradient sedimentation using an allotransplant

model. When adequate immunosuppression was achieved with cwloserine .A

they were able to reverse diabetes in pancreatectomized Beagles in 16 of -

17 animals. Insuffibient yields, howevgr,‘necessitaCed the pooling of
purified islets from multiple donors (31). . '

In the present‘.study in-vivo function of graftS'.purified by
cryopreservation was compared to controls of fresh tissue following
intraportal embolizat;on to the 1liver and injection under the renal
capsule in diabetic dogs. A number of qﬁestions were examined by this
coﬁparison: 1) will qryopreservéd gréfts‘function ‘at either of these
sites; 2) how will increasing purity of the graft by crypreserving
affect function; and  3) will increésing‘ purity foliowing
c?yopreservétion result in fewer transplant related complications.

~ Diahetes wés Succesﬁfully reversed for a ﬁrolonged period in 3 of 6
dogs éollbwing intraportal émpolization of cfyopreseryed tissue, while

‘the remaining 3 dogs each demonstrated graft failure (hybefglybemia)
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after a wvariable post;transplant period. Two of @&& control dogs
receiving fresh‘ tissue demonstrated prolonged normoglycemia. Of the
remaining 4 dogs engrafted with fresh tissue,. 3 succumbed to azacute
complicatlons of engraftment while the fourth became hyperglycemlc after
@n initial . short period of graft  function. Comparlson | of

o

post-transplant fasting PG levels, in those dogs with pProlonged function

reveals that the function of cryopreserved grafts embolized into .the

portal vein is eqdal to that of control dogs for up to 3 months This

is: supported by results of ivGTT tests. When challenged w1th glucose 1

nonth'following engraftment, dogs.with cryopreserved grafts responded in
similar fashion to control dogs treated with vfresh tissuev as
demonstrated by K'values of 1.040.2 and 1.440.4 for‘cryopreserved and
fresh)grafts respectively. Similar results are seen following glucose
challenge 3 months after transplantat1on when the 51ngle remaining dog

in each group is compared

Pancreatic tissue purified by cryopreservation successfully

reversed diabetes in 50% of dogs following intraportal embolization,
This compareitfavorably with the use of pseudoislets in which successful
reversal N *d in only 25% of animals after .intrasplenic
engr“ .nent (20, . Tt h: 21lso been shown that islets purified by
cr spre~ervation will  succe “fully reverse pPancreatectomy lnduced

-ab:-tes in . 70% of animals ur = engrafted to the spleen rather than the

-7er (.4). Grafts purified * - cryopreservation do not require pooling

from multiple donor in ~ Jer to reverse dlabetes in dogs as’  is

“times the case with =~ .11 purlfled tissue (31) Cryopreservation

permits pur’ficr -ior of .ncreatice microfragments similar to that seen

.following 24 ™ sue culture without reducing the insulin content of
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~ consistently obs

the gr (51) and also that of external beam irradiatlon (52) but does

not car the risk of neoplastic transformation associated with the

latter method.

. e SN ) . i .
In this'study. complications were associated with the intgraportal

infusion of pancreatic microfragments. Portal hypertension was

and resulted in portal thrombosis, small bowl

infarctggn, and ¢ of one dog following the use of fresh tissue.
£) o
r%duced

Grafts purified by cryopreservation resulted inlsignificantly

o

portal pressures after graft

‘ . .
occur in any dogs after the use of purified grafts. Vasoactive

substances and thrombogenic materials released from exocrine cellg”

contaminating the graft have genierally been implicated as' the cause of /

\ —_

pdrtal hypertension under these circumstances (25,40). The significant

fall in amylase concentration seen reflects the loss of exocrine . tissue

in che graft follow1ng cryopreservatlon resulting in a reduced load of

thrombogenlc materlals being presented to the portal
B ;

change " in portal vein

‘vasoactive and’
. < ‘ ﬂ
system explaining the significantly smaller

pressure following'engraftmené%

‘?\
Sudden death occurred in 2 dogs follow1n@ tﬂh erigraftment of fresh

tissue.

R

This may have been due to- severe systemlc hypoten31on whlch has:

“been descrlbed following 1ntraportal 1nfusion of fresh pan&reatlc tissue

and attrlbuted to vasoactlve kinlns released from exocrlne tissue in the

’l '{.

graft (29). Slmllar gqte deaths were nbt observed in  animals

transplanted with grafts partially purified of such contaminants by the

E n
cryopreservatlon prog%ss

Althcugh c%igulopathles ‘have  been described following the

o

intraportal infu¥ion of pancreatic tissue (25) such was not - the case in

: ' 150

infusion and portal thrombosis did not
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the current study. There was no significant difference in the minor
clotting abnormalities observed following the wuse of cryopreserved

tissue compared to control dogs receiving fresh grafts.  Similarly,

151

transient elevations in liver enzymes were noted following intraportal,_

'embolization of tissue purifled by cryopreservatlon but they were not
slgnlflcantly different from- those seen in controll dogs

Despite the recent enthusiasm for the use of the renal subcapsular
kY

reglon (32), results of the current study would suggest that it is not a

sultable recipient site for pancreatic mlcrofragments. Following the

engraftment of fresh pai.. reatic tissue under the renal capsule in 6
‘dogs, all .became progressively hyperglycemic. It 'was hoped that by
reducing‘the‘exocrine component of the .graft byhcryopreservation that

engraftment of microfragments under. the renal capsule.would be more
successful and prolonged function. demonstrated This was not the case,

g
dowever as all 6 dogs transplanted w1th€eryopresgrved tissue behaved as

-controls, becoming progressively diabetic. These results reflect the
relative avascularity of the renal subcapsular space. Without an
pancreatlc tissue and to remove

. /ﬂ,: 3
enzymes released by exocrine celISx&thQ graft suffers 1schemlc necrosis

* immediate blood supply to‘ support 5h§f

a :
as well as autolysis. CryopreseP@étlon did, not suff1c1ent1y reduce the

5 4
amount of contamlnatlng exocrlne tlssue to allow for_ the survival of

-

islets transplanﬁed'beneath the rena1 capsule,

o,

In summary, purlflcatlon of canine pancreatic 'microfragments by

cryopreservation is demonstrated by a greater than 3- fold 1ncrease in

e by

the 1nsulin\amylase ratio compared to fresh tissue. 1In- vivo functlén of

»cryopreserved grafts is con51dered in- light of the three questlons put

P

forth at the beginnlng of thlS section, Flrst, cryopreserVed pancreatie'

>



micrbfxagments will function following intraportal embolizatiom but not

4
H

after injection under the kidney capsule. Second, when transplanted by

intraportal embolization the use of - cryopreserved tissue was not

associated with a% increased rate of success but did exhibit function

14

equal to that of grafts of fresh tissue. Finally, increasing purity by

cryopreservation was associated with the occurrence of fewér and less
. Ed .

severe complications after intraportal anvolization. Increasing

purification further may allow for greater success using thé intraportal

route for engraftment but any hopé‘of sugcessfully éﬁploying the renal

. -
-subcapsular space as a recipient site should remain guarded.

SUMMARY
The spleen has been shown by ahnumber'of inVesﬁ;gators to be an
exdellént recipient site for transplanted pancre@kié fragment; (5—8)t
& - .
Crybpreservation provides . an efficient means of storingk pancreatic
tissuevand purifies pancreatic fragments as wgll. | The résults‘ of
intrasp} nic auto;ransplantatibn of .cryopreserved dispersed paﬁcreatic
tissue sing the canine model has previously been reported (54). The
- liver has some theoretical and practical adyantages over the spleen gé a
recipient site clinically, buf its use has beeﬁ'associated with a number

et

of severe complications (8’9’25'29)2 Recently,lthe renal capsule was

demonstrated,‘in_the dog model, to be another potential site (32). In’

the present study, function and safety following éutotransplaptation. of

fresh pancreatic fragments to the spleen, liver and renal capsule were

‘compared; results would suggest the spleen is the optimal»recipiént site
for fresh pancreatic tissue. It was hoped that increased graft puriﬁy

following cryopreservation would allow for better success using the
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intraportel route of engraftment -This was not the'case, howeve;?' with
3 of 6 dogs demonstrating successfﬁl graft function with cryopreserved
tissue compared to 2 of 6 with fresh tissue.” A significant reddietion 4in
portal hyperten51on and the absenee of transplant related'jcomplications
'followed the . use q& cryopreserved tissue suggestlng that 1ncreasing
‘”graft purity- further may yet allow success w1th the 1ntraporta1 route of
transpiantatlon This concept is ,supported by the recent work of
AlejandE&Eet al, who successfuily osed tne intraportal route te infose a
"highly pvu‘rified canine islets" (31).

It was also felt that using cryopreserved pancreatic tissue might

be advantageous when implanting under the renal capsule. The ‘poor

results following the use of cryopreserved tlssue was in keeping with

that seen using fresh tissue, clearly indicating the unsuitability of

the renal subcapsular region as - a reclplent site for canine pancreatic
v

tissue. The conclusions of the present study are as -follows:

—

a

- Compared to the liver and kidrey,  the spleen is a .superior
recipient site for autografygs of fresh collagenase dispersed canine
pancreatic. microfragments.

- The development of acute complications follow1ng intraportal
'embollzatlon makes this a less desirable engraftment site for fresh
pancreatic mlcrofragments

- The-kidney is an unsuitable site for impldntation of pancreatic
microfragments. ' '

>

el Portal hypertension follows intraportal embolization of pancreatic,

fragments but is reduced significantly when grafts purifled by
~Sryopreservation are used.

£,

1

- Portal hypertension does not . occur after . venous reflux of
-pancreatic. fragments to the spleen. :
2

- Coagulation abnormalities do’ not .occur follow1ng implantation of
pancreatlc fragments in the spleen or liver : :
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C%yopreservatioﬁ purifies canine . pancreatic microfragments by
selectively destroying the contaminating exocrine component.

Cryopreserved canine pancreatic microfragments can successfulf&“/X/
reverse diabetes following intraportal embolization.

+ .
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APPENDIX
Table A-1. Fasting plasma insulin following pancreatic microfragment
transplantation#..
Pre;op (n) 1 monthr(n)
| Intradplenic ' 4.650.4 (10) L 2.6+0.4 (9w
T4 ntraporcal . 4.850.8 (6) 770510 (2)
‘Renal capsule 3.30.7 (6) 1w (4)
. % of those normoglycemic at 1 month (mU/L) ’
. %% of those-surviving at 1 month -
%% less than pre-op value, p<0.01 e
Table A-2.. Eeak.inéulin# during ivGTT 6f'dogs following pancreatic
microfragment transplantaiton. s
: : e C
" Pre-op (n) , B 1. month (n).
Intrasplenic Y 53£7.0 (6) 7115 (9)ww
Intraportal ' 51%7.0 (6) . .842.9  (2)Hkk
Renal capsule . 44%3 .0 (6) RV e oo
. . i . . . , E‘i:v
, A '
% mU/L ‘

** Less than pre-op p<0.001
**% Lessc than pre-op p<0.01
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