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Abstract: Background: A massive destruction of transplanted tissue
occurs immediately following transplantation of pancreatic islets from
pig to non-human primates. The detrimental instant blood-mediated
inflammatory reaction (IBMIR), triggered by the porcine islets, is a
likely explanation for this tissue loss. This reaction may also be
responsible for mediating an adaptive immune response in the recipient
that requires a heavy immunosuppressive regimen.

Materials and methods: Low molecular weight dextran sulfate
(LMW-DS) and the complement inhibitor Compstatin were used in a
combination of in vitro and in vivo studies designed to dissect the
xenogeneic IBMIR in a non-human primate model of pancreatic islet
transplantation. Adult porcine islets (10 000 IEQs/kg) were
transplanted intraportally into three pairs of cynomolgus monkeys
that had been treated with LMW-DS or heparin (control), and the
effects on the IBMIR were characterized. Porcine islets were also
incubated in human blood plasma in vitro to assess complement
inhibition by LMW-DS and Compstatin.

Results: Morphological scoring and immunohistochemical staining
revealed that the severe islet destruction and macrophage, neutrophilic
granulocyte, and T-cell infiltration observed in the control (heparin-
treated) animals were abrogated in the LMW-DS-treated monkeys.
Both coagulation and complement activation were significantly reduced
in monkeys treated with LMW-DS, but IgM and complement fragments
were still found on the islet surface. This residual complement activation
could be inhibited by Compstatin in vitro.

Conclusions: The xenogeneic IBMIR in this non-human primate
model is characterized by an immediate binding of antibodies that
triggers deleterious complement activation and a subsequent clotting
reaction that leads to further complement activation. The effectiveness
of LMW-DS (in vivo and in vitro) and Compstatin (in vitro) in
inhibiting this IBMIR provides the basis for a protocol that can

be used to abrogate the IBMIR in pig-human clinical islet
transplantation.
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in 2000 [1] has greatly improved the results of

Introduction this approach, but despite these advances, islets
Clinical islet transplantation is a promising derived from more than one donor pancreas are
treatment for type I diabetic patients. The still generally required to cure an individual
improved protocol introduced by Shapiro et al. diabetic patient. This requirement has drawn
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attention to the limited availability of human
islets for transplantation and sparked interest in
the use of islets from alternative sources, partic-
ularly the pig [2].

One obstacle to be surmounted before porcine
islets can be used in clinical islet xenotransplan-
tation is the injurious instant blood-mediated
inflammatory reaction (IBMIR) that elicits mas-
sive cell destruction when porcine islets are
exposed to fresh human blood [3]. The xenoge-
neic IBMIR is characterized by activation of
platelets and the coagulation and complement
systems. This activation is accompanied by
infiltration of the islets by polymorphonuclear
lymphocytes (PMNs) [3].

The occurrence of this deleterious IBMIR is
supported by studies demonstrating that porcine
islets are immediately destroyed when transplanted
intraportally into the liver of non-human primates
[4,5]. Kirchhof et al. [6] reported that most of their
porcine islet xenografts (22-73%) were substan-
tially damaged after 24 h when transplanted into
non-immunosuppressed monkeys. The grafts
exhibited cell destruction, with deposition of
coagulation and complement components and
platelets, supporting the contention that the
IBMIR contributes to the islet damage in this
model. Further support for the importance of the
IBMIR comes from the observation that although
porcine islets can successfully survive in the liver of
diabetic monkeys for more than 100 days [7,8],
very high quantities of islets (25000 and
50 000 IEQs/kg BW, respectively) are needed to
produce normoglycemia in the monkeys, indicating
that there is a substantial loss of transplanted
tissue.

Using in vitro and small-animal models, we
have previously demonstrated that low molecular
weight dextran sulfate (LMW-DS) effectively
inhibits the activation of the coagulation and
complement systems and the infiltration of leu-
kocytes into the islets during xenogeneic islet
transplantation [9]. In this study, we have used
LMW-DS together with Compstatin, a new
peptide complement inhibitor that is suitable
for use in clinical islet xenotransplantation [10],
to dissect the IBMIR in in vivo (LMW-DS) and
in in vitro (LMW-DS and Compstatin) xeno-
transplantation models. The results of these
studies have broadened our understanding of
the innate immune events that might be expected
to occur in clinical islet xenotransplantation and
have provided the basis for a protocol for
abrogating the IBMIR during clinical transplan-
tation with porcine pancreatic islets.
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Materials and methods
Animals

Retired breeder pigs, weighing approximately
200 kg, were used as donors for all experiments.
Cynomolgus monkeys (Macaca fascicularis; 3- to
6-yr old; 4-6 kg) were used as recipients. All
procedures using pigs were approved by the
Swedish Council on Medical Ethics. Cynomolgus
monkeys were housed according to the guide-
lines of the Belgian Ministry of Agriculture and
Animal Care. All procedures using monkeys were
approved by the local Ethical Committee for
Animal Care of the Université Catholique de
Louvain.

Islet isolation

Isolation of porcine islets was performed as
previously described [11], with minimal modifica-
tions. Purified islet fractions were pooled and
cultured at 37 °C in a humidified atmosphere with
5% CO,in CMRL 1066 medium (Biochrom, Berlin,
Germany) supplemented with 20% heat inactivated
porcine serum, 2 mM N-acetyl-L-alanyl-L-gluta-
mine, 10 mMm N-2-hydroxyethylpiperazine-N1-2-
ethanesulfonic acid (HEPES), 100 1U/ml penicillin,
100 pug/ml streptomycin (Biochrom), and 20 pg/ml
ciprofloxacin (Bayer, Leverkusen, Germany).

Evaluation of porcine islet quality

The in vitro function and viability of the porcine
islets were assessed after overnight culture as
described above. Islet viability determined by
trypan blue exclusion assay and insulin release
defined as the ratio of stimulated (16.5 mm glu-
cose) to basal (1.65 mm glucose) insulin release,
were performed as previously described [11]. For
assays of islet insulin content, 1-ml samples were
washed with distilled water, then sonicated (Lab-
sonic; Braun, Melsungen, Germany) for 30s. A
200-ul aliquot of each sample was subjected to
acid—ethanol extraction (0.18 M HCl) and used for
insulin measurement. Another 100-ul aliquot was
dried at 60 °C overnight for consecutive fluoro-
metric DNA assays [12], using calf thymus DNA
type I (Sigma, Deisenhofen, Germany) as a stan-
dard; 24-h insulin secretion: Immediately after a
medium change, 500-pl samples of the medium
were taken in duplicate from the remaining Petri
dishes for determination of insulin accumulation in
the medium, to calculate the 24-h insulin secretion
by the islets. Transplantation of islets into nude
mice was performed as previously described [11].
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Islet transplantation

Before each experiment, the monkeys were sedated
with 6 mg/kg Zoletil® 100 (Virbac S.A., Carros,
France) intramuscularly, and general anesthesia
was maintained with inhalation of 1-3% enflurane.
During the experiment, electrocardiogram, blood
pressure, and pulse were continuously monitored.
The pig islets were suspended in 10 ml of trans-
plant medium (Ringer acetate; Braun) with 25%
(w/v) human albumin and 5 mm glucose and
injected slowly into the portal vein over the course
of 5 min. The animals were treated in pairs, with
each pair being given porcine islets from the same
donor. One recipient in each pair received LMW-
DS (monkeys M5, M7, and M9) and the other
heparin as a control (monkeys M6, M8, and M10):

1. Intravenous infusion of LMW-DS (MW 5000;
Sigma Chemicals, St Louis, MO, USA) was
performed via an indwelling catheter placed in
the jugular vein or via a catheter in the portal
vein. In the LMW-DS-treated groups, dextran
with a molecular weight of 1 kDa (Promiten,
Pharmalink AB, Upplands Visby, Sweden) was
injected i.v. just before islet transplantations to
avoid the risk of anaphylactoid reactions trig-
gered by LMW-DS. After the injection of
Promiten, the monkey received a bolus dose of
LMW-DS (1.5 mg/kg) i.v. prior to islet infu-
sion, followed by 3.0 mg/kg LMW-DS given
together with the porcine islets (10 000 IEQs/kg
of recipient BW). The transplantation was
followed by a continuous i.v. infusion of
LMW-DS (1.0-1.5 mg/kg/h) for up to 24 h.

2. In the heparin-treated groups, the monkeys
received a continuous i.v. infusion of heparin
(35 U/kg of BW, heparin LEO, 5000 U/ml;
LEO Pharma Nordic, Malmo, Sweden) for
24 h, beginning immediately prior to islet infu-
sion.

Blood samples

All blood samples from the monkeys were drawn
from a femoral vein catheter at 0, 15, 30, 45, 60,
75, 90, 120 min and 24 h after transplantation.
Blood was also drawn from healthy human
blood donors into 7-ml tubes containing citrate,
EDTA, or 500 pg of hirudin, a specific inhibitor
of thrombin (Refludan; Pharmion Ltd, Cam-
bridge, UK). To obtain plasma, the samples were
centrifuged at 4500 g for 5 min. If not immedi-
ately analyzed for activated partial thrombo-
plastin time (APTT), the samples were stored at
70 °C.

Analyses of blood and plasma samples

Activated partial thromboplastin time measure-
ments were performed as previously described [13].
Platelet counts and differential leukocyte counts
were obtained using a Coulter-AcT-diff analyzer
(Beckman Coulter, Miami, FL, USA) and EDTA-
treated blood. Plasma levels of thrombin—anti-
thrombin (TAT) were quantified using commer-
cially available EIA kits (TAT; Behringswerke,
Marburg, Germany). C3a generation was
measured in plasma according to the method of
Nilsson Ekdahl et al. [14], and sC5b—9 was ana-
lyzed using a modification of the enzyme immuno-
assay described by Nilsson Ekdahl et al. [14] and
Mollnes et al. [15].

Plasma interleukin-6 (IL-6), tumor necrosis fac-
tor-o. (TNFa), IL-1B, and C-reactive protein (CRP)
were measured using a commercial ELISA kit
(Immulite I1L-6, Immulite TNFa, Immulite I1L-1p,
and Immulite High Sensitivity CRP, respectively;
Diagnostic Products Corporation, Los Angeles,
CA, USA).

Histological and immunohistochemical staining

The monkey livers bearing transplanted adult
porcine islet grafts were retrieved 24 h after trans-
plantation, at a time when the major part of the
IBMIR has generally occurred [3]. Some tissue
samples were snap-frozen in isopentane and stored
at =70 °C. Other samples were fixed with 4%
p-formaldehyde overnight, and then embedded in
paraffin. The samples were sectioned and subse-
quently used for morphological scoring after
hematoxylin eosin staining.

Immunohistochemical staining was carried out
using guinea pig anti-insulin (DAKO, Carpenteria,
CA, USA), mouse anti-human neutrophil elastase
(DAKO), mouse anti-human CD68 (DAKO),
mouse anti-human MAC 387 (Abcam, Cam-
bridge, UK), mouse anti-human CD56 (Monosan,
Stockholm, Sweden), rabbit anti-human CD3
(DAKO), mouse anti-human CD20 (DAKO),
rabbit anti-human IgG and IgM (DAKO), mouse
anti-human CD41 (DAKO), mouse anti-human
C3c (QUIDEL, San Diego, CA, USA), or goat
anti-human C9 (Serotec Ltd Scandinavia, Oslo,
Norway).

Treatment of porcine islets with human plasma

Approximately 1000 pig islets/40 ul of plasma
(typically 5000 islets in 200 pl) were incubated in
human hirudin-treated plasma in heparinized test
tubes. Five different islet preparations and five

227



Goto et al.

different plasma preparations were used in these
experiments. In some experiments, hirudin-treated
plasma was pre-incubated with 20 pm (final
concentration) of the potent Compstatin analog,
Ac-ICV(1-MeW)QDWGAHRCT-NH, [16], for
15 min at 37 °C before the islets were added. The
mixture of islets and plasma was then incubated,
with gentle shaking, at 37 °C for up to 30 min.
After centrifugation, the islets were immediately
prepared for complex object parametric analy-
zer and sorter (COPAS) analysis and confocal
microscopy.

Preparation of islets for flow cytometry and confocal microscopy

Ten microliters of fluorescein isothiocyanate
(FITC)-labeled antibody recognizing one of the
following proteins was added to 5000 islets (corre-
sponding to approximately 10 x 10 cells) in 100 pl
of phosphate-buffered saline (PBS) according to
the manufacturer’s recommendations for single
cells: Clqg (1.0 g/l; AbCam), C3c (3.2 g/l, for
detection of C3b and iC3b; DakoCytomation,
Glostrup, Denmark), C4 (1.3 g/l; DakoCytoma-
tion), C9 (2.6 g/l; DakoCytomation), mannose-
binding lectin (MBL) (0.7 g/I; DakoCytomation),
IgG (2.6 g/l; DakoCytomation), or IgM (4.0 g/l;
DakoCytomation). Irrelevant mouse IgG1 (0.1 g/I;
DakoCytomation) was used as a negative control.
For all immunostaining experiments, the islets
were incubated, while gently rotating on ice, for
30 min in the presence of an individual antibody.
After being washed with PBS, the islets were
treated with 1% formaldehyde (Apoteket, Goth-
enburg, Sweden) and kept on ice until analyzed.

Complex object parametric analyzer and sorter analysis

The fluorescence-stained islets were analyzed using
a COPAS (Union Biometrica, Somerville, MA,
USA), which is a large particle-based flow cytom-
etry instrument [17]. For each experiment, 1000
islets were analyzed using a 488/514 multi-line
laser, and positive cells were sorted out for further
analysis by confocal microscopy. The COPAS flow
cytometry data were analyzed using CellQuest Pro
software (BD Biosciences Immunocytometry Sys-
tems, San Jose, CA, USA). Data were reported as
mean fluorescent intensity (MFI).

Confocal microscopy

One to two hundred hand-picked, stained islets
were contained in a drop of PBS in a small Petri
dish and protected from light before examination
in the confocal microscope (Zeiss 510 Meta con-
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focal; Carl Zeiss, Jena, Germany). Examination of
the stained islets was performed using the 488-nm
laser at 10 times magnification. Counter staining
with 4’,6-diamidino-2-phenylindole was used to
visualize the nuclei of living islet cells.

Complement inhibition assay

One hundred microliters of 10% human serum
(v/v), diluted in veronal buffer with 1 mm Ca®",
0.3 mMm Mg®", 1% (w/v) bovine serum albumin,
and 0.05% (v/v) Tween 20, was incubated in the
presence of serially diluted LMW-DS and/or
Compstatin in wells of microtiter plates for
30 min at 37 °C. The wells were then washed with
PBS containing 0.05% (v/v) Tween 20, and the
bound C3 fragments were detected using 100 ul of
horseradish peroxidase-conjugated anti-C3c (Dako
AS, Glostrup, Denmark).

Statistical analysis

All values are expressed as mean = SEM and were
compared using Student’s unpaired z-test or using
the Mann—Whitney test for unpaired samples.
Values of P < 0.05 were considered statistically
significant.

Results
Islet quality

The viability of the adult porcine islets (APIs)
used in this study was 96, 100, and 97%,
respectively. The stimulation index in the static
glucose stimulation (SGS) test was 1.29, 1.84, and
1.40, and the mean insulin content was 613, 149,
and 685 pU/IEQs, respectively. Adult porcine
islets used in each experiment cured diabetic
athymic mice. When we assessed the possible
detrimental effect of LMW-DS by incubating
APIs from three different pancreata in the pres-
ence (100, 1000, or 2500 mg/l) or absence of
LMW-DS, we found no adverse effect of LMW-
DS on insulin release at any of the concentrations
tested (data not shown).

Influence of LMW-DS on blood cell counts, liver and renal
function, and cytokine induction in transplanted monkeys

One of the transplanted control monkeys (MO6)
treated with heparin died 2 h after transplantation
due to severe hypoglycemia. The platelet and
leukocyte counts and the creatinine levels were
kept within normal ranges throughout the exper-
iments with one exception: The granulocyte count
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tended to increase 2 h after transplantation in the
heparin-treated group (3.9 £ 0.5 vs. 9.6 £ 1.6)
compared to that of the LMW-DS-treated group
(6.0 £ 09 vs. 7.3 £ 1.4). There was also a
tendency towards an increase in the liver enzymes
at 24 h after islet transplantation in the heparin-
treated monkeys [heparin vs. LMW-DS: aspartate
aminotransferase (AST), 434.7 + 126.4 vs. 288.0 +
130.4; alanine aminotransferase (ALT), 207.7 +
68.7 vs. 116.8 + 47.7]. No bleedings or other
adverse reactions were observed.

Influence of LMW-DS on cytokine induction
was examined using three healthy monkeys. Only a
slight increase in the 1L-6 levels was seen 24 h after
administration of LMW-DS in two out of three
healthy monkeys (maximum 27 pg/l). However,
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Fig. 1. Plasma APTT values in transplanted diabetic monkeys
(M5 and M7-M10) treated with heparin (squares) or LMW-
DS (circles).

LMW-DS did not trigger an increase of plasma
IL-1B, TNFa, or CRP (not shown).

LMW-DS concentrations in transplanted monkeys

Previous studies showed a strong correlation
between APTT and the concentration of LMW-
DS [13]. Plasma APTT was therefore used to
follow the blood concentration of LMW-DS in the
transplanted monkeys (Fig. 1). The APTT in
monkeys treated with heparin at concentrations
routinely used in clinical islet transplantation (i.e.
500-1000 IU/I) was kept constant at 25-40s
throughout the whole study period. The APTT in
monkeys treated with LMW-DS reached around
100 s at 15 min after islet infusion, but gradually
decreased during 2 h after islet transplantation.
After 24 h, the APTTs in monkeys M5, M7, and
M9 were 101, 66, and 107 s, respectively. Thus,
both M5 and M9 had higher concentrations of
LMW-DS compared with M7.

Inhibition of the IBMIR by LMW-DS during pig islet
xenotransplantation

Low molecular weight dextran sulfate, unlike
heparin, diminished both the coagulation and the
complement cascade activation in two sets of
monkeys. The increase of coagulation marker
TAT was effectively inhibited by LMW-DS
(Fig. 2). The complement activation parameters
C3a and sC5b-9 were also suppressed by LMW-
DS in both treated monkeys compared to the
controls during the study period (Fig. 2). In M5,
TAT was totally suppressed while C3a was more
difficult to evaluate without the corresponding
control (M6). In this animals, C5b-9 was not
assessed due to an insufficient amount of plasma
samples.

Histological evaluation of grafted pig islets after intraportal
transplantation into monkeys treated with LMW-DS or heparin

Morphological aspects of islet grafts were scored
semi-quantitatively according to the representative
examples shown in Fig. 3. As summarized in
Table 1, histology of the transplanted grafts were
well kept in the monkeys treated with LMW-DS in
both settings of experiments. However, the bene-
ficial effects of LM W-DS were more pronounced in
M5 and M9 compared with M7. Indeed, the
completely preserved islets (score 0 in all catego-
ries) were encountered in 37.2 and 44% of the
LMW-DS treated animals M5 and M9 (LMW-DS
treated monkeys), respectively, but in only 22% of
the control M10.
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Fig. 2. EDTA blood was drawn from a femoral vein catheter of the transplanted monkeys treated with heparin (squares) or LMW-
DS (circles) at varying time points after porcine islet xenotransplantation. TAT, C3a, and sC5b--9 levels were assessed and expressed

as percentage of the pre-transplant values.

Immunchistochemical staining of grafted pig islets after
intraportal transplantation into monkeys treated with LMW-DS or
heparin

The immunohistochemical findings from the grafts
were summarized in Fig. 4 and Table 2. As
expected, most parameters involved in innate
immune responses were active after 24 h post-islet
transplantation in the controls M8 and MI0.
In particular, CD68 + macrophages, and neutro-
phil elastase positive PMNs were abrogated in the
monkeys treated with LMW-DS compared with
the controls given heparin. Also, CD41 + platelets
tended to be lower in the LMW-DS treated
animals. CD56+ natural killer cells were found
only occasionally. Unlike the soluble complement
markers there was no clear inhibition of comple-
ment activation as reflected in deposition of C3
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fragments and C9 on the surface of the islets.
Furthermore, IgM antibodies were found on islet
both in LMW-DS and heparin-treated animals.
Most of parameters reflecting specific immune
responses were yet silent. However, CD3+ T-cell
infiltration was already seen in the islet grafts of the
controls M8 and M10. Notably, this infiltration
was effectively suppressed by LMW-DS.

Binding of complement components to porcine islets after
incubation in human plasma

After incubation in hirudin-treated plasma, the
porcine islets were stained with FITC-conjugated
antibodies recognizing IgG, IgM, Clq, C3b/iC3b,
C4 fragments, C9, and MBL. Large particle flow
cytometry and confocal microscopy demonstrated
that antibodies against IgG, IgM, Clq, C4, and C3
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Fig. 3. Visual examples of the morphological scoring system
used to quantify different aspects of the IBMIR. Hematoxylin
eosin-stained porcine islet grafts retrieved 24 h after intraportal
xenotransplantation from diabetic monkeys treated with
LMW-DS or heparin were used. A summary of all trans-
planted monkeys is presented in Table 1.

bound strongly to the islets, but the binding of
MBL and C9 was less prominent (Fig. SA and B).
C3b/iC3b fragments were detected on the islets
after only 5 min, and the binding of C3b/iC3b
continued to increase over time. Addition of
Compstatin significantly reduced the binding of
C3b/iC3b to the islets (Fig. 5C). Confocal micros-
copy analyses confirmed these results (not shown).

Inhibition of complement activation by LMW-DS and Compstatin

Ten percentage (v/v) human serum was incubated
in wells of microtiter plates in the presence of
LMW-DS and/or Compstatin for 30 min at 37 °C
(Fig. 6). In the presence of Compstatin there was
no effect below 0.5 um of the compound, but
at higher concentrations Compstatin gradually
inhibited complement activation. At 5 um total
inhibition was achieved. LMW-DS inhibited
complement activation only marginally between
10 and 100 mg/l, but the effect was more pro-
nounced at concentrations above this level. There
was no indication of interaction between the drugs
regarding this effect on complement activation in
serum.

Discussion

We have previously shown that LMW-DS effi-
ciently prevents clotting that occurs in both allo-
geneic and xenogeneic IBMIR triggered by APIs
both in vitro and in vivo in a small animal model
[9,18]. Here, we confirm that LMW-DS is efficient
also in a primate model mimicking the clinical
setting. The effect of LMW-DS was compared with
that of heparin, which is routinely used in clinical
islet transplantation. LMW-DS was proved to be

Table 1. Summary of the morphological score (as depicted in Fig. 3) of the islets grafts in recipient monkeys M5 and M7-M10

Monkey Percentage of APTT at 24 h after
number Treatment Integrity Thrombus Cell infiltration score 0% (%) transplantation (s)
M5 LMW-DS, n =113 0.66 + 0.04° 0.26 + 0.03 0.90 + 0.07 37.2 101

M7 LMW-DS, n = 134 0.93 + 0.06 0.52 + 0.06 1.08 + 0.06 26.1 66

M8 Heparin, n = 149 1.05 + 0.05 0.62 + 0.06 1.17 £ 0.06 20.1 24
P-value® 0.13 0.28 032 0.23

M9 LMW-DS, n = 134 0.63 + 0.05 0.37 £ 0.05 0.85 + 0.06 44.0 107

M10 Heparin, n = 125 0.95 + 0.06 0.54 + 0.06 1.25 £ 0.07 224 25
P-valug <0.0001 <0.05 <0.0001 <0.001

3Percentage islets with no signs of IBMIR (score 0); ®Values are expressed as mean + SEM; °P-values for M7 and M8; %P-values for M9 and M10. APTT, activated partial
thromboplastin time; IBMIR, instant blood-mediated inflammatory reaction; LMW-DS, Low molecular weight dextran sulfate.

Fig. 4. Immunohistochemical staining of
porcine islet grafts retrieved 24 h after
intraportal xenotransplantation from
diabetic monkeys treated with LMW-DS
or heparin. The figure shows representative
expression of insulin and of CD41 (plate-
lets), CD68 (macrophages), and CD3

(T cells) in the grafts. A summary of all
transplanted monkeys is presented in
Table 2. Magnification 200x.

Insulin

LMW-DS

CD 41 CD 68 CD3

Heparin
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Table 2. Summary of the immunohistochemical staining (as depicted in Fig. 4) of the islet grafts in recipient monkeys receiving LMW-DS or heparin

Treatment CDM C3c €9 Neutrophil elastase CD68 MAC 387 CD56 CD3 CD20 lgG IgM
LMW-DS (=H++) (=H+) (=H+4) (=) (=H+) (=H+) (=H+) (=H+) (=H+) (=) (=H+
(n=21) 059 +019° 080+037 150+031 042+023 1.31+021 090+028 010+010 063+020 020+013 0 025+025
Heparin (0 =18) (—H+++) (=) (S (—H+) (b)) (M) (=H+ ) ) ()
160 +051 063+026 167+033 108+023 217 £011 211+026 022+015 190+035 040+027 O 0.60 + 0.24
P value 0.056 0.69 0.71 0.04 0.002 0.01 0.48 0.006 0.83 - 036
Values are expressed as mean + SEM. LMW-DS, Low molecular weight dextran sulfate.
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Fig. 5. Porcine islets incubated in hirudin-treated plasma for 30 min. The islets were stained for IgG (n = 5), [gM (n = 5), C3b/
iC3b(n = 5),Clq(n = 3),C4(n = 5),C9 (n = 3), and MBL (n = 3). As negative control, an antibody recognizing mouse IgG
was used (n = 5). The islets were analyzed by (A) large particle flow cytometry and (B) confocal microscopy. In (C), the deposition
of C3b/iC3b on the islet in the absence and presence of Compstatin is presented after analysis by large particle flow cytometry
(n = 5; statistical evaluation was performed at 5 and 30 min where n = 7; *P < 0.05 and **P < 0.01).

far more efficient in inhibiting the IBMIR than
heparin. These data confirm those of Rood et al.
[19] who recently demonstrated longer porcine islet
survival in non-human primates treated with
LMW-DS.

In this study, both the morphological findings
and the measurements in the plasma were similar
to those in our previous studies, in which APIs
were surrounded by clots and infiltrated by numer-
ous leukocytes immediately after contact with fresh
blood seen in the tubing loop model and our small
animal model [9]. Most parameters reflecting the
IBMIR, i.e. both coagulation and complement
cascades, platelet deposition, and infiltration of
macrophages and neutrophils, were attenuated in
the monkeys treated with LMW-DS compared to
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the controls. There was also a tendency that
increases in granulocyte count and liver enzymes
were attenuated. One control monkey (M6) died of
hypoglycemia, suggesting a strong IBMIR. Nota-
bly, T-cell infiltration observed in some of the
transplanted islet grafts was also effectively sup-
pressed, demonstrating that also the adaptive
immune responses are attenuated by LMW-DS.
The effects of LMW-DS on the adaptive immune
system may be explained by the effects on comple-
ment activation as complement is also of great
importance in bridging innate immunity and spe-
cific immune responses. In allogeneic whole organ
transplantation, C3 is one of the essential factors
that trigger rejection in mice [20-22] and humans
[23]. It is therefore reasonable to expect that
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Fig. 6. Binding of C3b/iC3b to the surface of microtiter wells
after incubation with 10% serum in the presence of increasing
doses of Compstatin for 30 min at 37 °C. 0 (cross), 10 (trian-
gle), 100 (squares), and 1000 (diamond) mg/l of LMW-DS was
present in the wells.

complement activation will trigger a profound
adaptive immune response raised against the graft,
necessitating an unwarrantedly heavy immuno-
suppressive regimen. Previous studies support such
a hypothesis [4,5].

As shown in Table 1, the islet grafts in M9 that
reached an APTT of 107 s 24 h after transplanta-
tion, demonstrated well-preserved morphology
suggesting that this dose of LMW-DS would be
preferable. In a recently performed phase I study in
normal individuals, we have shown that this
concentration can be reached without an increased
risk of bleeding or side effects (manuscript under
preparation). This makes treatment with LMW-DS
during xenogeneic islet transplantation an attrac-
tive alternative. It should be noted that a specific
concentration of LMW-DS gives different APTT in
blood from different individuals both in vitro and
in vivo, probably due to that different allotypes of
certain coagulation factors interact with LMW-DS
differently.

In our previous studies, we showed that com-
plement activation induced in xenogeneic IBMIR
occurs secondarily to coagulation activation; a
reaction which is also seen in allogeneic IBMIR
[9,24] and which is elicited by chondroitin sulfate
released by activated platelets [25]. This explains
why complement activation in this study was
suppressed in parallel with the reduction of coag-
ulation activation at substantially lower concen-
trations (15-35 mg/l) of LMW-DS than used in
other studies aiming for a inhibition of hyper acute

rejection [26,27]. However, unlike complement
activation in the fluid phase, immunohistochemical
analyses showed that complement deposition was
still seen on the islet grafts in the monkeys treated
with LMW-DS. These reactions were analyzed in
detail in vitro using large particle flow cytometry
and confocal microscopy to be able to clarify the
mechanism of activation. The experiments were
performed using human plasma to directly trans-
late the findings to clinical islet xenotransplanta-
tion. Pig islets incubated in human plasma revealed
an almost instantaneous binding of IgM and IgG
antibodies and complement components already
after 5 min. This rapid activation was completely
inhibited by Compstatin. It is possible that the
instantaneous insulin dumping in a non-human
primate model previously reported by Bennet et al.
[3] and also observed in monkey M6 is explained
by this antibody-mediated reaction. The severity of
this reaction, which was totally abrogated by the
recombinant complement inhibitor CRI, is re-
flected in the fact that the release of insulin
corresponded to about 40% of the insulin in the
transplanted islets.

One way to fully inhibit complement activation
is to increase the dose of LMW-DS, but as shown
in our in vitro experiments, doses between 10 and
100 mg/l have only minor effects on complement
activation alone. Moreover, higher doses of LMW-
DS are likely to give side effects. It is therefore
obvious that LMW-DS must be combined with a
specific complement inhibitor such as Compstatin
to block the immediate destructive immunoglobu-
lin-triggered complement activation found both in
vitro and in vivo [10,28]. The in vitro studies show
that LMW-DS and Compstatin do not interact in
human serum.

Taken together, it possible to propose a model
of how the different components of IBMIR
interact in xenogeneic combinations: (1) Immedi-
ately when porcine islets come in contact with
human blood there is an instantaneous binding
of IgG and IgM antibodies to the islet surface
which triggers a deleterious complement activa-
tion; (2) This is followed by a clotting reaction
with accompanying complement activation. Based
upon the experimental data presented, LMW-DS
combined with a specific complement inhibitor is
an attractive alternative to control the detrimen-
tal innate immune responses that are postulated
to occur in forthcoming intraportal pre-clinical
and clinical islet xenotransplantation trials. We
are at the moment in progress to produce
sufficient amounts of Compstatin to perform
studies in the NHP model with Compstatin
combined with LMW-DS.

233



Goto et al.

Acknowledgments

This work was supported by National Institute

of

GMO069736,

Health Grants 5U01-A1065192, GM-62134,
and AI068730, Juvenile Diabetes

Research Foundation, 1-2004-18, Swedish Research
Council Grants 5647, and 15244.

References

1.

10.

11.

12.

234

SHAPIRO AM, LAKEY JR, RyaN EA et al. Islet trans-
plantation in seven patients with type 1 diabetes mellitus
using a glucocorticoid-free immunosuppressive regimen. N
Engl J Med 2000; 343: 230.

Roop PP, BuHLER LH, BortiNno R, TrRucco M,
CooPeEr DK. Pig-to-nonhuman primate islet xenotrans-
plantation: a review of current problems. Cell Trans-
plant 2006; 15: 89.

BENNET W, SUNDBERG B, LUNDGREN T et al. Damage to
porcine islets of Langerhans after exposure to human
blood in vitro, or after intraportal transplantation to
cynomologus monkeys: protective effects of sCR1 and
heparin. Transplantation 2000; 69: 711.

BUHLER L, DENG S, O’NEIL J et al. Adult porcine islet
transplantation in baboons treated with conventional
immunosuppression or a non-myeloablative regimen and
CD154 blockade. Xenotransplantation 2002; 9: 3.
CANTAROVICH D, BLANCHO G, PoTIRON N et al. Rapid
failure of pig islet transplantation in non human primates.
Xenotransplantation 2002; 9: 25.

KIRCHHOF N, SHIBATA S, WIKSTROM M et al. Reversal of
diabetes in non-immunosuppressed rhesus macaques by
intraportal porcine islet xenografts precedes acute cellular
rejection. Xenotransplantation 2004; 11: 396.

CArRDONA K, KOrRBUTT GS, MiLAs Z et al. Long-term
survival of neonatal porcine islets in nonhuman primates
by targeting costimulation pathways. Nat Med 2006; 12:
304.

HERING BJ, WKSTROM M, GRAHAM ML et al. Prolonged
diabetes reversal after intraportal xenotransplantation of
wild-type porcine islets in immunosuppressed nonhuman
primates. Nat Med 2006; 12: 301.

. Goto M, JoHANSSON H, MAEDA A, ELGUE G, KORSGREN

O, NiLssoN B. Low molecular weight dextran sulfate
prevents the instant blood-mediated inflammatory reac-
tion induced by adult porcine islets. Transplantation
2004a; 77: 741.

NILSSON B, LARSSON R, HONG J et al. Compstatin inhibits
complement and cellular activation in whole blood in two
models of extracorporeal circulation. Blood 1998; 92:
1661.

BRANDHORST H, BRANDHORST D, HERING BIJ, BRETZEL
RG. Significant progress in porcine islet mass isolation
utilizing liberase HI for enzymatic low-temperature pan-
creas digestion. Transplantation 1999; 68: 355.

KissaNE JM, RoBINS E. The fluorometric measurement of
deoxyribonucleic acid in animal tissues with special refer-
ence to the central nervous system. J Biol Chem 1958; 233:
184.

. JOoHANSSON H, GoTto M, DUFRANE D et al. Low molecular

weight dextran sulfate: a strong candidate drug to block

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

IBMIR in clinical islet transplantation. Am J Transplant
2006; 6: 305.

NiLsSON EKDAHL K, NILSSON B, PEKNA M, NiLssON UR.
Generation of iC3 at the interface between blood and gas.
Scand J Immunol 1992; 35: 85.

MoLLNES TE, RIESENFELD J, GARRED P et al. A new
model for evaluation of biocompatibility: combined
determination of neoepitopes in blood and on artificial
surfaces demonstrates reduced complement activation by
immobilization of heparin. Artif Organs 1995; 19: 909.
KATRAGADDA M, MAGOTTI P, SFYROERA G, LAMBRIS JD.
Hydrophobic effect and hydrogen bonds account for the
improved activity of a complement inhibitor, compstatin.
J Med Chem 2006; 49: 4616.

FERNANDEZ LA, HATCH EW, ARMANN B et al. Validation
of large particle flow cytometry for the analysis and
sorting of intact pancreatic islets. Transplantation 2005;
80: 729.

GoTo M, GROTH CG, NILSSON B, KORSGREN O. Intra-
portal pig islet xenotransplantation into athymic mice as
an in vivo model for the study of the instant blood-med-
iated inflammatory reaction. Xenotransplantation 2004b;
11: 195.

Roob PP, BoTTINO R, BALAMURUGAN AN et al. Reduction
of early graft loss after intraportal porcine islet transplan-
tation in monkeys. Transplantation 2007; 83: 202.

PrATT JR, BASHEER SA, SAcks SH. Local synthesis of
complement component C3 regulates acute renal trans-
plant rejection. Nat Med 2002; 8: 582.

CHOWDHURY P, ZHoU W, SAcks SH. Complement in renal
transplantation. Nephron Clin Pract 2003; 95: c3.

PeENG Q, L1 K, PATEL H, SAcks SH, ZHoUu W. Dendritic
cell synthesis of C3 is required for full T cell activation and
development of a Thl phenotype. J Immunol 2006; 176:
3330.

BrowN KM, KONDEATIS E, VAUGHAN RW et al. Influence
of donor C3 allotype on late renal-transplantation out-
come. N Engl J Med 2006; 354: 2014.

OzMmEN L, EKDAHL KN, ELGUE G, LARSSON R, KORs-
GREN O, NILsSON B. Inhibition of thrombin abrogates the
instant blood-mediated inflammatory reaction triggered by
isolated human islets: possible application of the thrombin
inhibitor melagatran in clinical islet transplantation. Dia-
betes 2002; 51: 1779.

HamaDp O, NiLssoN ExkDAHL K, NiLssoN P et al.
Complement activation is triggered by chondroitin sulfate
released by thrombin receptor activated platelets.
J Thrombosis Haemostasis 2008, in press.

FIORANTE P, BANZ Y, MOHACSI PJ et al. Low molecular
weight dextran sulfate prevents complement activation
and delays hyperacute rejection in pig-to-human
xenotransplantation models. Xenotransplantation 2001;
8: 24.

THoMAS H, MAILLET F, LETOURNEUR D, JOZEFONVICZ J,
FiscHER E, KAZATCHKINE MD. Sulfonated dextran
inhibits complement activation and complement-depen-
dent cytotoxicity in an in vitro model of hyperacute
xenograft rejection. Mol Immunol 1996; 33: 643.
SouLikA AM, KHAN MM, HATTORI T et al. Inhibition
of heparin/protamine complex-induced complement
activation by Compstatin in baboons. Clin Immunol 2000;
96: 212.



