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Xenogeneic islet re-transplantation in mice triggers an accelerated,
species-specific rejection
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SUMMARY

Xenogeneic islets could provide an unlimited source of tissue for the treatment of diabetes, and
could in theory be transplanted repeatedly in a recipient. However, little is known on the
consequences of islet re-transplantation in a recipient who has rejected a first graft. In this study, we
investigated the functional consequence of xeno islet re-transplantation in mice sensitized with
islets from different species. Sprague-Dawley (SD)-rat islets transplanted in sensitized C57/B16 mice
that rejected either SD- or Lewis-rat islets underwent accelerated rejection. However, accelerated
rejection was not found in mice sensitized with pig or human islets, suggesting that accelerated
rejection was species specific. Immunohistochemistry showed increased binding of antibodies and
accelerated leucocyte infiltration on re-grafted islets in sensitized mice. In situ apoptosis detection
indicated that islet cell apoptosis was correlated with the time of leucocyte infiltration, but not with
the time of antibody binding. In vitro experiments with cultured islet cells showed that although
antibody binding was increased after incubation with sensitized mouse serum, islet cell cytotoxicity
was not increased, suggesting that humoral immunity did not play a direct role in islet destruction.
These results indicate that there is a cell-mediated, species-specific accelerated rejection after

re-transplantation of xenogeneic islets.

INTRODUCTION

Transplantation of pancreatic islets is a potential treatment for
patients with insulin-dependent (type 1) diabetes. The pre-
liminary results of islet transplantation are encouraging and the
number of insulin-independent patients is increasing with
improvements in the technique of islet isolation and with the
use of new immune-suppressive drugs.!”

As islet transplantation becomes more successful, the
scarcity of human tissue appears as a potential limit to the
procedure, and other animal species are being considered
as sources of tissue.*® However, two major questions have
to be addressed in xenogeneic islet transplantation. First,
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xeno-antigens trigger immune rejection, destroying the grafted
islets. Second, animal viruses may be transmitted to humans. It
has been reported that immune tolerance can be induced by
injection of donor islet antigens into recipient’s thymus,”® and
long-term survival of encapsulated xenogeneic islets has been
achieved in a large animal model.® Also, prolonged survival of
genetically engineered islets has been described.'® This progress
in immune-tolerance and immune-isolation as well as in genetic
engineering make it likely that xenogeneic islets will be
transplanted to humans in the future. In addition, the fear
that animal viruses can be transmitted to humans has been
eased recently.“ Therefore, it is reasonable to believe that the
immune-rejection of xenografts will be overcome and animal
virus infection may be avoided with genetically engineered
animals in the future.

In theory, because of the unrestricted supply of tissues,
xenogeneic islet transplantation could be performed repeatedly
even if the xenograft has been rejected. However, little is known
on the functional consequence of islet re-transplantation in
sensitized recipients, although accelerated rejection may be
expected. In this study, we investigated the survival of
re-grafted rat islets in mice that had been sensitized with rat,
pig or human islet grafts, with attention to the rejection
mechanisms.
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MATERIALS AND METHODS

Islet isolation and purification

Rat islets. Islets were isolated from Sprague-Dawley (SD)
and Lewis male rats (350 g; BRL, Basel, Switzerland) using the
intraductal collagenase digestion technique described pre-
viously.'? Briefly, 10 ml of Hank’s balanced salt solution (HBSS)
with 2 mg/ml collagenase type XI (Sigma, St Louis, MO) were
injected into the pancreatic duct. After pancreatectomy, the
pancreata were digested in a 37° water-bath for 19 min. The
isolated islets were further purified by Euro-Ficoll (Sigma)
gradient centrifugation. The purified islets were washed three
times and then resuspended in HBSS for transplantation.

Pig islets. Pancreata were obtained from female large white
pigs (more than 200 kg) in a local slaughterhouse (Orbe,
Switzerland). Islet isolation was performed within 4 hr after
pancreas procurement using a modified automated method
described previously.!®> Briefly, after preparation of the
pancreas and distension with Liberase PI (Roche, Basel,
Switzerland), digestion was performed in a modified digestion
chamber at 37° until the appearance of free islets. Islet
purification was performed by Euro-Ficoll gradient centrifuga-
tion on a cell separator (Cobe 2991, Cobe, Lakewood, CO).
The purified islets were washed three times and resuspended in
HBSS for transplantation.

Human islets. Human pancreata were obtained from
multiorgan heart-beating donors and kept in University
of Wisconsin solution at 4° for transport (cold ischaemia time
<8 hr). Islet digestion and isolation were performed using
a semiautomated method adapted from Ricordi e al.'* Briefly,
after preparation of the pancreas and distension with Liberase
HI (Roche), digestion and purification were performed as
described above for pig islet isolation.

Sensitization of diabetic mice by rat, pig or human islets
Experimental diabetes was induced in C57Bl/6 male mice,
6-8-week-old (25 g, BRL, Basel, Switzerland) by a single
intraperitoneal injection of streptozotocin (200 mg/kg, Sigma,
Buchs, Switzerland). Diabetes was defined as the presence of
blood glucose levels >20 mwm on 3 consecutive days. For the
sensitization, 200 rat islets, 400 pig islets or 400 human islets
were transplanted beneath the left kidney capsule of diabetic
mice. Graft function was evaluated by non-fasting blood
glucose levels. Values >11 mm on 3 consecutive days were
considered as a sign of rejection.

Comparison of survival of grafted rat islets between control
and sensitized mice

The second islet transplantation was performed in sensitized
mice between 3 and 5 days after rejection of the first islet graft.
200 SD-rat islets were implanted under the right kidney capsule
of sensitized mice using the same procedure as described above.
Only mice which had a previously functioning islet graft
(glycaemia <11 mMm for more than 3 days) were used for a
second transplantation. Six mice were used in each group for
the comparison of the graft survival time.

Immunohistochemistry

Nephrectomy was performed on three control mice and three
sensitized mice on days 1, 2, 3, 4, and following rejection after
islet transplantation. Kidneys were embedded in tissue-tek
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(Miles Inc., Elkhart, IN) frozen in liquid methylbutane pre-
equilibrated with liquid nitrogen and stored at —80°. Serial
frozen sections were cut at 4 um intervals using a cryostat
(Leica, Glattbrugg, Switzerland). Tissue sections were fixed
with absolute ethanol for 1 min and then incubated with
phosphate-buffered saline (PBS) plus 0-5% bovine serum
albumin (BSA; Sigma) for 15 min to block non-specific
binding. Further staining was performed for antibody binding,
complement deposition and leucocyte infiltration as described
previously.'> The slides were examined under a fluorescence
microscope (Zeiss Axiophot, Germany).

In situ apoptosis detection in grafted islets

To detect apoptotic cells, commercial kits were used according
to the manufacturer’s protocol (TACS terminal deoxynucleo-
tide (TdT) apoptosis detection kit, R & D, Minneapolis, MN).
Briefly, serial frozen sections were cut at 4 um intervals, fixed
with 3-7% formaldehyde and permeabilized with proteinase K
solution. Samples were then incubated in the quenching
solution and then in the TdT labelling buffer. Samples were
incubated with 50 ul of labelling reaction mix at 37° for 1 hr.
The slides were incubated in the TdT stop buffer and then were
incubated with 50 ul of streptavidin—horseradish peroxidase
(HRP) solution for 10 min and counterstained in methyl green
solution. The slides were then sequentially washed with
increasing concentrations of ethanol and with xylene. The
slides were then mounted and examined under light micro-
scopy. After incubation with proteinase K solution, one sample
of each group was treated with TACS-nuclease for 30 min to
generate DNA breaks and was used as positive control.

Measurement of anti-rat islet antibodies

Single cell suspension from rat islets was obtained using the
ethylenediamine tetra-acetic acid (EDTA)-dispase technique,
as described previously.'® Isolated islet cells were seeded in
gelatin precoated 96-well plates at a concentration of 2 x 10°
cells/well. After overnight culture, cells were washed three times
with PBS and fixed with —20° absolute methanol (Fluka,
Buchs, Switzerland) for 10 min. The cells were washed and then
incubated in PBS containing 0-05% BSA, 0-5% fetal calf serum
(FCS; Life Technologies, Basel, Switzerland) and 0-02% Tween
20 (Fluka) for 15 min to block non-specific binding. Cells were
incubated in PBS containing 20% of serum from mice
unsensitized or sensitized with rat, pig or human islets, for
60 min at room temperature. The cells were washed and then
incubated with diluted HRP-conjugated goat anti-mouse
immunoglobulin M (IgM), IgG or IgA antibody (Sigma) for
30 min at room temperature. Islet cells incubated with PBS
containing 20% inactivated FCS were used as negative
controls. Cells were washed and tetramethylbenzidine (TMB;
Medgenix, Fleurus, Belgium) was added into each well (100 ul/
well). The colour reaction was stopped with 50 ul/well 2 N
H,SO,. The optical density was measured in an enzyme-linked
immunosorbent assay (ELISA) reader (Bioconcept, Allschwil,
Switzerland) at 405 nm. The results were expressed as mean
+SD of three experiments.

Measurement of serum-mediated cytotoxicity on

cultured rat islet cells

In order to evaluate the role of antibodies on accelerated
rejection of xeno-islets, serum-mediated islet cell cytotoxicity
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was measured by a >'Cr release assay. Briefly, 10 x 10° freshly
isolated rat islet cells were labelled with 200 uCi °'Cr
(Amersham, Amersham, UK) for 2 hr at 37° in CMRL
(Sigma) containing 10% FCS. After three washings, the cells
were seeded in a 96-well plate (2 x 10° cells/well) and incubated
in PBS containing 20% of serum from mice unsensitized or
sensitized with rat, pig or human islets. Cells incubated with
20% normal rat serum or with 1% Triton-X-100 in PBS were
used as negative or positive controls, respectively. After 2 or
4 hr incubation, the plates were centrifuged and supernatants
were collected. The °'Cr release in the supernatant was
measured by a gamma-counter (Packard, Zurich, Switzerland).
The results were expressed as percentage of >'Cr release.

Statistical analysis

Survival curves were calculated with by the Kaplan—Meier
method. Wilcoxon test for independent samples was used to
evaluate the significance of differences between groups.
Bonferoni correction was used to correct for multiple tests.

RESULTS

Animals sensitized by an islets xenograft experienced
accelerated rejection of a subsequent islet graft
from the same species

SD-rat islets were transplanted to mice that had been sensitized
by SD- or Lewis-rat islets. As shown in Fig. 1, the mean
survival time (MST) of the second rat islet graft was
significantly shortened as compared to the MST of the first
rat islet graft (4-:3+1-2 days versus 10+2-1 days and 4-0+1-1

re-transplanted in mice presensitized by an islet graft from
the same species underwent an accelerated rejection.

Accelerated rejection was species specific

After the first xenogeneic islet transplantation (sensitization),
all diabetic mice became normoglycaemic for the time before
an immune rejection destroyed the grafted islets. The MST of
each sensitization group was 10-0+2-1 days (SD rat), 11-:2+2-5
days (Lewis rat), 8-3+2-4 days (human) and 7-3+1-7 days
(pig).

As show in Fig. 2, the graft of SD-rat islets underwent an
accelerated rejection in mice presensitized with either SD- or
Lewis-rat islets. No difference of MST of the grafted SD-rat
islets was found between mice presensitized with SD-rat islets
and mice presensitized with Lewis-rat islets. This result
indicated that the accelerated rejection did not depend on
differences in xeno-antigens between strains of the same
species. An accelerated rejection of rat islets was not seen in
mice that were presensitized with islets from pigs or humans.
The MST of the grafted SD-rat islets was similar between the
sensitized and the unsensitized mice (9:3 +1-8 days for human
sensitized mice and 10-3 +2-3 days for pig sensitized mice islets
versus 10+2-1 days for controls). These results indicated that
the accelerated rejection was species specific.

Humoral and cell immune participated in accelerated rejection

To evaluate the mechanisms of accelerated rejection in mice
sensitized with SD-rat islets, the deposition of complement and
the leucocyte infiltration in grafted islets at different times were
investigated by immunohistochemistry. As summarized in
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Figure 1. Comparison of grafted islet survival between normal and sensitized mice. SD-rat islets of Langerhans were transplanted in
diabetic mice that had been presensitized with either SD or Lewis-rat islets. Transplantation of rat islets in unsensitized mice was used
as control. Glycaemia > 11 mwm persisting for 3 days was defined as rejection. The first day of glycaemia > 11 mwm was considered as

the beginning of the rejection.
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Table 1. Comparison of immunohistological characteristics at different times after SD-rat islet transplantation between normal and sensitized mice

Day 1 Day 2 Day 3 Day 4 Rejection
c s c s c s c s c s
Parameters n=3 n=3 n=3 n=3 =3 n=3 n=3 n=3 n=3 n=3
IgM + + + + + + + + + +
1gG + ++ + ++ + ++ - + - +
IgA + ++ + ++ + ++ + ++ + ++
C3 ++ ++ ++ ++ + + + + - +
CD4 - - - + - ++ + ++ ++ ++
CDS - - - + - + + ++ ++ ++
Mac-1 + ++ + ++ + ++ + ++ ++ ++

Nephrectomy was performed at days 1, 2, 3, 4 after islet transplantation and at rejection in control (c) and sensitized (s) mice. Serial frozen kidney sections
were cut at 4 pm intervals and stained with anti-IgM, IgG, IgA, C3, CD4, CD8, Mac-1 antibody and corresponding fluoroscein isothiocyanate-conjugated
second antibody as described in Materials and Methods. The results were expressed as negative (—), weak (+), positive (+) and strongly positive (+ +)

depending on the fluorescence intensity.
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Figure 2. Effect of sensitization with islet of different species on the
survival of rat islet. Rat islets of Langerhans were transplanted in
diabetic mice presensitized with rat islets, human islets or pig islets.
Transplantation of rat islets in unsensitized mice was used as control.
Glycaemia was measured every two days and the results were expressed
as mean+SD. Glycaemia >11 mm was defined as the rejection
threshold (represented as the line between the two asterisks).

between unsensitized and sensitized mice. First, there were
increased deposits of IgA and IgG on grafted islets in sensitized
mice from day 1 after transplantation, which persisted until
rejection. Second, CD4-, CDS8- and Mac-1-positive leucocytes
infiltrated the graft in sensitized mice as early as day 2 after islet
transplantation (and as early as day 1 for Mac-1-positive cells),
and persisted until rejection. These changes were not seen or
were delayed in unsensitized mice. However, the accelerated
leucocyte infiltration was not observed in mice presensitized
with human islets, although a similar antibody deposition was
found (data not shown). As shown in Fig. 3(a), anti-islet IgG
and IgA antibodies were present in the sensitized mice on day 3
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after transplantation, whereas these antibodies were absent in
unsensitized mice. At this stage, infiltration of CD4-, CD8- and
Mac-1-positive cells was observed in the sensitized but not in
the unsensitized mice (Fig. 3b).

Islet cell apoptosis was correlated to the timing of
leucocyte infiltration

In order to evaluate the impact of antibody deposit and
leucocyte infiltration in accelerated rejection, in situ apoptosis
detection tests were performed on grafted islets. As shown in
Fig. 4, islet cell apoptosis was found from day 2 and was
marked on day 4 after islet re-transplantation. The timing of
islet apoptosis was correlated with the timing of leucocyte
infiltration, but not with the timing of antibody binding,
suggesting that islet cell apoptosis was induced by infiltrated
leucocytes rather than by the bound antibodies.

Antibody binding and serum-mediated cytotoxicity on
isolated rat islet cells

To evaluate further the role of antibodies in accelerated
rejection, cultured rat islet cells were incubated with sera from
sensitized or unsensitized mice. Antibody binding was
measured by cell-based ELISA and serum-mediated islet cell
cytotoxicity was investigated by the >'Cr release assay. As
shown in Fig. 5(a), antibody binding was increased on islet cells
incubated with serum from presensitized mice, as compared
with incubation with serum from unsensitized mice. The
increased antibody binding was more marked in the group
incubated with serum from mice sensitized with rat islets, while
the antibody binding after incubation with serum of mice
presensitized with pig or with human islets was only marginally
increased.

However, serum-induced islet cell cytotoxicity was similar
at 2 and 4 hr incubation with serum from mice unsensitized and
sensitized with rat, pig or human islets as shown in Fig. 5(b).
These results suggested that the increased antibody binding on
islet cells did not directly contribute to the cytotoxicity in the
accelerated rejection.
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Figure 3. Comparison of antibody binding and leucocyte infiltration between unsensitized and sensitized mice. (a) Antibody deposit
on grafted islets on day 1 after islet transplantation: comparison between control and sensitized mice. (b) CD4-, CD8- and Mac-
1-positive leucocyte infiltration on grafted islets on day 3 after islet transplantation: comparison between control and sensitized mice.

DISCUSSION

In this study, we show that repeat xenogeneic transplantation
of islets of Langerhans in mice that have been previously
sensitized with islets from the same species results an
accelerated rejection. The accelerated rejection was present
after sensitization with islets from a major histocompatibility
complex (MHC)-mismatched strain within the same species,
but was absent in mice that had been sensitized with islets
from a different species. These results suggest that: (1) the
accelerated rejection is species specific; (2) the antigens involved
in accelerated rejection are shared by different strains within
the same species, and (3) there are no antigens that are specific
to the islets rather than to the species and that contribute — in
this xenograft model — to the accelerated rejection.

Although the accelerated rejection was expected, the species
specificity was surprising, even if cross-reactivity between xeno-
grafts has been reported previously. The cross-species reactivity
of a panel of antibodies has been demonstrated between
monkey and pig tissue'” and in a mouse-to-hamster model.'8
However, although the species cross-reactivity has been
reported in humoral immune reaction, there is still no evidence

for species cross-reactivity in cell-mediated immune response.
In our study, increased binding of antibodies was found on
grafted rat islets in mice presensitized with pig or human islets,
but accelerated leucocyte infiltration was absent in these mice.
These results imply that the species specificity of accelerated
rejection is mainly exhibited in cell-mediated immune reaction.
The importance of lymphocytes in the immune rejection of
xenografts was demonstrated by the fact that that mice
presensitized with rat islets and anti-lymphocyte serum were
unresponsive to a second islet graft.'’

The immune reactions in islet xenograft rejection were also
different according to the species combination.?’ However, the
two experimental models used in our study, human-to-rat and
pig-to-rat are zoologically distant, and the species-specificity of
the accelerated rejection in our model can not rule out the
possibility of cross-reaction in other models with different
species combination. Our results suggest that, if xenogeneic
islet re-transplantation is considered after a previous graft has
been lost to rejection, a different donor species should be used.

Hyperacute rejection of vascularized xenografts is mediated
by preformed antibodies recognizing antigenic determinants on
endothelial cells, leading to complement activation.?! However,
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Figure 4. Islet cell apoptosis in sensitized mice. In situ islet cell
apoptosis detection in mice presensitized with rat islets on day 1 (a),
2 (b), 3 (c) and 4 (d) after islet transplantation.

this reaction is absent in xeno transplantation of devascularized
organs, such as islets of Langerhans, suggesting that there is
a different rejection mechanism. It has been shown that, while
xenogeneic islets can trigger both the recipient’s humoral and
cellular immune response, the cellular immune response is more
critical to the process of rejection.’”* Little was known
whether a similar rejection mechanism occurred when xeno-
geneic islets were transplanted in a sensitized recipient. To
answer this question, an immunohistology of grafted islets was
performed in unsensitized and in sensitized mice to investigate
the antibody binding, complement deposition and leucocyte
infiltration during accelerated rejection. In unsensitized mice,
early binding of IgM antibodies and complement were found
on grafted islets, and CD4/CD8- or Mac-1-positive cells
infiltrated the graft from day 4 after transplantation and
persisted to the time of rejection, a finding consistent with our
previous studies.”> Two main features characterized the
rejection reaction in sensitized mice as compared to unsens-
itized mice: first, an increased binding of antibodies (IgG and
IgA) was found on day 0 after transplantation and persisted to
the time of rejection. Second, a rapid leucocyte infiltration was
seen from day 2 after islet transplantation and persisted
through the time of rejection. However, no differences in IgM
and complement deposition were found between both groups.

In situ apoptosis detection in the sensitized mice showed
that islet cell apoptosis was present from day 2 and was
prominent on day 4 after islet re-transplantation. This timing
of islet cell apoptosis was correlated with the timing of
leucocyte infiltration, but not with the timing of antibody
binding, suggesting that apoptosis may have been induced by
infiltrated leucocytes, and not by bound antibodies.

In order to evaluate further the roles of humoral and of
cellular immunity in accelerated rejection, the antibody binding
and serum-mediated cytotoxicity were measured in isolated rat
islet cells after incubation with serum derived from sensitized

© 2000 Blackwell Science Ltd, Immunology, 101, 548-554

O Control

M S-ratislets

E S-pig islets
S-human islets

OD 405 nm

% of 51Cr release

2 hr 4 hr

Figure 5. Comparison of antibody binding and serum-mediated
cytotoxicity on cultured rat islet cells. (a) Antibody binding on isolated
rat islet cells after incubation with serum from mice unsensitized or
sensitized with rat, pig or human islets (measured by cell-based
ELISA). (b) Serum-mediated cytotoxicity on isolated rat islet cells after
2 hr or 4 hr incubation with serum from mice unsensitized or sensitized
with rat, pig or human islets (measured by >'Cr release test). The results
are expressed as mean + SD of three experiments. **P <0-01, *P <0-05.

mice. We observed increased antibody binding on islet cells
after incubation with serum of sensitized mice. The increase in
antibody binding was more marked for IgG and IgA than for
IgM, which is consistent with the findings on grafted islets
in vivo. Preformed recipient’s antibodies are mostly of IgM type
that binds to grafted islets in vivo, but only on microvessels of
whole islets in vitro,>>® while most inducible antibodies belong
to the IgG or IgA type. The binding of IgG and IgA on islet
cells in vivo and in vitro was found only in sensitized mice,
suggesting that these antibodies may be specifically induced by
the previous islet graft. We found that serum-mediated islet cell
cytotoxicity was similar between unsensitized and the sensitized
groups, although the antibody binding was significantly
increased. This result indicates that the increased antibody
levels in the sensitized mice did not exert a direct toxic role
against islet cells. It has been found that serum from a different
species may directly destroy islet cells, but not whole islets
in vitro.>”*® This serum-induced cytotoxicity is antibody- and
complement-dependent, because serum derived from B-cell
deficient mice or from decomplementized mice does not have
such cytotoxicity.”®

Xeno-grafted islets survive at least 3 months in T-cell defi-
cient nude mice and approximately 20 days in B-cell deficient
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mice,”®*° indicating the prominent role of T-cell-mediated
immunity in xeno islet rejection. However, the participation
of humoral immunity in the accelerated rejection can not be
ruled out even if no direct cytotoxicity to islet cell was found
in our in vitro experiments. In fact, the deposited antibodies
could promote cell-mediated immune response by chemotaxis
or by antibody-dependent cell-mediated cytotoxicity, thus
contributing to the accelerated rejection, as shown in previous
studies.>! 33

In summary, the results described above make us conclude
that: (1) there is an accelerated rejection when xenogeneic islets
are re-transplanted in sensitized recipient; (2) the accelerated
rejection is species specific; (3) the accelerated rejection occurs
mainly by mechanisms of cell-mediated immunity.
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