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We previously demonstrated that short-term administration of a combination of anti-LFA-1 and anti-CD154
monoclonal antibodies (mAbs) induces tolerance to neonatal porcine islet (NPI) xenografts that is mediated by
regulatory T cells (Tregs) in B6 mice. In this study, we examined whether the coinhibitory molecule PD-1 is
required for the induction and maintenance of tolerance to NPI xenografts. We also determined whether toler-
ance to NPI xenografts could be extended to allogeneic mouse or xenogeneic rat islet grafts since we previously
demonstrated that tolerance to NPI xenografts could be extended to second-party NPI xenografts. Finally, we
determined whether tolerance to NPI xenografts could be extended to allogeneic mouse or second-party por-
cine skin grafts. Diabetic B6 mice were transplanted with 2,000 NPIs under the kidney capsule and treated with
short-term administration of a combination of anti-LFA-1 and anti-CD154 mAbs. Some of these mice were
also treated simultaneously with anti-PD-1 mAb at >150 days posttransplantation. Spleen cells from some of
the tolerant B6 mice were used for proliferation assays or were injected into B6 rag™~ mice with established
islet grafts from allogeneic or xenogeneic donors. All B6 mice treated with anti-LFA-1 and anti-CD154 mAbs
achieved and maintained normoglycemia until the end of the study; however, some mice that were treated with
anti-PD-1 mAb became diabetic. All B6 rag~~ mouse recipients of first- and second-party NPIs maintained
normoglycemia after reconstitution with spleen cells from tolerant B6 mice, while all B6 rag~~ mouse recipi-
ents of allogeneic mouse or xenogeneic rat islets rejected their grafts after cell reconstitution. Tolerant B6 mice
rejected their allogeneic mouse or xenogeneic second-party porcine skin grafts while remaining normoglyce-
mic until the end of the study. These results show that porcine islet-specific tolerance is dependent on PD-1,
which could not be extended to skin grafts.
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INTRODUCTION

The widespread application of islet transplantation as
a treatment for type 1 diabetes is currently limited by the
shortage of human donors and the chronic use of harmful
immunosuppressive drugs to prevent rejection (31,34).
Neonatal porcine islets (NPIs) are being considered as
an alternative source of islets for clinical transplantation
because an abundant number of islets can be easily iso-
lated and maintained in culture (21). In addition, NPIs
are capable of reversing diabetes in both small (20,21,27)

and large animals (5,19,37-39), including the preclinical
nonhuman primate model (5,37-39). Previously, we dem-
onstrated that a combination of anti-lymphocyte func-
tion-associated antigen-1 (anti-LFA-1) and anti-CD154
monoclonal antibody (mAb) therapy could promote
long-term survival of both encapsulated and nonencap-
sulated NPI transplants in immune-competent B6 mice
(20,27). We also reported that the protection observed in
B6 mice was mediated by CD4* T cells expressing CD25,
forkhead box P3 (FOXP3), and programmed cell death-1
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(PD-1) regulatory markers (2), indicating that regulatory
T cells (Tregs) may be mediating the tolerance to NPI
xenografts. These Tregs may depend on PD-1 to exert
their tolerogenic effect on NPI xenografts. Thus, in this
study we determined whether PD-1 may be one target for
the beneficial effect of anti-LFA-1 and anti-CD154 mAb
therapy on NPI xenografts.

PD-1 is a coinhibitory molecule initially found to
be upregulated in T-cell hybridoma undergoing apopto-
sis (14). Several studies showed that PD-1 is important
in the induction of tolerance to mouse skin (32), heart
(25,32,36), and islet (9) allogeneic transplants. PD-1 was
also a key component in the protection observed in a rat
to mouse islet xenograft model (24); however, the role of
PD-1 has not been investigated in porcine islet xenotrans-
plantation. In this study, we examined the importance of
PD-1 in the induction and maintenance of tolerance to
NPI xenografts in B6 mice treated with anti-LFA-1 and
anti-CD154 mAbs. We also determined whether toler-
ance to NPI xenografts could be extended to allogeneic
mouse or xenogeneic rat islet grafts since we previously
demonstrated that tolerance to NPI xenografts could be
extended to second-party NPI xenografts. Finally, we
determined whether tolerance to NPI xenografts could be
extended to second-party porcine and allogeneic mouse
skin grafts. Our results show that PD-1 is important in
both the induction and maintenance of tolerance to NPI
xenografts in B6 mice treated with anti-LFA-1 and anti-
CD154 mAbs. We also found that tolerance to NPI xeno-
grafts is specific to NPIs, but not to mouse or rat islets
and second-party porcine or mouse skin grafts.

MATERIALS AND METHODS
Animals

Six- to 8-week-old male immune-competent B6
(C57BL/6J, H-2°) and immune-deficient B6 rag™"
(B6.129S7-Rag1™™Mom/J 'H-2°) mice (Jackson Laboratory,
Bar Harbor, ME, USA) were used as recipients. These
mice were rendered diabetic by a single intraperitoneal
injection of 180 or 175 mg/kg body weight of streptozo-
tocin (Sigma-Aldrich, St. Louis, MO, USA) for B6 or B6
rag™" mice, respectively. Blood glucose levels of the mice
were monitored two times a week, and mice were con-
sidered diabetic when their blood glucose levels reached
220 mmol/L for 2 consecutive days following streptozo-
tocin injection. All mice were fed with standard laboratory
food and were cared for according to the guidelines estab-
lished by the University of Alberta Animal Care and Use
Committee and the Canadian Council on Animal Care
Committee. Islet or skin donors were 3-day-old Duroc
cross neonatal pigs (>1.5 kg body weight) obtained from
different sows, 8- to 10-week-old male BALB/c (BALB/
cCOABM TH_2d) mice, both purchased from the University
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of Alberta (Edmonton, Alberta, Canada), and male Wistar—
Furth rats (WFE, RT1Y, 200-300 g body weight; Harlan
Laboratories, Indianapolis, IN, USA).

Islet Isolation and Transplantation

Islets were isolated as previously described (3,12,21,
30,33). A total of 500 rodent islets or 2,000 NPIs were
transplanted under the left kidney capsule of diabetic B6
or B6 rag™~ mice as previously described (2,21,30,45).
The blood glucose levels of recipient mice were moni-
tored two times a week for >100 days posttransplantation.
Islet transplantation was considered successful when the
blood glucose levels of recipient mice fell below or equal
to 8.5 mmol/L. At >100 days posttransplantation, the kid-
ney that contained the islet graft was removed from mice
that maintained normal blood glucose levels to deter-
mine whether the islet transplant was responsible for
the maintenance of normoglycemia. The islet transplant
was considered rejected when the blood glucose levels
of recipient mice increased to more than 12 mmol/L for
2 consecutive days after transplantation. Rejection of the
islet transplant was confirmed by histological analysis of
the graft.

Monoclonal Antibody Therapies

Anti-LFA-1 mAb (KBA; rat [gG2a from ascites; 200 g
on days 0, 1, 7, 14 posttransplantation) and anti-CD154
mAb (MR-1; hamster IgG1; 250 pg on days —1, +1 and
two times a week for an additional 4 weeks posttrans-
plantation; BioXcell, West Lebanon, NH, USA) were
injected into the peritoneal cavity of B6 mouse recipients
of NPIs. Anti-PD-1 mAb was administered in combina-
tion with anti-LFA-1 and anti-CD154 mAbs as regimen
1—500 pg on day 0 and 250 ug on days 2, 4, 6, 8, and 10
posttransplantation (J43, hamster IgG2; BioXcell) or reg-
imen 2—500 pg per injection every other day starting on
days 0 to 14 posttransplantation for a total of eight injec-
tions (J43). The same dose and number of injections were
used to determine the role of PD-1 in the maintenance of
tolerance except that injection began at >150 days post-
transplantation. In addition, another clone of anti-PD-1
mADb was used in combination with anti-LFA-1 and anti-
CD154 mAbs as regimen 3—500 pg per injection every
other day starting on day 0 to 14 posttransplantation for a
total of eight injections (4F10, rat IgG2a, K chain).

In Vitro Proliferation Assays

The proliferation of lymphocytes was determined by
combining 5x 10° responder cells with 3x10° irradiated
(2,500 rad) stimulator cells in 96-well flat-bottom plates
and were incubated under physiological conditions on
days 3, 4, and 5 following our published protocol (42).
Spleen cells from tolerant or naive B6 mice were used as
responder cells, and spleen cells from naive BALB/c mice,
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WEF rats, the same neonatal pigs as the islet donors (first
party) or different neonatal pigs (second party) were used
as stimulator cells. Spleen cells from first-party NPI donors
were also used as responder cells, and spleen cells from
second-party NPI donors were used as stimulator cells and
vice versa to ensure the mismatch between these donors.
Positive control for these experiments included stimulation
of spleen cells from tolerant and naive B6 mice with con-
canavalin A (Con A; 10 pg/ml; Sigma-Aldrich). In addi-
tion, other positive controls included stimulation of spleen
cells from primed B6 mice with Con A or with the same
porcine spleen cells used to prime the immune response.
Spleen cells that were not stimulated and cultured in media
alone served as negative controls.

Adoptive Transfer Studies

Diabetic B6 rag™~ mice were transplanted with 500
islets from BALB/c mice or WF rats, or 2,000 islets from
first-party or second-party neonatal pigs. At 150 days post-
transplantation, all mice with normal blood glucose levels
(£8.5 mmol/L) received intraperitoneal injection of 50x 10°
spleen cells collected from tolerant or naive B6 mice. After
cell injection, the blood glucose levels of B6 rag~~ mice
were monitored three times a week for 60 days or until the
mice became diabetic, indicating that the islet transplant had
been rejected, then the kidney bearing the islet transplant
was removed for histological analysis. For those mice that
remained normoglycemic for 60 days after cell injection, the
kidney that contained the islet graft was removed, and their
blood glucose levels were monitored until they became dia-
betic, which indicated that normoglycemia was maintained
by the islet graft. The presence of adoptively transferred
immune cells was confirmed using flow cytometry.

Skin Transplantation

Tolerant B6 mice were transplanted with full-thickness
skin from BALB/c mice or second-party neonatal pigs at
100 days post-first-party NPI transplantation. Skin grafts
were inspected daily until they were rejected. In a parallel
experiment, skin transplantation was also performed on
naive B6 mice and B6 rag™" mice as positive and nega-
tive control groups of rejection, respectively.

Immunohistological Analysis

The presence of insulin-producing cells and FOXP3*
immune cells in the grafts was examined following our
published protocol (2,3,27). Briefly, the kidney bearing
the islet graft was fixed in 10% buffered formalin (Fisher
Scientific, Fair Lawn, NJ, USA) solution and embedded in
paraffin (Fisher Scientific), and the other half was cryopre-
served in frozen tissue-embedding media (Fisher Scientific).
Then 5-um sections were stained with guinea pig anti-
insulin primary antibody (1:1,000; Dako Laboratories,
Burlington, ON, Canada) orrat anti-mouse FOXP3 antibody

(1:25 dilutions; eBioscience, San Diego, CA, USA) for
30 min, followed by the addition of biotinylated goat anti-
guinea pig IgG (1:200; Vector Laboratories, Burlingame,
CA, USA) or biotinylated goat anti-rat IgG secondary
antibody (1:200; Southern Biotechnology Associates, Inc.,
Birmingham, AL, USA). Avidin—biotin complex/horserad-
ish peroxidase (ABC/HP; Vector Laboratories) and 3,3-
diaminobenzidine tetrahydrochloride (DAB; BioGenex,
San Ramon, CA, USA) were used to detect positive-stained
cells (brown color). Paraffin-embedded tissue sections
were counterstained with Harris’ hematoxylin (Cedarlane,
Burlington, ON, Canada) and eosin (Fisher Scientific), and
cryopreserved tissue sections were counterstained with
Harris’ hematoxylin.

Detection of Anti-Donor Antibodies
by Flow Cytometry

The levels of mouse anti-donor IgG antibody in naive
and transplant recipient mice were determined using flow
cytometry as previously described (2,3,27). Briefly, spleen
cells (1x10°) from islet or skin donors were incubated with
naive or transplant recipient’s serum (1:128 dilution for xeno-
geneic donor and recipient combination and 1:64 dilution
for allogeneic combination) for 1 h at 37°C, 5% CO,, and
95% air. After incubation, the cells were then washed with
phosphate-buffered saline (PBS; Sigma-Aldrich) and incu-
bated with fluorescein isothiocyanate (FITC)-conjugated
anti-mouse IgG antibody (1:200; Southern Biotechnology
Associates, Inc. for xenogeneic or 1:100; Jackson Immuno
Research Laboratories, Inc., West Grove, PA, USA, for
allogeneic combination) for 1 h at 4°C. The levels of IgG
antibody were detected from single-parameter fluorescence
histograms on a BD FACS Calibur flow cytometry machine
(BD Biosciences Pharmingen, Mississauga, ON, Canada)
after gating on viable lymphocytes. Control groups for
this study included donor spleen cells that were not incu-
bated with mouse serum and those incubated with a FITC-
conjugated secondary antibody only. The mean fluorescence
intensity (MFI) for each sample was determined, and the fold
changes in the MFI when compared to the MFI obtained in
cells incubated with secondary antibody only were calcu-
lated since the levels of mouse IgG antibody detected in this
negative control group were almost similar to those obtained
in cells not incubated with mouse serum.

Characterization of Lymphocytes by Flow Cytometry

Spleen cells from B6 mouse recipients of NPI and B6
rag™~ mice reconstituted with spleen cells from naive or
transplanted B6 mice were isolated at the end of the study as
described previously (2,29). One million spleen cells were
incubated with antibodies specific to immune cell markers,
and the percentages of the cells that expressed the markers
were determined using flow cytometry by gating on live cells
(2). Control groups for this experiment included spleen cells
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Table 1. Survival of NPI Xenografts in B6 Mice Simultaneously Treated With a Combination of Anti-LFA-1, Anti-CD154, and
Anti-PD-1 mAbs

Graft Survival Number of Mice That

Treatment n (Days Posttransplantation) Achieved Normoglycemia
Anti-LFA-1+anti-CD154 mAbs (200 pg on days 0, 1, 7, 14 post- 8 >100 (x8) 8

transplantation and 250 pg on days —1, +1 and 2 times a week

for an additional 4 weeks posttransplantation, respectively)
Anti-LFA-1+anti-CD154+anti-PD-1 mAbs (clone J43, regimen 8 >100 (x8) 8

1-500 pg on day 0 and 250 pg on days 2, 4, 6, 8, and 10

posttransplantation)
Anti-LFA-1+anti-CD154+anti-PD-1 mAbs (clone J43, regimen 8 0 (x4), >100 (x4) 4%

2-500 pg per injection every other day starting on day O to 14
posttransplantation for a total of 8 injections)
Anti-LFA-1+anti-CD154+anti-PD-1 mAbs (clone 4F10, regi- 8 0 (x8) 0*F
men 3-500 pg per injection every other day starting on day 0
to 14 posttransplantation for a total of 8 injections)

All mAbs were administered intraperitoneally. *p <0.05 versus group of mice treated with anti-LFA-1 and anti-CD154 mAbs with or without anti-PD-1
mADb (regimen 1); $p<0.05 versus group of mice treated with anti-LFA-1 and anti-CD154 mAbs plus anti-PD-1 mAb (regimen 2).

from naive and transplanted B6 mice as well as reconstituted the PD-1 interaction to its ligands, programmed death
B6 rag™~ mice that were not incubated with the antibodies. ligand 1 (PD-L1) and PD-L2, using anti-PD-1 mAb. First,

we administered anti-PD-1 mAb (J43) for a short time
Statistical Analysis in combination with anti-LFA-1 and anti-CD154 mAbs.

Similar to what we found in B6 mice treated with anti-
LFA-1 and anti-CD154 mAbs (n=_8), B6 mouse recipients
of NPI simultaneously treated with short-term administra-
tion of anti-LFA-1, anti-CD154, and anti-PD-1 mAbs (J43,
regimen 1, n=8) achieved and maintained normal blood
glucose levels for more than 100 days posttransplanta-

Statistical differences between groups in in vitro prolifer-
ation assays, expression of immune cell markers, and levels
of anti-donor IgG antibody were determined using nonpara-
metric Kruskal-Wallis test. Statistical differences in graft
survival among the groups were analyzed using the Kaplan—
Meier log rank test. All statistical tests were performed using 4 ; . X
GraphPad Prism software (La Jolla, CA, USA). A value of tion (Table 1). Histological analysis of the NPI xenografts

p<0.05 was considered statistically significant. from these mice showed intact islets with insulin-pro-
ducing cells and no immune cell infiltration (Fig. 1A).

Similar results were observed in the NPI xenografts from

RESULTS tolerant B6 mice treated with anti-LFA-1 and anti-CD154

PD-1 Is Important in the Induction mAbs and immune-deficient B6 rag~~ mouse recipi-
and Maintenance of Tolerance to NPI Xenografts ents of the same NPIs (Fig. 1B, C, respectively). In addi-
We first examined whether induction of tolerance to tion, the amount of anti-porcine IgG antibodies detected

NPI xenografts is dependent on PD-1 by interfering with from these mice (MFI: 25.1+0.8, fold change in MFTI:

FACING PAGE

Figure 1. Effect of anti-PD-1 treatment during the induction and maintenance of tolerance to NPI xenografts. NPI xenografts from B6
mice treated with a combination of anti-LFA-1 and anti-CD154 mAbs with (A, J43 regimen 1) or without anti-PD-1 mAb (B). (C) NPI
xenograft from immune-deficient B6 rag~~ mouse. Intact islets positive for insulin-stained cells are shown. (D, E) NPI xenograft from
tolerant B6 mouse simultaneously treated with anti-LFA-1, anti-CD154, and anti-PD-1 mAbs (J43, regimen 2 and 4F10, regimen 3,
respectively). (F) NPI xenograft from tolerant B6 mouse treated with anti-PD-1 mAb (J43, regimen 2) at >150 days posttransplanta-
tion. Representative NPI xenografts from eight mice for each group are shown, and all images were taken at the same magnification.
Scale bar: 100 um. (G) Mouse anti-porcine IgG antibodies in naive nontransplanted B6 mice (G, black bar, n=5) and tolerant B6 mice
treated with anti-LFA-1 and anti-CD154 mAbs alone (clear bar, n=_8) or with anti-PD-1 mAb (regimen 1, perpendicular line bar, n=8).
Mouse anti-porcine IgG antibodies in tolerant B6 mice simultaneously treated with anti-PD-1 mAb (J43, regimen 2, light gray bar,
n=8 and 4F10, regimen 3, dark gray bar, n=8) are also shown. (H) Mouse anti-porcine IgG antibodies detected in tolerant B6 mice
treated with anti-PD-1 mAb (J43, regimen 2, light gray bar, n=_8) at 150 days posttransplantation compared with mouse anti-porcine
IgG antibodies in untreated tolerant B6 mice (clear bar, n=38). (I) Mean percentage of FOXP3*PD-1* cells in CD4*CD25* spleen cells
from naive (black bar, 31.2% +2.5%, n=5) and tolerant B6 mice (clear bar, 90.4% +0.9%, p <0.001, n=5). (J) Mean percentage of
CD25*FOXP3" cells in CD4*PD-1*spleen cells from naive B6 mice (black bar, 17.4% +1.4%, n=5) compared to the same spleen cell
population from tolerant B6 mice (clear bar, 87.8% +1.3%, p<0.001, n=5).
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Table 2. NPI Xenograft Survival in Tolerant B6 Mice Treated With Anti-PD-1 mAb

Treatment n Graft Survival (Days Posttransplantation)

>250 (x5)
166, 168, 171 (x2), 173 (x3), 177*

No treatment 5
Anti-PD-1 mAbD (clone J43, regimen 8
2-500 pg per injection starting
on day >150 posttransplantation
and every other day for a total of
8 injections

B6 mice were transplanted with 2,000 NPIs and treated with anti-LFA-1 mAb (KBA; rat [gG2a
from ascites; 200 pg on days 0, 1, 7, 14 posttransplantation) and anti-CD154 mAb (MR-1; hamster
1gG1; 250 pg on days —1, +1 and 2 times a week for an additional 4 weeks posttransplantation). At

>150 days, some mice were treated with anti-PD-1 mAb. *p<0.01 versus untreated mice.

1.39+0.05) (Fig. 1G, n=_8) was comparable to the amount
found in tolerant B6 mice treated with anti-LFA-1 and
anti-CD154 mAbs (MFI: 26.8+0.6, fold change in MFI:
1.49+0.03) (Fig. 1G, n=8) and naive B6 mice (MFI:
22.4+0.8, fold change in MFI: 1.24+0.04) (Fig. 1G,
n=>5). We next assessed whether the amount of anti-PD-1
mAb administered to the mice was not enough to abro-
gate the protective effect of the combined mAb therapy.
We then modified the regimen for anti-PD-1 mAb follow-
ing the protocol published by Mai et al. (24). Increasing
the dose and time of administration of anti-PD-1 mAb
abolished the tolerance to NPI xenografts induced by the
combination of anti-LFA-1 and anti-CD154 mAbs. We
found that four out of eight B6 mouse recipients of NPIs
simultaneously treated with anti-LFA-1, anti-CD154, and
anti-PD-1 mAbs (clone J43, regimen 2) did not achieve
normoglycemia, while the remaining four mice achieved
normoglycemia within 5 to 8 weeks posttransplantation
(Table 1). When the kidney bearing the NPI xenograft
was removed from mice that maintained normoglycemia
for >100 days posttransplantation, all four mice became
diabetic, demonstrating that normoglycemia in these mice
was maintained by the NPI xenograft. Examination of the
NPI xenografts from mice that maintained normogly-
cemia for >100 days posttransplantation revealed some
insulin-producing B-cells and infiltration of mononuclear
cells (Fig. 1D). We also found that none of the mice simul-
taneously treated with anti-LFA-1, anti-CD154, and the
other clone of anti-PD-1 mAbs (clone 4F10, regimen 3)

achieved normoglycemia (Table 1). Histological analysis
of the NPI xenografts harvested from these mice showed
absence of insulin-positive stained cells in the graft site
and abundant immune cell infiltration (Fig. 1E) contrary
to what was observed in the NPI xenografts of tolerant
B6 mice treated with anti-LFA-1 and anti-CD154 mAbs
(Fig. 1B). The levels of mouse anti-pig IgG antibody
detected from all mice treated simultaneously with anti-
LFA-1, anti-CD154, and anti-PD-1 mAbs (regimens 2 and
3) were significantly (p <0.001) higher, (MFI: 51.6+0.8,
fold change in MFI: 2.87+0.05, and MFI: 79.3+ 1.4, fold
change in MFI: 4.40+0.08, respectively) (Fig. 1G, n=38)
than those observed in tolerant B6 mice treated with
anti-LFA-1 and anti-CD154 mAbs (MFI: 26.8+0.6, fold
change in MFI: 1.49+0.03) (Fig. 1G, n=38). Collectively,
these results indicate that PD-1 may play a role in the
induction of tolerance to NPI xenografts rendered by
anti-LFA-1 and anti-CD154 mAb therapy.

We also determined whether PD-1 is important in
the maintenance of tolerance to NPI xenografts by the
combined anti-LFA-1 and anti-CD154 mAb therapy. We
found that all tolerant B6 mice treated with anti-LFA-1
and anti-CD154 mAbs at >150 days posttransplantation
became diabetic by day 27 postinjection of anti-PD-1
mAb (J43, regimen 2) (Table 2). Tolerant B6 mice that
did not receive anti-PD-1 mAb remained normoglycemic
for more than 250 days posttransplantation (Table 2). The
NPI xenografts from mice that received anti-PD-1 mAb
had infiltrating immune cells with no insulin-positive cells

FACING PAGE

Figure 2. Proliferation of lymphocytes from naive and tolerant B6 mice in vitro. (A) Proliferation of lymphocytes expressed as counts
per minute (CPM) from tolerant B6 mice after stimulation with ConA (white diamonds), allogeneic BALB/c mouse (white squares), or
xenogeneic WF rat spleen cells (white triangles). (B) Proliferation of lymphocytes from naive B6 mice after stimulation with ConA (black
diamonds), BALB/c mouse (black squares), or WF rat spleen cells (black triangles). (C) Proliferation observed when lymphocytes from
tolerant B6 mice were stimulated with ConA (white diamonds) or spleen cells from first- or second-party porcine donors (white circles
and triangles, respectively). (D) Proliferation of lymphocytes from naive B6 mice stimulated with ConA (black diamonds) or spleen cells
from first- or second-party porcine donors (black circles and triangles, respectively). Proliferation of pig-primed B6 mouse lymphocytes
after stimulation with pig spleen cells used to prime the immune response is also shown (D, black reverse triangles). Proliferation of
lymphocytes from first-party (E, white circles) and second-party (F, black circles) porcine islet donors after stimulation with spleen cells
from second- and first-party porcine donors, respectively. Proliferation of lymphocytes from tolerant (white hexagons) and naive (black
hexagons) B6 mice cultured in media alone are also shown. Results are shown as the mean CPM +SEM of three samples per group.



ISLET XENOGRAFT TOLERANCE IS SPECIES SPECIFIC AND PD-1 DEPENDENT

A
150000
== Con A
=~ vs. BALB/c
100000+ =/ vs. Rat
=0= Media Alone
£
Q
50000
D E
0 b4 L v
e} » )
Y S Y
& 9F N
Days post-stimulation
C
160000+ == Con A
140000 =O=vs. 1*' Party Porcine Donor
120000 == vs. 2" Party Porcine Donor
100000+ = Media Alone
80000
60000
£ 40000
© 200001
2000+
1500
10004
500+
0 T T T
ol > *
S S S
Nid Rid oF
Days post-stimulation
E
100000- - Vs 2" Party
Porcine Donor
st
] = VS 17 Party
80000 Porcine Donor
60000 =O= Media Alone
=
S
40000+
20000
0 - Q————?
” ™ >
Y S Y
oF N Rid

Days post-stimulation

CPM

=
)
Q

CPM

333

150000 -
—— Con A
- vs. BALB/c
—— vs. Rat
100000 —8— Media Alone
50000
0 ¢ * +
% » )
S S Y
S oF N
Days post-stimulation
160000 == Con A
140000 =&~ ys. 1 Party Porcine Donor
— nd i
1200004 o) \l;s 2 'Pal:ity Por'cme lDom:nr
ig-primed vs. pig spleen
100000+ —— Media Alone
80000+
60000+
40000+ ‘\'\'
20000+
2000
1500
10004
500+
0 T T T
) b \c]
Y Y S
i Nid i
Days post-stimulation
st
100000 ~a~ V81 Rarty
Porcine Donor
vs. 2" Party
- -
80000 Porcine Donor
60000 -@- Media Alone
400004
200004

0

E—____  — — J
% > )
o o o

Days post-stimulation




334 AREFANIAN ET AL.

Table 3. Survival of Mouse Islet, Rat Islet, and NPI Grafts in B6 rag~~ Mice Reconstituted With Spleen Cells From
Tolerant or Naive B6 Mice

Source of Mouse Graft Survival Mean Survival Time
Islets Spleen Cells n (Days Post-Cell Injection) (MST)+SEM
BALB/c mouse Tolerant B6 7 14,15, 17, 21, 25 (x3) 20.3£1.9%
BALB/c mouse Naive B6 5 9,11, 12 (x2), 14 11.6+£0.8*
WEF rat Tolerant B6 7 8 (x3), 10, 11 (x3) 9.6+0.6
WEF rat Naive B6 5 10, 11, 12 (x2), 15 12.0+0.8
First-party neonatal porcine Tolerant B6 9 >60 (x9) >60
Second-party neonatal porcine  Tolerant B6 10 >60 (x10) >60
First-party neonatal porcine Naive B6 4 10, 11, 13, 15 12.3+1.1
Second-party neonatal porcine ~ Naive B6 3 11,13, 15 13.0+1.2

Diabetic B6 rag™~ mice were transplanted with 500 islets from BALB/c mice or WF rats, or 2,000 islets from first-party or
second-party neonatal pigs. At 150 days posttransplantation, all mice with normal blood glucose levels (<8.5 mmol/L) received
intraperitoneal injection of 50 x 10 spleen cells from tolerant or naive B6 mice. After cell injection, the blood glucose levels of B6
rag™~ mice were monitored for 60 days or until the mice became diabetic. For those mice that remained normoglycemic for 60
days after cell injection, the kidney that contained the islet graft was removed, and their blood glucose levels were monitored until
they became diabetic.*p <0.002 between the groups of B6 rag™ mice transplanted with allogeneic BALB/c mouse islets injected
with spleen cells from tolerant or naive nontransplanted B6 mice.

remaining in the grafts (Fig. 1F) in contrast to the NPI importance of PD-1 in the maintenance of tolerance to
xenografts from mice that did not receive anti-PD-1 mAb NPI xenografts.

and maintained normoglycemia for more than 250 days,

which contained numerous intact islets and no immune Combination of Anti-LFA-1 and Anti-CD154 mAbs

cell infiltration (data not shown). The levels of mouse Induces Porcine-Specific Unresponsiveness

anti-porcine IgG antibody in mice that were treated with Previously we demonstrated that tolerance induced
anti-PD-1 mAb and became diabetic were significantly by anti-LFA-1 and anti-CD154 mAbs can be extended to
(p<0.001) higher (MFI: 164.4+8.9, fold change in MFI: second-party NPI donors. We next determined whether
9.13+0.09) (Fig. 1H, n=_8) than those detected in toler- the specificity of tolerance to NPI xenografts could also
ant B6 mice that did not receive anti-PD-1 mAb treat- be extended to mouse islet allografts and rat islet xeno-
ment and maintained normoglycemia for more than 250 grafts using in vitro and in vivo experimental models. We

days posttransplantation (MFI: 22.4+0.6, fold change found that on days 3, 4, and 5 of culture, lymphocytes from
in MFIL: 1.24+0.03) (Fig. 1H, n=5). Flow cytometry spleen of tolerant B6 mice responded strongly when stimu-
analysis of spleen cells from tolerant B6 mice with long- lated with BALB/c mouse or WF rat spleen cells (Fig. 2A,
term NPI xenograft survival showed high frequencies of n=3). These responses were comparable to the prolifera-
CD4*CD25* cells coexpressing FOXP3*PD-1*markers tion of lymphocytes from naive B6 mice stimulated with
(90.4% +£0.9%) (Fig. 11, n=5). Similarly, the majority the same BALB/c mouse and WF rat spleen cells on days
of CD4*PD-1* cells (87.8% +1.3%) (Fig. 1], n=5) also 3, 4, and 5 of culture (Fig. 2B, n=3). In contrast, weak

coexpressed CD25"FOXP3"* regulatory markers. Further proliferation of lymphocytes from tolerant B6 mouse
analysis of CD4*CD25*FOXP3*PD-1* T cells from toler- recipients of NPI was observed after stimulation with first-
ant B6 mice showed a significant increase (»<0.001) in party or second-party porcine donors (Fig. 2C, n=3). The
this cell population compared to those found in naive B6 responses observed in this group were comparable to those
mice (Fig. 1I and 1J). These results further indicate the seen in lymphocytes of naive B6 mice stimulated with the
FACING PAGE

Figure 3. Survival of allogeneic BALB/c mouse, xenogeneic WF rat, and xenogeneic porcine islet grafts in B6 rag~~ mice reconstituted
with spleen cells from naive and tolerant B6 mice. (A) Survival of allogeneic mouse, xenogeneic rat, or porcine islet grafts in B6 rag™~
mice reconstituted with spleen cells from naive or tolerant B6 mice. (B) Representative islet allograft, (C) rat islet xenograft, (D) xeno-
geneic first-party NPI graft, and (E) xenogeneic second-party NPI graft from B6 rag™~ mice reconstituted with spleen cells from tolerant
B6 mice. (F) Representative NPI xenograft from B6 rag~ mice reconstituted with spleen cells from naive B6 mice. Scale bar: 100 pum,
and dark structures represent insulin-positive-stained cells. (G) IgG antibodies detected in B6 rag™~ mice with BALB/c mouse islet grafts
and reconstituted with spleen cells from tolerant and naive B6 mice (light gray and black bars, n=7, respectively). (H) Mouse anti-rat IgG
antibodies in B6 rag~~ mice transplanted with WF rat islets and reconstituted with spleen cells from tolerant (light gray bar, n="7) or naive
(black bars, n=7) B6 mice. (I) IgG antibodies detected in B6 rag~~ mice transplanted with first-party (light gray bar, n=9) or second-
party (dark gray bar, n=10) NPIs and reconstituted with spleen cells from tolerant B6 mice. The average level of mouse anti-porcine IgG
antibody in B6 rag~~ mice with NPI xenografts and reconstituted with spleen cells from naive B6 mice is also shown (black bar, n=7).
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same cell populations on the same days of culture (Fig. 2D,
n=3). However, a strong response was observed from lym-
phocytes of pig-primed B6 mice stimulated with spleen
cells from first-party porcine donors (Fig. 2D, n=3). As
expected, we observed robust proliferation of lymphocytes
from first-party (Fig. 2E, n=3) and second-party porcine
islet donors (Fig. 2F, n=3) after stimulation with lympho-
cytes from second- and first-party porcine islet donors,
respectively on days 3, 4, and 5 of culture. These results
confirmed the mismatch between the first- and second-
party porcine donors.

We also found that all of the B6 rag™" mice trans-
planted with islets achieved and maintained normal blood
glucose levels for >150 days posttransplantation. Mice
that received BALB/c mouse or WF rat islets achieved
normoglycemia within 1 day posttransplantation, while
mice transplanted with first- or second-party NPI achieved
normoglycemia at 78 days posttransplantation due to the
immature nature of the porcine islets. B6 rag™~ mice
with established allogeneic BALB/c mouse islet grafts
were reconstituted with spleen cells from tolerant B6
mice with first-party NPI xenograft. These mice became
diabetic within 14 and 25 days post-cell injection with a
mean survival time (MST) of 20.3+1.9 days (Table 3,
Fig. 3A, n=7). B6 rag”~ mice with the same allogeneic
BALB/c mouse islet grafts and were injected with spleen
cells from naive B6 mice also became diabetic between
9 and 14 days post-cell injection (MST is 11.6+0.8 days)
(Table 3, Fig. 3A, n=5). The difference in the rate of
rejection between these two groups was found to be sta-
tistically significant (p <0.002). Similarly, B6 rag~~ mice
transplanted with rat islets and reconstituted with spleen
cells from tolerant B6 mice with first-party NPI xeno-
graft rejected their grafts by 9.6 £0.6 days post-cell injec-
tion (Table 3, Fig. 3A, n=7). B6 rag~~ mice with rat islet
xenografts and received spleen cells from naive B6 mice
also rejected their grafts between 10 and 15 days post-
cell injection (MST is 12.0+0.8 days) (Table 3, Fig. 3A,
n=>5). As expected based on our previous findings (2),
B6 rag~~ mice with first- or second-party NPI xenografts
that were injected with spleen cells from tolerant B6 mice
transplanted with first-party NPI xenografts maintained
normoglycemia until the end of the study (>60 days post-
cell injection) (Table 3, Fig. 3A, n=9 and n=10, respec-
tively). While all B6 rag~~ mouse recipients of first- or
second-party NPI xenografts that received spleen cells
from naive B6 mice rejected their grafts by 12.3+1.1
or 13.0+£1.2 days, respectively (Table 3, Fig. 3A, n=4
and n=3, respectively). Mononuclear cell infiltrate and
absence of islets were observed in B6 rag™ mice trans-
planted with allogeneic BALB/c mouse (Fig. 3B) or
xenogeneic WF rat islets (Fig. 3C) and reconstituted with
spleen cells from tolerant B6 mice. In contrast, the islet
grafts from B6 rag™" mice with established first-party

AREFANIAN ET AL.

(Fig. 3D) and second-party (Fig. 3E) NPI xenografts that
were reconstituted with spleen cells from tolerant B6 mice
with first-party NPI xenografts had intact islets staining
strongly positive for insulin. While the grafts from B6
rag™~ mice with established first- or second-party NPI
xenografts that received spleen cells from naive B6 mice
had mononuclear cell infiltrate, no insulin-positive cells
remained in the grafts (Fig. 3F).

The levels of anti-mouse (MFI: 101.0+4.3, fold
change in MFI: 5.61+0.24) (Fig. 3G, n=7) and anti-
rat (MFI: 69.0+5.5, fold change in MFI: 3.83+0.30)
(Fig. 3H, n=7) IgG antibody in B6 rag™~ mice with
allogeneic BALB/c mouse or xenogeneic WF rat islet
grafts that received spleen cells from tolerant B6 mice
with first-party NPI xenograft were comparable in recip-
ients of the same islets and reconstituted with spleen
cells from naive B6 mice (MFI: 102+5.0, fold change
in MFI: 5.71+0.28 and MFI: 72.6+4.8, fold change
in MFI: 4.03+0.27) (Fig. 3G, n=5 and Fig. 3H, n=5,
respectively). In contrast, the levels of anti-porcine IgG
antibody in reconstituted B6 rag~~ mice with first-party
(MFI: 22.9+£0.8, fold change in MFI: 1.27 +0.04) (Fig. 31,
n=9) or second-party (MFI: 22.8+0.8, fold change in
MFT: 1.27+0.05) (Fig. 31, n=10) NPI xenografts were
significantly (p<0.001) lower than those observed in
B6 rag™~ mice with NPI xenografts that received spleen
cells from naive B6 mice (MFI: 145.1+6.1, fold change
in MFI: 8.06+0.34) (Fig. 31, n=7).

Tolerance Induced by a Combination of Anti-LFA-1
and Anti-CD154 mAbs Is Specific to Porcine Islet
but not to Porcine Skin Xenografts

Tolerant B6 mice with first-party NPI xenograft
received full-thickness skin graft from either a second-
party neonatal pig or allogeneic BALB/c mouse on day
100 post-first-party NPI transplantation (Fig. 4A, B).
All second-party porcine skin xenografts were rejected
by 15.8+1.7 days post-skin transplantation (Table 4,
Fig. 4C, n=5). While all naive B6 mice transplanted with
the same porcine skin rejected their grafts significantly
(»<0.002) faster (6.8+0.7 days posttransplantation)
(Table 4, Fig. 4C, n=5) compared to the rate of rejection
observed in tolerant B6 mice. All B6 rag™" mice trans-
planted with the second-party porcine skin xenografts
maintained their skin grafts until the end of the study
(>60 days posttransplantation) (Table 4, Fig. 4C, n=3).
We also found that all tolerant B6 mice transplanted with
full-thickness BALB/c mouse skin rejected their grafts
by 10.8+0.7 days post-skin transplantation (Table 4, Fig.
4C, n=5) similar to what was observed in naive B6 mice
(10.6+£0.8 days posttransplantation) (Table 4, Fig. 4C,
n=35). Despite the rejection of second-party porcine and
BALB/c mouse skin grafts, tolerant B6 mice remained
normoglycemic until the end of the study (>200 days
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Figure 4. Survival of porcine and skin grafts in naive and tolerant B6 mice. (A) Blood glucose levels of tolerant B6 mice transplanted
with second-party porcine skin (first arrow). (B) Blood glucose levels of tolerant B6 mice transplanted with BALB/c mouse skin (first
arrow). Second arrow in (A) and (B) represents the time when the left kidney bearing the first-party NPI xenograft was surgically
removed. (C) Survival of porcine and mouse skin grafts in naive and tolerant B6 mice as well as in B6 rag™~ mice. (D) Representative
first-party NPI xenograft from tolerant B6 mice transplanted with second-party porcine skin. (E) Representative NPI xenograft from
tolerant B6 mice transplanted with BALB/c mouse skin. Insulin-positive cells are shown as dark-stained cells. (F) FOXP3* cells
(dark-stained cells) in NPI xenograft of tolerant B6 mouse with second-party porcine skin graft. (G) FOXP3* cells in NPI xenograft of
tolerant B6 mouse with BALB/c mouse skin graft. (F and G) Representative images are shown. Scale bars: 100 um. (H) Mouse anti-
porcine IgG antibodies in tolerant (clear bar, n=5) and naive (black bar, n=5) B6 mice with second-party porcine skin graft. (I) Mouse
anti-mouse IgG antibodies in tolerant (clear bar, n=5) and naive (black bar, n=>5) B6 mice transplanted with BALB/c mouse skin.
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Table 4. Survival of Allogeneic BALB/c Mouse or Second-Party Porcine Skin Grafts in Tolerant
B6 Mice With First-Party NPI Xenograft, Naive Nontransplanted B6 or Naive Nontransplanted

B6 rag™~ Mice

Graft Survival Mean Survival Time

Skin Graft Recipient ~ Skin Type n (Days Posttransplantation) (MST)+SEM
Tolerant B6 Porcine 5 11, 14, 16, 17, 21 15.8+1.7*
Naive B6 Porcine 5 5,6,7(x2),9 6.8+£0.7*
Naive B6 rag™~ Porcine 3 >60 (3) >60
Tolerant B6 BALB/c 5 9,10, 11 (x2), 13 10.8+0.7
Naive B6 BALB/c 5 8,10, 11, 12 (x2) 10.6+0.8
Naive B6 rag™- BALB/c 3 >60 (x3) >60

Tolerant B6 mice were transplanted with full-thickness skin from BALB/c mouse or second-party neonatal
porcine donors at 100 days post-first-party NPI transplantation. Skin grafts were inspected daily until they
were rejected. Skin transplantation was also performed on naive B6 mice and B6 rag~~ mice as positive and
negative control groups of rejection, respectively. *p <0.002 between tolerant and naive B6 mice transplanted
with full-thickness skin graft from the same second-party neonatal porcine donors.

post-NPI transplantation) (Fig. 4A, B, respectively), and
they only became diabetic when the first-party NPI xeno-
graft was removed. The NPI xenografts from these mice
had intact islets (Fig. 4D, E) with immune cells express-
ing FOXP3 surrounding, but not infiltrating, the NPI
xenografts (Fig. 4F, G). Despite the rejection of second-
party porcine skin grafts in tolerant B6 mice, the levels of
IgG antibody against second-party porcine skin donors
were significantly (p<0.01) lower (MFI: 40.2+ 1.6, fold
change in MFI: 2.23+0.09) (Fig. 4H, n=5) compared
to the levels of IgG antibody against the same porcine
skin xenografts in naive B6 mice (MFI: 94.8 +5.3, fold
change in MFI: 5.27+0.30) (Fig. 4H, n=5). The levels
of anti-mouse IgG antibody (MFI: 98.1+4.0, fold change
in MFI: 5.45+0.22) (Fig. 41, n=5) in tolerant B6 mice
that rejected the allogeneic BALB/c mouse skin grafts
were comparable to those detected in naive B6 mice that
rejected the same mouse skin grafts (MFIL: 104.4+4.1,
fold change in MFI: 5.80+0.23) (Fig. 41, n=5).

DISCUSSION

Our previous studies demonstrated that transient
therapies directed against T-lymphocyte activation and
function using mAbs resulted in long-term NPI xenograft
survival, especially regarding highly phylogenetically
disparate xenograft donors (2,3,20,27). In particular,
we recently showed that short-term administration of a
combination of anti-LFA-1 and anti-CD154 mAb ther-
apy resulted in tolerance to NPI xenografts that is medi-
ated by Tregs (2). In the current study, we demonstrated
that tolerance induced by the combined mAb therapy is
dependent on PD-1 and is specific to porcine islets from
either first- or second-party donors.

The importance of PD-1 has previously been reported
in the induction and maintenance of peripheral toler-
ance (1,2,9,13,15,16,24,25,32,36,41,46,48). Previously we
showed that spleen cells isolated from B6 mice treated

with anti-LFA-1 and anti-CD154 mAbs that eventually
rejected their NPI xenografts had significantly lower
expression of PD-1 compared to what we observed in
tolerant B6 mice that had significantly higher expression
of PD-1 particularly on CD4* T cells (2). These results
lead us to examine the importance of PD-1 in the induc-
tion and maintenance of tolerance to NPI xenografts. Our
data showed that PD-1 is important in both the induc-
tion and maintenance of tolerance to NPI xenografts.
Fifty and 100% of tolerant mice treated with anti-PD-1
mAb (J43, regimen 2 and clone 4F10, regimen 3, respec-
tively) rejected their islet xenografts and failed to achieve
normoglycemia. The difference in the effect of the two
clones (J43 and 4F10) of anti-PD-1 mAb, which are
blocking and not depleting antibodies, could be due to
the difference in the strength of negative signals these
antibodies deliver to the target cells, considering that
these two mAbs target the same epitope (24). We also
showed that 100% of tolerant B6 mice rejected their NPI
xenografts and eventually became diabetic within 16 to
27 days (with a mean survival time of 21.5+1.2 days
postinjection) when given anti-PD-1 mAb beginning at
>150 days posttransplantation. We previously observed
comparable time in the abrogation of tolerance when
tolerant B6 mice were treated with depleting anti-CD25
mADb, which resulted in a mean survival time of 25.3+2.5
days postinjection (2). In this study, we further charac-
terized the spleen cells from tolerant B6 mice and found
that the majority (88-90%) of CD4*CD25* or CD4*PD-1*
cells also coexpressed foxP3*PD-1* or CD25*FOXP3*
cell markers, respectively, suggesting that PD-1 may be
a target of the beneficial effect of a combination of anti-
LFA-1 and anti-CD154 mAbs on NPI xenografts.
Similar to what we found, species-specific tolerance to
islet xenografts was also reported earlier by other groups
(10,11,23). For example, Goss et al. (11) showed that
50% of recipients that were treated with antilymphocyte
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serum (ALS) did not reject their third-party Lewis rat islet
xenografts, while Gordon et al. (10) demonstrated that
the combination of donor-specific transfusion (DST) and
anti-CD 154 mAb induces species-specific prolongation of
rat islet xenografts. Lehnert et al. (23) also demonstrated
that a combination of anti-CD154 mAb with cytotoxic
T-lymphocyte antigen 4 fusion protein (CTLA4Fc) pro-
duced indefinite survival of rat islet xenografts in 100%
of mouse recipients. It is possible that rat or porcine islets
of different strains share a wide range of species-specific
antigens that are recognized through indirect antigen pre-
sentation in the mouse host. Thus, tolerance induced to
the repertoire of indirectly presented xenograft-associ-
ated antigens may demonstrate a high degree of cross-
reactivity with unrelated donors (28). It is interesting to
note that while islet allograft rejection has both major
histocompatibility complex (MHC) class II-dependent
and -independent mechanisms of rejection, the response
to porcine xenografts appears to be greatly reliant on the
indirect MHC class Il-restricted pathway (29). Despite
being finite in nature, the indirect antixenograft response
appears to be extremely virulent, but once tolerance to the
islet xenograft is achieved, the state of unresponsiveness
appears to be universal to the species.

Our results indicate that maintenance of tolerance
induced by combined anti-LFA-1 and anti-CD154 mAbs
requires the presence of porcine antigens responsible for
induction of tolerance and suggest for a perpetual role
for host antigen-presenting cells (APCs) in maintain-
ing antigen exposure to Tregs (17,44). Similar to what
was previously demonstrated, we showed that antigen-
specific suppression can be adoptively transferred (4,6)
as was found in our adoptive transfer experiments where
suppression activity of Tregs was observed in B6 rag™"~
mouse recipients of either first- or second-party NPI
xenografts. It is possible that due to the lack of porcine-
specific antigens in BALB/c mouse or WF rat islet grafts,
the Tregs were not activated, and suppression did not take
place. Therefore, the antigen specificity observed both in
vitro and in vivo could be explained by the hypothesis
that Tregs are activated only in hosts that have the anti-
gens for which they are specific.

Unlike the previous study by Gordon et al. (10),
which showed that combined DST with anti-CD154
mADb therapy could be effective in prolonging the sur-
vival of rat skin xenografts, we showed that tolerance to
porcine islets induced by the combined anti-LFA-1 and
anti-CD154 mAbs could not be extended to porcine skin
xenografts. The rejection of skin may require different
costimulation pathways or additional pathways for T-cell
activation. Gordon et al. (10) suggested that such path-
ways might be mediated by APCs found in skin but not
in islets, an example would be the epidermal Langerhans
cells. Our results suggest that tolerance to NPI xenografts

induced by short-term administration of combined anti-
LFA-1 and anti-CD154 mAbs is specific to antigens that
are common to porcine islets but not to porcine skin. In
addition, all of the tolerant B6 mice retransplanted with
second-party allogeneic BALB/c mouse skin or xenoge-
neic porcine skin maintained normoglycemia, showing
that tolerance to NPI xenografts could not be broken dur-
ing the rejection process of mouse or porcine skin xeno-
grafts. We sought evidence of Tregs in the islet graft sites
of these mice and showed the presence of FOXP3* cells
surrounding the protected NPI xenografts. This finding
suggests that cell-mediated regulation, at least in part,
might be operating within the tolerated islet grafts. As
was suggested, FOXP3* T cells in the graft play a key
role in dominant tolerance induced by combined DST
and anti-CD154 mAb (22). It is possible that Tregs in
NPI transplant site has created an immunological privi-
lege site that protects the islet xenograft from potentially
damaging immune reactions during the rejection process
of BALB/c mouse or porcine skin grafts. Such an idea
has been advocated for how tumors may avoid immuno-
logical control (7). However, a significant delay in the
rejection of porcine skin xenografts in tolerant B6 mice
compared to the rejection of the same porcine skin grafts
in naive B6 mouse recipients was observed, which could
be partially due to the expression of some porcine anti-
gens that may be common between the porcine islets and
porcine skin. We also observed significantly lower levels
of IgG antibody against the second-party porcine skin
in tolerant B6 mice compared to the levels of IgG anti-
body against the same porcine skin xenografts in naive
B6 mice. This could be due to a cell-mediated immune
regulation conducted by a subpopulation of Tregs (CD4*
CD25*CD90"FOXP3"), as was shown by Vevis et al. (43).
The role of this Treg subpopulation remains to be deter-
mined in our model. In addition, it remains to be deter-
mined whether tolerance to NPI xenografts induced by
combined anti-LFA-1 and anti-CD154 mAbs could be
extended to vascular solid organs such as heart or kidney.
This is not possible in our model, but perhaps it could be
tested in porcine to nonhuman primate models when a
tolerizing regimen in nonhuman primates is developed.
In conclusion, the data presented here indicate that tol-
erance induced by short-term administration of a combina-
tion of anti-LFA-1 and anti-CD154 mAbs is species and
tissue specific. In addition, our data showed the critical role
of PD-1 in both the induction and maintenance of tolerance
to NPI xenografts induced by a combination of anti-LFA-1
and anti-CD154 mAbs through CD4*CD25*FOXP3*PD-1*
Tregs. We think that these Tregs regulate the immune res-
ponse to NPI by suppressing the effector T cells that are reac-
tive to porcine islet antigens through the expression of PD-1
and secretion of interleukin-10 (IL-10) (2). In the presence
of porcine antigens and costimulatory signals provided by
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the interactions of CD 154 with CD40 and LFA-1 and inter-
cellular adhesion molecule-1 (ICAM-1), CD4* T cells are
activated resulting in the rejection of porcine islet grafts. In
the absence of these costimulatory signals using respective
mADb to CD154 and LFA-1, at the time of transplantation,
Tregs are generated possibly through the conversion of T
effector cells to a regulatory phenotype, a process that is
known as infectious tolerance (8,18,26,35,40). It is possi-
ble that any new T cells reactive to NPIs that enter the rep-
ertoire after transplantation, when immunoregulation is the
dominant mechanism of tolerance as long as the porcine
islet antigen is present, will be converted to Tregs, thereby
propagating and reenforcing the tolerant state throughout
the posttransplant period (47). This was evident in our pre-
vious (2) and current studies that show significantly higher
percentage of CD4* T cells with regulatory cell markers
(i.e., CD25, FOXP3, PD1) detected from tolerant B6 mice
compared to naive mice and untreated mice that were not
tolerant to NPI. Blocking the interaction between PD-1 and
its ligands using monoclonal antibodies to PD-1 resulted
in the rejection of NPI xenografts. In our previous stud-
ies, we also observed higher expression of glucocorticoid-
induced TNFR family-related gene (GITR) and cytotoxic
T-lymphocyte-associated protein 4 (CTLA4) coinhibitory
molecules in CD4*CD25* Tregs from tolerant B6 mice. It
remains to be determined whether these Tregs also play an
important role in the induction and maintenance of toler-
ance to NPI xenografts. Further, the role of IL-10 in the
induction and maintenance of tolerance to NPI xenografts
remains to be confirmed. Taken together, our results sug-
gest the possibility of development of clinical protocols
that simultaneously target both LFA-1 and CD154 path-
ways for preventing rejection and induction of robust toler-
ance to NPI xenografts mediated by Tregs.

ACKNOWLEDGMENTS: We acknowledge the technical assis-
tance of Deb Dixon and Dawne Colwell and thoughtful dis-
cussions with Dr. Tsunehiro Kobayashi. We are grateful to the
Canadian Diabetes Association, which provided major fund-
ing for this work as well as the Edmonton Civic Employees’
Charitable Assistance Fund, Stollery Children’s Hospital
Foundation, the MacLachlan Fund University Hospital
Foundation, Canadian Institutes of Health Research, Colliers
International, Ken and Denise Cantor as well as Ewa and John
Burton, who provided additional support. The Muttart Diabetes
Research Training Centre provided scholarship for H.A. The
authors declare no conflicts of interest.

REFERENCES

1. Aramaki, O.; Inoue, F.; Takayama, T.; Shimazu, M.;
Kitajima, M.; Ikeda, Y.; Okumura, K.; Yagita, H.; Shirasugi,
N.; Niimi, M. Various costimulatory pathways are essential
for induction of regulatory cells by intratracheal delivery of
alloantigen. Transplant. Proc. 37(4):1934-1936; 2005.

2. Arefanian, H.; Tredget, E. B.; Rajotte, R. V.; Gill, R. G.;
Korbutt, G. S.; Rayat, G. R. Short-term administrations of
a combination of anti-LFA-1 and anti-CD154 monoclonal

10.

11.

12.

13.

14.

15.

AREFANIAN ET AL.

antibodies induce tolerance to neonatal porcine islet xeno-
grafts in mice. Diabetes 59(4):958-966; 2010.

Arefanian, H.; Tredget, E. B.; Rajotte, R. V.; Korbutt, G.
S.; Gill, R. G.; Rayat, G. R. Combination of anti-CD4 with
anti-LFA-1 and anti-CD154 monoclonal antibodies pro-
motes long-term survival and function of neonatal porcine
islet xenografts in spontaneously diabetic NOD mice. Cell
Transplant. 16(8):787-798; 2007.

Bemelman, F.; Honey, K.; Adams, E.; Cobbold, S.;
Waldmann, H. Bone marrow transplantation induces either
clonal deletion or infectious tolerance depending on the
dose. J. Immunol. 160(6):2645-2648; 1998.

Cardona, K.; Korbutt, G. S.; Milas, Z.; Lyon, J.; Cano, J.;
Jiang, W.; Bello-Laborn, H.; Hacquoil, B.; Strobert, E.;
Gangappa, S.; Weber, C. J.; Pearson, T. C.; Rajotte, R. V,;
Larsen, C. P. Long-term survival of neonatal porcine islets
in nonhuman primates by targeting costimulation pathways.
Nat. Med. 12(3):304-306; 2006.

Chen, Z. K.; Cobbold, S. P.; Waldmann, H.; Metcalfe, S.
Amplification of natural regulatory immune mechanisms for
transplantation tolerance. Transplantation 62(9):1200-1206;
1996.

Curiel, T. J.; Coukos, G.; Zou, L.; Alvarez, X.; Cheng, P;
Mottram, P.; Evdemon-Hogan, M.; Conejo-Garcia, J. R.;
Zhang, L.; Burow, M.; Zhu, Y.; Wei, S.; Kryczek, I.; Daniel,
B.; Gordon, A.; Myers, L.; Lackner, A.; Disis, M. L.; Knutson,
K. L.; Chen, L.; Zou, W. Specific recruitment of regulatory
T cells in ovarian carcinoma fosters immune privilege and
predicts reduced survival. Nat. Med. 10(9):942-949; 2004.
Dieckmann, D.; Bruett, C. H.; Ploettner, H.; Lutz, M. B.;
Schuler, G. Human CD4(+)CD25(+) regulatory, contact-
dependent T cells induce interleukin 10-producing, con-
tact-independent type 1-like regulatory T cells [corrected].
J. Exp. Med.196(2):247-253; 2002.

Gao, W.; Demirci, G.; Strom, T. B.; Li, X. C. Stimulating
PD-1-negative signals concurrent with blocking CD154
co-stimulation induces long-term islet allograft survival.
Transplantation 76(6):994-999; 2003.

Gordon, E. J.; Woda, B. A.; Shultz, L. D.; Rossini, A. A.;
Greiner, D. L.; Mordes, J. P. Rat xenograft survival in mice
treated with donor-specific transfusion and anti-CD154
antibody is enhanced by elimination of host CD4+ cells.
Transplantation 71(2):319-327; 2001.

Goss, J. A.; Nakafusa, Y.; Finke, E. H.; Flye, M. W.; Lacy,
P. E. Induction of tolerance to islet xenografts in a concor-
dant rat-to-mouse model. Diabetes 43(1):16-23; 1994.
Gotoh, M.; Maki, T.; Kiyoizumi, T.; Satomi, S.; Monaco,
A. P. An improved method for isolation of mouse pancre-
atic islets. Transplantation 40(4):437-438; 1985.

Guleria, I.; Khosroshahi, A.; Ansari, M. J.; Habicht, A.;
Azuma, M.; Yagita, H.; Noelle, R. J.; Coyle, A.; Mellor, A.
L.; Khoury, S. J.; Sayegh, M. H. A critical role for the pro-
grammed death ligand 1 in fetomaternal tolerance. J. Exp.
Med. 202(2):231-237; 2005.

Ishida, Y.; Agata, Y.; Shibahara, K.; Honjo, T. Induced
expression of PD-1, a novel member of the immunoglobulin
gene superfamily, upon programmed cell death. EMBO 1J.
11(11):3887-3895; 1992.

Ito, T.; Ueno, T.; Clarkson, M. R.; Yuan, X.; Jurewicz, M.
M.; Yagita, H.; Azuma, M.; Sharpe, A. H.; Auchincloss,
H., Jr.; Sayegh, M. H.; Najafian, N. Analysis of the role of
negative T cell costimulatory pathways in CD4 and CD8 T
cell-mediated alloimmune responses in vivo. J. Immunol.
174(11):6648-6656; 2005.



ISLET XENOGRAFT TOLERANCE IS SPECIES SPECIFIC AND PD-1 DEPENDENT 341

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Izawa, A.; Yamaura, K.; Albin, M. J.; Jurewicz, M.; Tanaka,
K.; Clarkson, M. R.; Ueno, T.; Habicht, A.; Freeman, G. J.;
Yagita, H.; Abdi, R.; Pearson, T.; Greiner, D. L.; Sayegh, M.
H.; Najafian, N. A novel alloantigen-specific CD8+PD1+
regulatory T cell induced by ICOS-B7h blockade in vivo.
J. Immunol. 179(2):786-796; 2007.

Joffre, O.; Gorsse, N.; Romagnoli, P.; Hudrisier, D.; van
Meerwijk, J. P. Induction of antigen-specific tolerance to
bone marrow allografts with CD4+CD25+ T lymphocytes.
Blood 103(11):4216-4221; 2004.

Jonuleit, H.; Schmitt, E.; Kakirman, H.; Stassen, M.; Knop,
J.; Enk, A. H. Infectious tolerance: Human CD25(+) regu-
latory T cells convey suppressor activity to conventional
CD4(+) T helper cells. J. Exp. Med. 196(2):255-260;
2002.

Kin, T.; Korbutt, G. S.; Kobayashi, T.; Dufour, J. M.;
Rajotte, R. V. Reversal of diabetes in pancreatectomized
pigs after transplantation of neonatal porcine islets. Diabetes
54(4):1032-1039; 2005.

Kobayashi, T.; Harb, G.; Rayat, G. R. Prolonged survival of
microencapsulated neonatal porcine islets in mice treated
with a combination of anti-CD154 and anti-LFA-1 mono-
clonal antibodies. Transplantation 80(6):821-827; 2005.
Korbutt, G. S.; Elliott, J. E.; Ao, Z.; Smith, D. K.; Warnock,
G. L.; Rajotte, R. V. Large scale isolation, growth, and
function of porcine neonatal islet cells. J. Clin. Invest.
97(9):2119-2129; 1996.

Lee, I.; Wang, L.; Wells, A. D.; Dorf, M. E.; Ozkaynak,
E.; Hancock, W. W. Recruitment of Foxp3+ T regulatory
cells mediating allograft tolerance depends on the CCR4
chemokine receptor. J. Exp. Med. 201(7):1037-1044;
2005.

Lehnert, A. M.; Yi, S.; Burgess, J. S.; O’Connell, P. J.
Pancreatic islet xenograft tolerance after short-term
costimulation blockade is associated with increased CD4+
T cell apoptosis but not immune deviation. Transplantation
69(6):1176-1185; 2000.

Mai, G.; del Rio, M. L.; Tian, J.; Ramirez, P.; Buhler, L.;
Rodriguez-Barbosa, J. I. Blockade of the PD-1/PD-1L path-
way reverses the protective effect of anti-CD40L therapy in
a rat to mouse concordant islet xenotransplantation model.
Xenotransplantation 14(3):243-248; 2007.

Ozkaynak, E.; Wang, L.; Goodearl, A.; McDonald, K.;
Qin, S.; O’Keefe, T.; Duong, T.; Smith, T.; Gutierrez-
Ramos, J. C.; Rottman, J. B.; Coyle, A. J.; Hancock, W. W.
Programmed death-1 targeting can promote allograft sur-
vival. J. Immunol. 169(11):6546-6553; 2002.

Qin, S.; Cobbold, S. P.; Pope, H.; Elliott, J.; Kioussis, D.;
Davies, J.; Waldmann, H. "Infectious" transplantation tol-
erance. Science 259(5097):974-977; 1993.

Rayat, G. R.; Gill, R. G. Pancreatic islet xenotransplanta-
tion: Barriers and prospects. Curr. Diab. Rep. 3(4):336—
343;2003.

Rayat, G. R.; Gill, R. G. Indefinite survival of neonatal por-
cine islet xenografts by simultaneous targeting of LFA-1
and CD154 or CD45RB. Diabetes 54(2):443-451; 2005.
Rayat, G. R.; Johnson, Z. A.; Beilke, J. N.; Korbutt, G. S.;
Rajotte, R. V.; Gill, R. G. The degree of phylogenetic dis-
parity of islet grafts dictates the reliance on indirect CD4
T-cell antigen recognition for rejection. Diabetes 52(6):
1433-1440; 2003.

Rayat, G. R.; Korbutt, G. S.; Elliott, J. F.; Rajotte, R. V.
Survival and function of syngeneic rat islet grafts placed

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

within the thymus versus under the kidney capsule. Cell
Transplant. 6(6):597-602; 1997.

Ryan, E. A.; Paty, B. W.; Senior, P. A.; Bigam, D.; Alfadhli,
E.; Kneteman, N. M.; Lakey, J. R.; Shapiro, A. M. Five-
year follow-up after clinical islet transplantation. Diabetes
54(7):2060-2069; 2005.

Sandner, S. E.; Clarkson, M. R.; Salama, A. D.; Sanchez-
Fueyo, A.; Domenig, C.; Habicht, A.; Najafian, N.; Yagita,
H.; Azuma, M.; Turka, L. A.; Sayegh, M. H. Role of the
programmed death-1 pathway in regulation of alloimmune
responses in vivo. J. Immunol. 174(6):3408-3415; 2005.
Scharp, D. W.; Kemp, C. B.; Knight, M. J.; Ballinger, W.
F.; Lacy, P. E. The use of ficoll in the preparation of viable
islets of langerhans from the rat pancreas. Transplantation
16(6):686-689; 1973.

Shapiro, A. M.; Ricordi, C.; Hering, B. J.; Auchincloss,
H.; Lindblad, R.; Robertson, R. P.; Secchi, A.; Brendel, M.
D.; Berney, T.; Brennan, D. C.; Cagliero, E.; Alejandro,
R.; Ryan, E. A.; DiMercurio, B.; Morel, P.; Polonsky, K.
S.; Reems, J. A.; Bretzel, R. G.; Bertuzzi, F.; Froud, T.;
Kandaswamy, R.; Sutherland, D. E.; Eisenbarth, G.; Segal,
M.; Preiksaitis, J.; Korbutt, G. S.; Barton, F. B.; Viviano,
L.; Seyfert-Margolis, V.; Bluestone, J.; Lakey, J. R.
International trial of the Edmonton protocol for islet trans-
plantation. N. Engl. J. Med. 355(13):1318-1330; 2006.
Takahashi, T.; Kuniyasu, Y.; Toda, M.; Sakaguchi, N.; Itoh,
M.; Iwata, M.; Shimizu, J.; Sakaguchi, S. Immunologic
self-tolerance maintained by CD25+CD4+ naturally anergic
and suppressive T cells: Induction of autoimmune disease
by breaking their anergic/suppressive state. Int. Immunol.
10(12):1969-1980; 1998.

Tao,R.; Wang, L.; Han, R.; Wang, T.; Ye, Q.; Honjo, T.; Murphy,
T. L.; Murphy, K. M.; Hancock, W. W. Differential effects of
B and T lymphocyte attenuator and programmed death-1 on
acceptance of partially versus fully MHC-mismatched cardiac
allografts. J. Immunol. 175(9):5774-5782; 2005.

Thompson, P.; Badell, I. R.; Lowe, M.; Cano, J.; Song, M.;
Leopardi, F.; Avila, J.; Ruhil, R.; Strobert, E.; Korbutt, G.;
Rayat, G.; Rajotte, R.; Iwakoshi, N.; Larsen, C. P.; Kirk,
A. D. Islet xenotransplantation using gal-deficient neo-
natal donors improves engraftment and function. Am. J.
Transplant. 11(12):2593-2602; 2011.

Thompson, P.; Badell, I. R.; Lowe, M.; Turner, A.; Cano,
J.; Avila, J.; Azimzadeh, A.; Cheng, X.; Pierson, R. N., 3rd;
Johnson, B.; Robertson, J.; Song, M.; Leopardi, F.; Strobert,
E.; Korbutt, G.; Rayat, G.; Rajotte, R.; Larsen, C. P.; Kirk, A.
D. Alternative immunomodulatory strategies for xenotrans-
plantation: CD40/154 pathway-sparing regimens promote
xenograft survival. Am. J. Transplant. 12(7):1765-1775;
2012.

Thompson, P.; Cardona, K.; Russell, M.; Badell, I. R.;
Shaffer, V.; Korbutt, G.; Rayat, G. R.; Cano, J.; Song, M.;
Jiang, W.; Strobert, E.; Rajotte, R.; Pearson, T.; Kirk, A.
D.; Larsen, C. P. CD40-specific costimulation blockade
enhances neonatal porcine islet survival in nonhuman pri-
mates. Am. J. Transplant. 11(5):947-957; 2011.

Thornton, A. M.; Shevach, E. M. CD4+CD25+ immuno-
regulatory T cells suppress polyclonal T cell activation in
vitro by inhibiting interleukin 2 production. J. Exp. Med.
188(2):287-296; 1998.

Totsuka, T.; Kanai, T.; Makita, S.; Fujii, R.; Nemoto, Y.;
Oshima, S.; Okamoto, R.; Koyanagi, A.; Akiba, H.; Okumura,
K.; Yagita, H.; Watanabe, M. Regulation of murine chronic



342

42.

43.

44.

colitis by CD4+CD25- programmed death-1+ T cells. Eur. J.
Immunol. 35(6):1773-1785; 2005.

Tredget, E. B.; Arefanian, H.; Gill, R. G.; Rajotte, R. V.;
Rayat, G. R. Monotherapy with anti-LFA-1 monoclonal
antibody promotes long-term survival of rat islet xeno-
grafts. Cell Transplant. 17(6):599-608; 2008.

Vevis, K.; Matheakakis, A.; Kyvelidou, C.; Bakela, K.;
Athanassakis, I. Characterization of antigen-binding and
MHC class Il-bearing T cells with suppressive activ-
ity in response to tolerogenic stimulus. Immunobiology
217(1):100-110; 2012.

Waldmann, H.; Adams, E.; Fairchild, P.; Cobbold, S.
Infectious tolerance and the long-term acceptance of trans-
planted tissue. Immunol. Rev. 212:301-313; 2006.

46.

47.

48.

AREFANIAN ET AL.

. Wang, T.; Singh, B.; Warnock, G. L.; Rajotte, R. V.

Prevention of recurrence of IDDM in islet-transplanted
diabetic NOD mice by adjuvant immunotherapy. Diabetes
41(1):114-117; 1992.

Watson, M. P.; George, A. J.; Larkin, D. F. Differential
effects of costimulatory pathway modulation on corneal
allograft survival. Invest. Ophthalmol. Vis. Sci. 47(8):3417—
3422; 2006.

Wood, K. J.; Sakaguchi, S. Regulatory T cells in transplan-
tation tolerance. Nat. Rev. Immunol. 3(3):199-210; 2003.
Zha, Y.; Blank, C.; Gajewski, T. F. Negative regulation of
T-cell function by PD-1. Crit. Rev. Immunol. 24(4):229-
237, 2004.



