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A major challenge for human allogeneic islet transplantation is the
development of effective methods to induce donor-specific toler-
ance to obviate the need for life-long immunosuppression that is
toxic to the insulin-producing � cells and detrimental to the host. We
developed an efficient donor-specific tolerance therapy that utilizes
infusions of ethylene carbodiimide (ECDI)-treated donor splenic
antigen-presenting cells that results in indefinite survival of alloge-
neic islet grafts in the absence of immunosuppression. Furthermore,
we show that induction of tolerance is critically dependent on
synergistic effects between an intact programmed death 1 receptor–
programmed death ligand 1 signaling pathway and CD4�CD25�

Foxp3� regulatory T cells. This highly efficient antigen-specific ther-
apy with a complete avoidance of immunosuppression has significant
therapeutic potential in human islet cell transplantation.

anergy � programmed death-1 � regulatory T cells � transplantation �
islet transplantation

A llogeneic islet cell transplantation is a promising therapy for
patients who have autoimmune diabetes (1, 2). However, as

in solid-organ transplantation, robust donor-specific allogeneic
responses (3–5) necessitate life-long immunosuppression that
increases the risk for fatal opportunistic infections. In addition,
the currently used immunosuppression regimen has intrinsic
�-cell toxicity (6, 7). Therefore, a means of establishing donor-
specific tolerance to obviate the need for immunosuppression is
highly desirable for islet transplantation.

Strategies for inducing alloantigen-specific tolerance include
mixed hematopoietic chimerism, costimulation blockade, pe-
ripheral T-cell depletion, and induction and expansion of regu-
latory T cells (Tregs) (8). Most regimens require myeloablation/
cytoreduction and/or blocking antibodies targeting various T-cell
signaling components, and these antibodies have significant toxic-
ities. Using Tregs is less toxic, but the main challenge is to obtain
sufficient numbers of alloantigen-specific Tregs (9, 10).

Previous studies have shown that i.v. injection of antigen-
pulsed splenic antigen-presenting cells (APCs) chemically
fixed with 1-ethyl-3-(3�-dimethylaminopropyl)-carbodiimide
(ECDI) is a powerful and safe method to induce antigen-
specific T-cell tolerance in vivo (11, 12). Specifically, myelin
peptide–coupled, ECDI-fixed syngeneic APCs could effec-
tively ablate induction and progression of experimental auto-
immune encephalomyelitis (EAE), a murine Th1/17-mediated
model of multiple sclerosis (13). Recent work using this
tolerance method has defined the importance of cross-
tolerance via host APCs and the role of specific Tregs (14–16).
This protocol also is effective in preventing and treating
autoimmune diabetes in nonobese diabetic (NOD) mice (ref.
17 and S.D.M., unpublished data).

We found that i.v. infusion of ECDI-treated donor splenocytes
induced indefinite donor-specific tolerance in allogeneic islet cell
transplantation. Here, the antigens of interest are mainly donor
MHC class I and II molecules that are an integral surface compo-

nent of donor lymphocytes, and ECDI treatment presumably
interferes with costimulatory signals leading to tolerance induction
to the membrane-bound allogeneic MHC antigens (18, 19). Two
previous studies examined the efficacy of ECDI-treated donor
dendritic cells or whole splenocytes in full MHC-mismatched heart
and skin transplant models (20, 21). Transient graft protection was
observed, but long-term donor specific tolerance was not achieved.
Our protocol differs in the type of donor cells used and the number
and timing of ECDI-fixed cell treatments and promotes indefinite
acceptance of allogeneic islet grafts corresponding to markedly
diminished donor-specific allo-responses. It induces a programmed
death-1 (PD-1)/programmed death ligand 1 (PD-L1)–dependent
down-regulation of effector T-cell (Teff) activity and, indepen-
dently, up-regulation of Tregs, which act synergistically to establish
tolerance. Such differences may provide important clues for un-
derstanding mechanisms of tolerance by this protocol, thereby
providing critical information for designing clinically relevant tol-
erance regimens for human applications.

Results
Repeated ECDI-Treated Donor Splenocyte Infusions Induce Indefinite
Donor-Specific Tolerance in Allogeneic Islet Transplantation. Strep-
tozotocin-treated diabetic C57BL/6 recipients were injected i.v.
with 108 ECDI-treated BALB/c splenocytes 7 days before and 1
day after grafting of BALB/c islets under the kidney capsule (Fig.
1A). Seventy percent of the recipients achieved indefinite (� 100
days) graft survival (Fig. 1B). To delineate the dose and timing
requirement for effective tolerance induction, three parallel
groups of mice received 108 ECDI-treated BALB/c splenocytes
at (i) one dose on day �7; (ii) one dose on day �1; or (iii) two
doses on days �8 and �7. None of the three treatment protocols
led to significant prolongation of graft survival [supporting
information (SI) Fig. S1], suggesting that repeated dosing and
the interval between the doses are crucial for the efficacy of this
regimen. Protection is donor specific and ECDI dependent,
because injections of 108 ECDI-treated third-party strain SJL
splenocytes on day �7 and day �1 did not protect transplanted
BALB/c islets, and injection of untreated BALB/c splenocytes
on day �7 and day �1 resulted in accelerated graft rejection
(Fig. 1B).

Acutely rejecting grafts showed dense lymphocytic infiltrates
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with destruction of islet structures and complete absence of
insulin production by the � cells. Over time, islets were replaced
progressively by fibrous tissue (data not shown). Protected grafts
14 days after transplantation (Fig. 2A) showed intense peri-islet
lymphocytic infiltrates that did not enter the islets or disrupt the
islet structure. Furthermore, insulin production by these islets
was readily detectable. Similar peri-islet infiltration was ob-
served in long-term protected grafts (70 days after transplanta-
tion) (Fig. 2B), but the number of infiltrating lymphocytes was
considerably less than that observed in short-term protected
grafts. Again, robust insulin secretion was maintained. Charac-

terization of the infiltrating cells revealed the presence of CD4�,
CD8�, and CD4�Foxp3� T cells (Fig. 2 A and B).

Graft nephrectomy was performed to establish that long-term
normoglycemia was caused by functioning grafts rather than
incomplete streptozotocin. Within 48 hours after graft removal,
the mice became hyperglycemic (data not shown). Long-term
tolerized recipients (60–90 days after initial transplantation) also
were transplanted with a second same-donor (BALB/c) graft or
with a third-party (SJL) graft without further treatment. As
shown in Fig. 3A, these recipients accepted the BALB/c grafts
without further manipulation but rejected the SJL grafts within
the expected time frame. Histology of the second BALB/c graft
showed similar peri-islet infiltrates but intact islet architecture
and robust insulin production (Fig. 3B). Collectively, infusion
with ECDI-treated donor cells resulted in durable donor-specific
unresponsiveness.

Allogeneic Graft Protection Is Associated with Absence of Anti-Donor
Responses. Delayed type-hypersensitivity. We examined delayed-type
hypersensitivity (DTH) responses around the time of expected
acute allograft rejection (15 days after transplantation). Reject-
ing hosts showed robust DTH responses upon ear challenge with
donor BALB/c cells (Fig. 4A), but tolerized recipients showed a
complete absence of DTH.
Donor-specific antibodies. We next examined the effect of tolerance
on allo-specific �-cell activity by measuring anti-donor antibod-
ies of the IgG1, IgG2a, IgG2b, and IgG3 subclasses. Long-term
(90 days after transplantation) tolerized recipients showed com-
plete absence, whereas control rejected recipients showed robust
antibody productions of all IgG subclasses (Fig. 4B).
Mixed lymphocyte reactions and cytokine production. Compared with
control recipients, T cells from the spleen or peripheral lymph
nodes of tolerized recipients showed significantly diminished
mixed lymphocyte reactions at the time of expected graft

Fig. 1. Repeated infusions of ECDI-treated donor splenocytes induce signif-
icant graft protection in allogeneic islet cell transplantation. (A) Time line of
the treatment protocols. (B) Graft survival. Day 0 indicates the day of islet
transplantation. ECDI-treated BALB/c cells vs. control, P � 0.0036; ECDI-treated
SJL cells vs. control, P � 0.2178; untreated BALB/c cells vs. control, P � 0.0001.

Fig. 2. Graft histology. Protected grafts at day 14 (A) and day 70 (B) after
transplantation were stained with H&E, anti-insulin (red), CD4 (green),
�Foxp3 (red), and CD8 (red). DAPI staining is shown in blue. Graphs are
representatives of at least four sectioned and stained grafts of each group.
Magnification � 100. Asterisks indicate intact islets.

Fig. 3. Long-term tolerized recipients show spontaneous acceptance of a
second same-donor islet graft without further intervention. (A) Long-term
tolerized B6 recipients (60–90 days after the first transplantation) were ne-
phrectomized to remove the first graft and were transplanted with a second
same-donor (BALB/c, n � 3) or third-party (SJL, n � 3) graft. Day 0 indicates the
day of the second islet graft transplantation. (B) Graft histology of the second
islet graft. Upper panels: a protected same-donor BALB/c graft; Lower panels:
a rejected third-party SJL graft. Insulin is shown in red; DAPI is shown in blue.
Magnification � 100.
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rejection (15–20 days after transplantation) as measured by
3H-thymidine uptake (Fig. 4C). Furthermore, IFN-� production
was significantly inhibited (Fig. 4C). No differences were ob-
served in the production of IL-17, IL-10, or IL-4 (data not
shown).

Collectively, these data suggest that multiple effector func-
tions of alloantigen-specific T and � cells are suppressed by this
tolerance protocol.

Tolerance Induction, but Not Maintenance, Is Dependent on
CD4�CD25� Regulatory T Cells. To examine the potential role of
CD4�CD25� Tregs in the induction and maintenance of tolerance
using ECDI-treated donor-cell infusions, transplant recipients were
treated with anti-CD25 mAb (PC61) to deplete/inactivate Tregs
either before or after establishment of tolerance. Impairment of
Tregs (by treatment with PC61 on days �9 and �7) around the time
of initial tolerance induction (day �7) completely blocked toler-

Fig. 5. CD4�CD25� Tregs are required for tolerance induction by i.v. treatment
withECDI-treateddonorsplenocytesbutnotfor tolerancemaintenance. (A)PC61
treatment at the time of tolerance induction abrogated graft protection in
recipients receiving ECDI-treated donor cell infusions. Day 0 indicates the day of
islet transplantation. The dotted line indicates the blood glucose level of 250
mg/dl, which was used to diagnose graft rejection. (B) Quantification of the
CD4�CD25�Foxp3� T-cell population in peripheral lymphoid organs from reject-
ing, tolerized, or PC61-treated recipients on day 15 after transplantation. Data
were expressed as the percentage of total CD4� T cells that were Foxp3� cells.
dLNs � draining lymph nodes; pLNs � peripheral lymph nodes. *Rejecting vs.
tolerized, P � 0.0076; **, PC61-treated vs. tolerized, P � 0.0013; #PC61-treated vs.
tolerized, P � 0.0086; &PC61-treated vs. tolerized, P � 0.026. (C) Anti-donor IFN-�
production by rejecting, tolerized, or PC61-treated recipients. *Rejecting vs.
tolerized,P�0.0009;**rejectingvs.PC61-treated,P�0.0012. (D)PC61treatment
in long-term tolerized recipients (n � 3). Treatment was given on day 118 and day
120 after islet transplantation as indicated by the arrows. Blood glucose levels
were followed for an additional 50 days after PC61 treatment. (E) Anti-TGF-�
treatment at the time of tolerance induction abrogated graft protection in
recipients receiving infusions of ECDI-treated donor cell.

Fig. 4. Diminished alloantigen-specific T-cell and antibody responses are
associated with protection of allogeneic islet grafts. (A) DTH responses. P �
0.0018, rejecting vs. tolerized recipients. (B) Specific anti-donor antibodies
were measured for IgG1, IgG2a, IgG2b, and IgG3. The top two rows of
histograms are results from two control (rejected) recipients. The bottom two
rows of histograms are results from two long-term tolerized recipients. Data
are representative of two individual experiments. Shaded histogram indicates
syngeneic cells. (C) Mixed lymphocyte reaction and IFN-� production. Thy1.2�

T cells from the spleens and peripheral lymph nodes from control and tolerized
recipients were used. P values are indicated in the graphs. Data are represen-
tative of three separate experiments.
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ance induction, resulting in rejection of islet allografts in all six
recipients, whereas the three Ig-treated tolerized control mice
maintained glucose homeostasis for � 60 days (Fig. 5A). Thus,
functional CD25� Tregs seem to be essential for tolerance initia-
tion. This probability is supported further by data showing a greater
number of CD4�CD25�Foxp3� Tregs in the spleen of tolerized
mice as than in controls (Fig. 5B). Correspondingly, PC61 treat-
ment resulted in significant depletion in the number of
CD4�CD25�Foxp3� cells in the spleen, peripheral lymph nodes,
and lymph nodes draining the transplanted kidney (Fig. 5B),
concomitant with its ability to inhibit tolerance induction. Immu-
nohistochemical analysis also showed the presence of significant
numbers of CD4�Foxp3� T cells in the peri-islet infiltrates in
tolerized hosts, indicating that Tregs in the graft site may mediate
local regulation of alloantigen-specific Teffs (Fig. 2A). Interest-
ingly, donor antigen-specific IFN-� response still was suppressed in
PC61-treated mice, although these animals rejected the grafts (Fig.
5C). This finding is consistent with our previous observations that
tolerance induced with peptide-coupled syngeneic APCs for treat-
ment of EAE induces both direct anergy in autoreactive CD4 T cells
and activation of Tregs (16).

In contrast, PC61 treatment in long-term tolerized recipients
(120 days after transplantation) did not break the established
tolerance, because all treated mice remained normoglycemic
during the ensuing observation period (Fig. 5D) despite evidence
showing an absence of CD25� cells in peri-islet infiltrates after
PC61 treatment (Fig. S2). These results indicate that
CD4�CD25� Tregs are critical for the initial establishment of
the donor-specific tolerance, but active regulation is less impor-
tant once tolerance has been established. Thus, other mecha-
nisms, such as anergy, may be required for long-term mainte-
nance of donor-specific unresponsiveness.

A recent study (22) of CD3-specific antibody-induced immune
tolerance revealed an important role of TGF-� in the in vivo
induction of CD4�Foxp3� regulatory T cells. We next examined
whether TGF-� plays a role in tolerance by our protocol. As
shown in Fig. 5E, treatment with anti-TGF-� completely abol-
ished tolerance induction, resulting in three of three grafts being
rejected between posttransplantation day 6 and day 14. There-
fore, TGF-� plays an obligatory role in the tolerance induced by
ECDI-treated donor cells.

Programmed Death-1/Programed Death Ligand-1 Signaling Is Crucial
for Donor-Specific Tolerance Induced by Ethylene Carbodiimide-
Treated Donor Splenocytes.We next examined whether cell-
surface inhibitory molecules play a role in tolerance. The PD-1
pathway is up-regulated upon T-cell activation and has been
implicated in controlling intrinsic T-cell function under tolero-
genic conditions (17). We thus tested the efficacy of infusing
ECDI-treated donor splenocytes in diabetic PD-L1–deficient
mice receiving BALB/c islet grafts. Untreated diabetic PD-
L1�/� mice rejected BALB/c islet grafts with kinetics (Fig. 6A)
similar to those in untreated wild-type B6 recipients (Fig. 1B).
Interestingly, long-term donor-specific tolerance was not in-
duced in diabetic PD-L1�/� mice tolerized with ECDI-treated
donor BALB/c splenocytes, because the majority of recipients
rejected islet allografts within 10 to 20 days. These data suggest
that the PD-1/PD-L1 signaling plays an important role in this
tolerance regimen.

Interestingly, production of IFN-� by splenic T cells from ECDI-
treated PD-L1�/� recipients was enhanced significantly in compar-
ison with T cells from wild-type tolerized recipients and even in
comparison with T cells from wild-type untreated mice (Fig. 6B).
However, compared with untreated rejecting recipients (Fig. 5B),
the increase in the number of CD4�CD25�Foxp3� Tregs in the
peripheral lymphoid organs of PD-L1�/� recipients of ECDI-
treated cells and in wild-type tolerized hosts is similar (Fig. 6C).
Collectively, these data suggest that, whereas PD-1/PD-L1–negative

signaling plays a crucial role in the initial induction of tolerance by
down-regulating donor-specific IFN-� responses, the expansion
and/or induction of the Treg population by ECDI treatment is
independent of the PD-1/PD-L1 pathway.

Discussion
Here, we show that two infusions of ECDI-treated donor
splenocytes lead to permanent acceptance of allogeneic islet
grafts in fully immunocompetent recipients without the need for
immunosuppression. The tolerance state induced by the ECDI-
treated donor cells is donor-specific and is associated with
markedly diminished donor-specific allo-responses. Tolerance
by this protocol is mediated through a PD-1/PD-L1–dependent
down-regulation of Teff activity and an independent up-
regulation of Tregs. However, once tolerance is established, Treg
impairment does not break the tolerant state, and the hosts
accept a second same-donor graft indefinitely without further
intervention.

The critical difference between this tolerance protocol and
others using infusions of donor cells (e.g., donor-specific trans-
fusion) is that efficient induction of tolerance is achieved in the
complete absence of immunosuppression, including transient
cell depletion, antibody-mediated blockade of costimulatory
signals, or peri-transplantation application of immunosuppres-
sive drugs. Cell ablation around the time of transplantation is
thought to debulk alloreactive T cells, which are present at high
frequencies (23, 24), inducing a favorable ratio of regulatory cells
to effector cells. Increasing understanding of Treg biology has
resulted in cell therapy using allogeneic transplantation of ex vivo
expanded CD4�CD25� Tregs in animal models, and this strat-
egy now is being tested clinically (25). However, several rounds

Fig. 6. Absence of PD-L1 signaling impairs tolerance induction mediated by
the infusions of ECDI-treated donor cells. (A) Islet graft survival in PD-L1�/�

recipients with or without ECDI treatment. Day 0 indicates the day of islet
transplantation. (B) Anti-donor IFN-� production by PD-L1�/� vs. wild-type
recipients receiving ECDI treatment. *, PD-L1�/� ECDI-treated vs. wild-type
ECDI-treated; P � 0.0005. (C) Quantification of the CD4�CD25�Foxp3� T-cell
population in peripheral lymphoid organs from PD-L1�/� vs. wild-type recip-
ients receiving ECDI-treated cells.
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of ex vivo stimulation are required to obtain sufficient numbers
of Tregs for in vivo suppression (26), and initial depletion of
recipient T cells still is required for its success. Several other
approaches are now in human trials in solid-organ transplanta-
tion, including infusion of donor bone marrow stem cells with or
without induction of mixed chimerism (27, 28). Similarly, these
approaches also require initial myeloablation, which is associ-
ated with significant comorbidities. The fact that infusion of
ECDI-treated donor cells induces durable tolerance in the
absence of any immunosuppression makes this potential therapy
highly desirable.

In islet cell transplantation, another concern is recurrent
autoimmunity toward the transplanted � cells. Similar to our
published work in EAE (18), our preliminary data indicate that
tolerance induced with ECDI-fixed syngeneic APCs coupled
with either the immunodominant insulin peptide InsB9–23 or
intact insulin prevents onset of diabetes or induces remission
in new-onset disease, respectively, in NOD mice (S.D.M.,
unpublished data). This finding confirms earlier data showing
that InsB9–23 probably is the initiating diabetogenic epitope in
NOD (29). Therefore, ECDI-treated cells potentially can
induce tolerance in both alloantigens and the insulin autoan-
tigen, thereby preventing rejection of the allogeneic islet graft
and recurrence of autoimmunity in patients who have type 1
diabetes.

The exact mechanism with which ECDI-treated cells induce
donor-specific tolerance is not completely understood. Recent
studies indicate that ECDI treatment induces the cells to un-
dergo rapid apoptosis and that tolerance is induced by both
direct and indirect antigen presentation (18). Cell tracking
indicates that ECDI-treated cells distribute widely, but intact
cells disappear within 48 hours (S.D.M., unpublished observa-
tions). Therefore, although direct presentation may play a role,
this mechanism probably is transient. In contrast, indirect pre-
sentation of alloantigens by host regulatory APCs probably is the
predominant tolerance mechanism. Other models of allogeneic
transplantation also indicate that the indirect pathway plays a
critical role in donor-specific tolerance (30, 31). Recent data in
the EAE model suggest that host plasmacytoid dendritic cells are
crucial in this tolerogenic cross-presentation and that the tolero-
genic interactions probably occur in the spleen (S.D.M., unpub-
lished observations).

The depletion of Tregs around the time the first injection of
the ECDI-treated donor cells abolished tolerance induction
suggests that initial presence of Tregs is crucial for conferring the
tolerant state. However, as seen in the control animals, once the
process of rejection begins, the number of Tregs observed both
in the peripheral lymphoid organs and in the rejecting grafts
increases as compared with naïve hosts. This phenomenon has
been observed previously in other models of graft rejection (32,
33) and may represent an intrinsic attempt by the host to control
inflammation that ultimately fails, probably because of an un-
favorable Treg:Teff balance. Infusion of ECDI-treated donor
cells probably promotes early establishment of a favorable
Treg:Teff ratio and possibly enhances Treg function. It therefore
is intriguing that, once tolerance is established in our model,
depletion of Tregs does not ameliorate the tolerant state. It is
possible that donor-specific Teff cells are kept effectively in a
state of anergy by continuous interaction with the tolerated
graft. The anergy hypothesis is supported by persistently de-
pressed proliferation and IFN-� production by T cells in mixed
lymphocyte reaction cultures (data not shown) and by the
significantly fewer numbers of Foxp3� T cells in the graft bed
observed in the long-term tolerized hosts (compare Fig. 2 A and
B) and by similarly depressed T-cell responses in hosts tolerized
after Treg depletion (Fig. 5C). Therefore, anergy may be the
major mechanism for tolerance maintenance, as suggested in
other models of tolerance (34).

The importance of PD-1/PD-L1–negative signaling unrespon-
siveness induced in ECDI-treated cells was substantiated further
by the observation that tolerance induction was disrupted sig-
nificantly in PD-L1�/� recipients. PD-L1 is widely expressed on
leukocytes and in nonlymphoid tissues including the pancreatic
islets (35), although PD-1/PD-L1 signaling in the graft site is
clearly not sufficient for induction of tolerance because PD-L1–
sufficient mice were used as islet donors. It is interesting that
ECDI-treated donor cell infusions induced a similar increase in
Tregs in both wild-type and PD-L1�/� recipients, suggesting that
the induction and/or expansion of Tregs by this protocol is
independent of PD-L1 signaling. In addition, suppression of
IFN-� production was abolished in PD-L1�/� recipients, sug-
gesting a direct effect of PD-1 signaling on Teff cells. Because
ECDI-fixed cell tolerance also was prevented by depletion of
Tregs, our data collectively suggest that both T-cell anergy and
T-cell regulation are involved independently in the process of
tolerance induction. During the initial phase of tolerance, it is
critical to establish a favorable Treg:Teff cell balance, both in
numbers and in function. Consequently, impairment of such a
balance, either by impairing Tregs with anti-CD25 antibody or by
blocking Teff cell anergy via the PD-1/PD-L1 pathway, results in
failure of tolerance induction.

In summary, we report a simple but highly effective donor-
specific tolerance protocol for promoting successful allogeneic
islet cell transplantation. The lack of a need for any immuno-
suppression and the avoidance of associated toxicities make this
protocol a highly attractive potential therapy for human islet cell
transplantation.

Materials and Methods
Mice. Eight- to 20-week-old male BALB/c (H2d) and C57BL/6 (H2b) mice were
purchased from the Jackson Laboratory. Male PD-L1�/� mice on C57BL/6
background were obtained from Lieping Chen, Johns Hopkins University. All
mice were housed under specific pathogen-free conditions at Northwestern
University (NU). Protocols were approved by the NU Institutional Animal Care
and Use Committee.

Antibodies. APC-conjugated anti-CD25 (PC61) and FITC-conjugated anti-CD25
(7D4), anti-CD4 (GK1.5), and PE-conjugated anti-CD4 (L3T4; GK1.5) were from
BD Biosciences. PE-conjugated anti-mouse Foxp3 (FJK-16a) was from eBio-
sciences. PC61 antibody (rIgG1, given at 0.5 mg per mouse every other day for
two doses) was from Bio Express. Anti-TGF-� antibody (rIgG1, given at 0.3 mg
per mouse every other day for six doses) was from R&D.

Coupled Cell Tolerance. Tolerance was induced by i.v. injection of ECDI-treated
splenocytes as described in ref. 36. Briefly, spleens were processed into single-
cell suspensions. Red blood cells were lysed, and splenocytes were incubated
with ECDI (Calbiochem, 150 mg/ml per 3.2 � 108 cells) on ice for 1 hour with
agitation followed by washing; 108 ECDI-treated splenocytes in 200 ml of PBS
were used for each injection.

Diabetes Experiments. Mice were treated with streptozotocin (Sigma Aldrich)
at 170 mg/kg. Two consecutive glucose readings (1 day apart) �250 mg/dl
were used to diagnose diabetes. The protocol for islet isolation and trans-
plantation has been described previously in ref. 10. Approximately 500 islets
were implanted under the kidney capsule of recipient mice. Graft rejection
was determined by two consecutive blood glucose readings � 250 mg/dl.

Delayed-Type Sensitivity, Mixed Lymphocytic Reactions, Cytokine, and Anti-
Donor Antibody Measurement. Ear thickness was measured at baseline with a
Mitutoyo engineer’s micrometer (Schlesinger’s Tool). A total of 107 irradiated
BALB/c and control B6 splenocytes in 10 �l PBS were injected into either ear,
and swelling was determined 24 hours later. Results were reported as the
difference in mean swelling between the donor- and recipient-challenged
ears in units of 10�4 inches. For mixed lymphocyte reactions, a total of 105 cells
per well of Thy1.2� T cells from B6 islet recipients were cultured in a 96-well
plate with irradiated splenocytes from donor BALB/c mice at a 5:1 APC/T-cell
ratio. Cultures were pulsed with 1 �Ci per well of [3H]thymidine (PerkinElmer)
during the last 18 hours of a 5-day culture. Culture supernatants were ana-
lyzed with the Liquichip Mouse 10-cytokine assay kit (Qiagen) and confirmed
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with ELISA for IFN-� (BD Biosciences). For donor-specific antibody measure-
ment, blood was collected with heparin, lysed, and incubated with spleno-
cytes from BALB/c mice for 1 hour. Cells then were washed and stained with
PE-conjugated anti-B220 mAb and with FITC-conjugated anti-IgM, anti-IgG1,
anti-IgG2a, anti-IgG2b, and anti-IgG3 mAbs (BD PharMingen). Syngeneic cells
were used as negative control.

Immunohistochemistry and Immunofluorescence. Snap-frozen sections of islet
grafts were blocked with peroxidase (Dako). Anti-insulin rabbit IgG antibody
(Dako) was used to detect islets. For detection of CD4�Foxp3� T cells, sections
were blocked with anti-CD16/32 and incubated with anti-Foxp3 mAb (rIgG2a
clone FJK-16; eBiosciences). CD4 and CD8 staining were accomplished by
anti-CD4-FITC mAb (rIgG2a clone RM4–5; eBiosciences) and biotinylated anti-

mouse CD8a; BD PharMingen). Antibody binding was visualized using a
secondary antibody or streptavidin conjugated to HRP.

Statistical Analysis. Statistical analysis was performed using Student’s un-
paired t test for DTH, mixed lymphocyte reactions, and cytokine assays.
ANOVA was used to analyze allogeneic islet graft survival. P values of � 0.05
were considered to be statistically significant.
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