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Abstract

Restoration of endogenous insulin production by islet transplantation is considered a cura-
tive option for patients with type 1 diabetes. However, recurrent autoimmunity and alloreac-
tivity cause graft rejection hindering successful transplantation. Here we tested whether
transplant tolerance to allogeneic islets could be achieved in non-obese diabetic (NOD)
mice by simultaneously tackling autoimmunity via antigen-specific immunization, and allor-
eactivity via granulocyte colony stimulating factor (G-CSF) and rapamycin (RAPA) treat-
ment. Immunization with insBg_o3 peptide alone or in combination with two islet peptides
(IGRP5g6.214and GADsp4.543) in incomplete Freund’s adjuvant (IFA) were tested for promot-
ing syngeneic pancreatic islet engraftment in spontaneously diabetic NOD mice. Treatment
with G-CSF/RAPA alone or in combination with insBg_»3/IFA was examined for promoting al-
logeneic islet engraftment in the same mouse model. InsBg_»3/IFA immunization significant-
ly prolonged syngeneic pancreatic islet survival in NOD mice by a mechanism that
necessitated the presence of CD4"CD25" T regulatory (Treg) cells, while combination of
three islet epitopes was less efficacious in controlling recurrent autoimmunity. G-CSF/
RAPA treatment was unable to reverse T1D or control recurrent autoimmunity but signifi-
cantly prolonged islet allograft survival in NOD mice. Blockade of interleukin-10 (IL-10) dur-
ing G-CSF/RAPA treatment resulted in allograft rejection suggesting that IL-10-producing
cells were fundamental to achieve transplant tolerance. G-CSF/RAPA treatment combined
with insBg.o5/IFA did not further increase the survival of allogeneic islets. Thus, insBg.o3/IFA
immunization controls recurrent autoimmunity and G-CSF/RAPA treatment limits alloreac-
tivity, however their combination does not further promote allogeneic pancreatic islet en-
graftmentin NOD mice.
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Introduction

Type 1 diabetes (T1D) is an autoimmune disease characterized by the gradual loss of insulin-
producing beta cells [1]. To date, several antigen-specific and antigen-non-specific immune in-
terventions have been developed, which are assessed either as monotherapy or in combination
in preventing and curing T1D [2, 3]. Results from preclinical models, such as the non-obese di-
abetic (NOD) mice, have highlighted the potential of antigen-specific approaches in controlling
islet-specific autoimmunity efficiently and safely [4-6]. Clinical antigen-specific studies howev-
er, have so far failed to show the desired efficacy despite their good safety profile [7-9].

Reconstitution of the beta-cell compartment with pancreatic islet or whole pancreas trans-
plantation is a promising strategy for the cure of T1D [10]. However, to protect from allograft
rejection, generalized immunosuppression is needed. In the last decade, immunosuppression
has been significantly refined and as a consequence, significant reduction in the incidence of
acute rejection has been achieved [10, 11]. However, long-term graft survival has stagnated due
to morbidity and mortality caused by the chronic use of immunosuppression [12].

Recurrent autoimmunity represents another formidable barrier to the success of pancreatic
islet transplantation [13-16]. Studies in patients with T1D have shown that autoimmunity recur-
rence participates in graft loss, with very fast kinetic, reminiscent of a secondary, memory im-
mune response [17-19]. It has also become apparent that recurrent autoimmunity is not
effectively curtailed by the current immunosuppressive strategies that efficiently target alloreac-
tivity [18-20]. On the basis of these findings, it has been proposed that the allogeneic and auto-
reactive immune responses against pancreatic islets are controlled by two independent
mechanisms [21, 22].

We previously showed that insulin B chain 9-23 (insBy_,3) immunization prevents T1D in
NOD mice by increasing the number and invigorating the function of FOXP3" T regulatory
(Treg) cells [23, 24]. However, as with the majority of antigen-specific interventions in NOD
mice, this treatment is ineffective after diabetes onset [23], suggesting that the remaining beta
cell mass needs to be replenished to provide glycemic control. To date, few studies have ad-
dressed the effectiveness of antigen-specific immunization in controlling autoimmunity recur-
rence in NOD mice transplanted with syngeneic islets [25-27]. Given that the engrafted islets
are subject to autoimmune destruction also in allogeneic transplantation, this approach might
provide an additional advantage in prolonging graft survival. On the basis of this premise, we
tested whether a single injection of insBy_,3 can protect islet grafts placed under the kidney cap-
sule of spontaneously diabetic NOD mice.

Quite remarkably, while various transplant tolerance-inducing protocols promote perma-
nent allogeneic islet engraftment in autoimmune-resistant mouse strains, the same treatments
have transient effect in NOD mice. For example, approaches that show good efficacy in induc-
ing transplant tolerance in C57BL/6 recipients, i.e. treatments that induce significant reduction
in alloreactive T cells (thymoglobulin, anti-CD3, anti-CD52) [28] and co-stimulation blockade
monoclonal antibodies (mAbs) (anti-CTLA-4Ig, anti-CD80 and anti-CD86) [29, 30], have
transient effect in NOD mice, suggesting that NOD mice are resistant to transplant tolerance
induction [31-35].

We previously developed a tolerogenic treatment (granulocyte colony stimulating factor
[G-CSF] and rapamycin [RAPA]) that induces robust allogeneic transplant tolerance in
C57BL/6 mice via T regulatory type 1 (Trl) cells [36], and was never tested in NOD mice. This
protocol utilizes drugs that are routinely used in the clinic and are considered less invasive as
compared to other immunosuppressive treatments. In this study we addressed whether
G-CSF/RAPA can promote allogeneic islet engraftment in spontaneously diabetic NOD mice
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and investigated its efficacy in combination with antigen-specific immunization (insBy_,3) to
simultaneous tackle the recurrence of autoimmunity.

Materials and Methods

Mice

BALB/c and NOD/ShiLt] (NOD) mice were purchased from Charles River (Calco, Italy). NOD
mice were also bred in-house with breeders derived from Charles River and only mice from the
F1 generation were used. All animals were housed under spf conditions. This study was ap-
proved by the Institutional Animal Care and Use Committee of the San Raffaele Scientific In-

stitute (IACUC number: 511). All surgery was performed under Tribromoethanol (Avertin)
anesthesia, and all efforts were made to minimize suffering.

Islet transplant

Spontaneously diabetic NOD female mice with blood glucose levels >300mg/dl for two conse-
cutive days were used as recipients for islet transplantation. Islets from male NOD (syngeneic)
or female BALB/c (allogeneic) mice were isolated by collagenase digestion followed by density
gradient separation, and approximately 600 pancreatic islets were transplanted under the kid-
ney capsule as it was previously described for C57BL/6 recipients [36]. Since NOD mice did
not develop T1D synchronously, two to three diabetic recipients were transplanted in each ex-
periment and data were pooled. Transplantation was considered successful if non-fasting
blood glucose levels returned to normal (<250 mg/dL) within 24 h after surgery. Blood glucose
levels were monitored at least twice weekly with a monitoring system (OneTouch Ultra; Life-
Scan, Milpitas, CA, USA). Islet graft rejection was defined as recurrent hyperglycemia (>250
mg/dL) for at least two consecutive days.

Treatments

Transplanted mice were treated subcutaneously (s.c.) with 100 pg of insulin B chain 9-23
(insBy_,3) peptide emulsified in incomplete Freund’s adjuvant (IFA) once as previously de-
scribed [23]. InsBy_,3, islet-specific glucose-6-phosphatase catalytic subunit related protein
peptide 206-214 (IGRP,¢6_514) and glutamic acid decarboxylase 65 peptide 524-543 (GADs,4_
s43) (100pug each) were mixed together and emulsified in IFA prior to injection (combinatorial
—combo- peptide treatment). G-CSF (Myelostim, rHuG-CSF, Italfarmaco) and RAPA (Rapa-
mune; Wyeth Europe, Taplow, UK) were administered as previously described [36]. Briefly,
G-CSF was diluted in PBS and injected subcutaneously (s.q.) at 200 mg/kg, whereas RAPA was
diluted in water and administered by oral gavage at 1 mg/kg. G-CSF/RAPA treatment was
given once a day for 30 days after transplantation. Anti-CD25 (clone PC61) monoclonal anti-
body (mAb) was given intravenously (i.v.) 500ug/dose per 5 daily doses [37]. Anti-IL-10 (clone
JES5-2A5) mAb was given i.v. in three daily doses as follows: first dose 500 pg, second and
third dose 250 pg [23].

Flow cytometry staining

Surface cell staining was performed with anti-mouse CD3, CD4, CD25, CD8, CD62L, and
CD44 mAbs (all from BD Pharmingen) following a 2.4G2 Fc block (anti-CD16/CD32 mAb)
step. FOXP3 expression was tested with the FOXP3 staining kit (eBioscience, San Diego, CA)
according to manufacturer’s instructions. Cells were acquired on a FACSCanto (BD Biosci-
ence) and analyzed with Flow]Jo (Tree Star, USA) software.
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Immunohistochemistry

Kidneys were immersed in Tissue-Tek OCT (Bayer) and quick frozen on dry ice. Using cryo-
microtome and Superfrost Plus slides (Fisher Scientific), 6-um tissue sections were cut. Sections
were fixed with 100% acetone at room temperature, and after washing in TBS, an avidin/bio-
tin-blocking step was included (Vector Laboratories). Primary and secondary antibodies (Vec-
tor Laboratories) reacted with the sections for 60 min each, and colour reaction was obtained
by sequential incubation with Vector Blue AP III and AEC (Vector Laboratories) as previously
described [38]. Rat anti—mouse CD8a (Ly2)-biotin, rat anti—mouse CD4 (L3T4; BD Biosci-
ences)-biotin and guinea pig anti-swine insulin (DAKO) were used. Goat anti-guinea pig AP
was used to detect insulin [38].

Statistics

Comparisons between groups were performed using the unpaired, two-tailed Student’s ¢ test.
Islet allograft survivals were determined with Kaplan-Meier survival curves and were compared
with the log-rank test. In all cases the Prism software (GraphPad, USA) was used and, a two-
tailed P value < 0.05 was considered significant.

Results

InsBg_o4/IFA peptide immunization prolongs syngeneic pancreatic islet
graft survival in diabetic NOD mice

Syngeneic pancreatic islets were transplanted under the kidney capsule of spontaneously dia-
betic female NOD mice (NOD—NOD). A single immunization with insBy_,3/IFA at the mo-
ment of transplant significantly prolonged islet graft survival, with a mean survival time (MST)
of 50.5 (£25 SD) days, while control PBS/IFA-treated recipients remained normoglycemic for
MST of 8 days (£10 SD) (Fig 1A). The mean blood glucose values of mice treated with insBg_
23/IFA was 504.1 (£33.40 SD) mg/dl at the time of transplantation, while in the control was
slightly higher, (580.5 mg/dl £12.06 SD) (data not shown). However, islet graft survival did not
correlate with blood glucose levels at the time of transplantation in any of the groups (Fig 1B),
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Fig 1. InsBg_»5/IFA immunization temporarily controls recurrent autoimmunity in NOD mice. A, diabetic NOD mice were transplanted with islets from
NOD donors (syngeneic) and treated with insBg_o3/IFA or PBS/IFA. Percentage of islet graft survival after transplantation is shown. B, correlation between
blood glucose levels at the time of transplant and the number of days of syngeneic islet engraftment for all mice. Each symbol represents one mouse.
Survival curves were compared with the log-rank test. Correlation was done with Pearson coefficient. P values and R? values are indicated in the graphs.

doi:10.1371/journal.pone.0127631.g001
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thus excluding any role for the blood glucose starting levels in the efficacy of the insBy_,3/IFA
immunization. These results show that antigen-specific immunization with insBy_,3 transiently
controls the recurrence of autoimmunity in NOD mice receiving syngeneic islets and its effica-
cy does not dependent on the blood glucose levels at the time of transplantation.

Histological examination of islets engrafted under the kidney capsule of the transplanted
mice eleven days after transplantation showed reduced CD4" and CD8" T-cell infiltrates in the
insBy_,3/IFA-treated group as compared to control (S1 Fig and data not shown). Pancreas was
also histologically examined in transplanted mice to determine any eventual endogenous islet
function, and heavy insulitis with no insulin” islets were identified (data not shown). On the
contrary, grafts from insBy_,3/IFA-treated mice analyzed at the time of rejection showed insu-
lin" cells surrounded by T-cell infiltrates (S1 Fig). These results show that insBg_,3/IFA treat-
ment promotes syngeneic pancreatic islet transplantation.

Depletion of CD25" T cells in insBg_s3/IFA-immunized mice prevents
syngeneic islet graft tolerance and results in rejection

We previously showed that insBg_,3/IFA immunization mice increases the frequency and num-
ber of FOXP3™ Treg cells in prediabetic NOD mice approximately two weeks after treatment
and that CD4"CD25" T cells from protected mice can transfer tolerance into new prediabetic
NOD recipients [23]. To address whether insBy_,3/IFA treatment increases FOXP3™ Treg cells
also in the syngeneic islet transplant setting, peripheral blood, kidney draining lymph nodes
(dLN), graft and spleen cells from insBo_,3/IFA-treated and control mice were analyzed eleven
days after transplantation. The frequency and number of FOXP3™ Treg cells within CD4" T
cells was similar between insBy_,3/[FA—immunized and control recipients in the blood, spleen
and graft, whereas they were slightly increased in the kidney dLN of insBy_,3/IFA—immunized
recipients (S2 Fig). Thus, insBy_,3/IFA treatment did not significantly increase FOXP3" Treg
cells frequency in syngeneically transplanted NOD mice eleven days after transplantation.

The fact that the frequency and number of FOXP3" Treg cells did not increase after insBy_
»3/IFA immunization does not exclude that CD4"CD25" Treg cells mediated syngeneic graft
tolerance in insBy_,3/IFA-immunized mice. To this end, anti-CD25 depleting mAb [39] was
administered to insBy_,3/IFA-treated NOD mice either at the time of transplantation or ten
days later. In both cases, immediate and quite synchronous graft rejection was observed (Fig
2). This data shows that CD4"CD25" T cells are essential in recipient mice both at the time of
transplantation and ten days later to promote syngeneic islet engraftment after insBy_,3/

IFA immunization.

Combination of three islet epitopes, insBg_o3, GAD65554_543 and
IGRPp6_214 is less efficient than insBg_»3 alone at promoting syngeneic
pancreatic islet engraftment in NOD mice

It has been proposed that combination of multiple islet epitopes might improve the outcome of
antigen-specific tolerance by targeting more effector T cells and increasing the spectrum of
Treg cell antigen specificity [9]. Here we addressed whether combination of insBy_,3,
GADG65554_543 and IGRP,u6_514 in IFA (combo/IFA) is more able than insBo_,3/IFA alone to
promote syngeneic pancreatic islet survival in NOD mice. Combo/IFA treatment did not pro-
vide additional advantage in controlling syngeneic islet graft rejection as compared to insBg_53/
IFA mono-peptide immunization (Fig 3A). MST in combo/IFA-treated mice was of 12 (+30
SD) days (Fig 3A), much lower as compared to MST insBy_,3/IFA-treated mice (MST: 50 [+25
days SD]) as shown in Fig 1A. All recipient mice had >300mg/dl at the time of transplantation
and no correlation between blood glucose values and rejection time was seen (Fig 3B). Thus,
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Fig 2. InsBy_,3/IFA treatment efficacy is dependent on CD4*CD25* Treg cells. Spontaneously diabetic
female NOD mice were transplanted with syngeneic islets and with insBg_,3/IFA. A, some mice were received
anti-CD25 mAb administration injected at the same time of transplantation or B, 10 days after transplantation.
Arrows indicate the time when anti-CD25 mAb treatments initiated. Overall graft survival is shown. Survival
curves were compared with the log-rank test. P values are indicated in the graphs.

doi:10.1371/journal.pone.0127631.g002

treatment with combo/IFA is less efficacious as compared to insBy_,3 alone in controlling rejec-
tion of syngeneic islet grafts in NOD mice.

G-CSF/RAPA treatment prolongs allogeneic pancreatic islet survival in
NOD mice in an IL-10-dependent manner

We previously showed that a 30-day regimen composed of G-CSF and RAPA induces robust
allogeneic transplant tolerance in chemically-induced diabetic C57BL/6 mice transplanted with
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Fig 3. Combination therapy with InsBg_3, IGRP2¢¢_214 and GADs»4_543 is less efficacious in promoting
syngeneic islet transplant tolerance in NOD mice. A, diabetic NOD mice were transplanted with
syngeneic islets. Recipients were treated with a mix of 3 islet peptides, insBg_o3, IGRP20s_214 and GADsp4—
s543/IFA and monitored for graft engraftment. Graph shows the percentage of islet graft survival after
transplantation. Control, PBS/IFA-treated, mice were pooled from different experiments and used as
reference in all experiments (see Materials and Methods). B, correlation between blood glucose levels at the
time of transplant and the number of days of syngeneic islet engraftment for all mice. Survival curves were
compared with the log-rank test. Correlation was done with Pearson coefficient. P and R? values are
indicated in the graphs.

doi:10.1371/journal.pone.0127631.g003
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BALB/c islets (BALB/c—C57BL/6) via Tr1 cells [36]. Here we addressed the tolerogenic effect
of the same treatment in spontaneously diabetic NOD mice receiving islets from BALB/c do-
nors. Initially, we tested whether G-CSF/RAPA treatment has any effect on anti-islet autoreac-
tivity in the absence of islet replacement. G-CSF/RAPA did not reverse disease in overtly
diabetic NOD mice (Fig 4A). In addition, G-CSF/RAPA treatment did not control syngeneic
islet rejection (NOD—NOD) (Fig 4B). Thus, G-CSF/RAPA treatment is unable to control
islet-specific autoreactivity since both un-transplanted and syngeneically transplanted NOD
mice treated with this regimen were not cured from T1D.

Quite unexpectedly, implementing G-CSF/RAPA in NOD mice receiving allogeneic islets
from BALB/c donors (BALB/c—NOD) led to transient but significantly prolonged
islet allograft survival (MST: 26 +30 days) as compared to untreated recipients (MST: 8.5 +2
SD days) (Fig 5A). The effect of G-CSF/RAPA-treatment in NOD mice transplanted with allo-
geneic islets was dependent on IL-10 production, since allogeneic pancreatic islets were rejected
if mice were treated with anti-IL-10 mAb at the time of transplantation (Fig 5A). Also here, no
correlation between blood glucose levels and MST was observed (Fig 5B).

Thus far our data indicates that insBy_,3/IFA immunization controls autoimmunity both in
prediabetic [23] and diabetic NOD mice transplanted with syngeneic islets. Moreover, G-CSF/
RAPA treatment temporarily controls allograft rejection in diabetic NOD mice. Next, we
sought to combine the two approaches to determine whether they could impart a synergistic ef-
fect leading to indefinite allogeneic islet graft survival and cure T1D in spontaneously diabetic
NOD mice. This combination did not provide any significant improvement in graft survival as
compared to G-CSF/RAPA treatment alone (Fig 5C). Together, these results show that the
combination of two approaches that act on different “arms” of immune regulation, i.e. autoim-
munity and alloreactivity, does not further prolong pancreatic islet allograft survival in sponta-
neously diabetic NOD mice.

Discussion

Pancreatic islet transplantation is considered a promising approach for the cure of T1D. To ef-
ficiently promote allogeneic islet transplant tolerance in patients with T1D two fronts need to
be simultaneously tackled: alloreactivity and the recurrent autoimmunity. In this study we
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Fig 4. G-CSF/RAPA treatment does not reverse diabetes in NOD mice and does not control the
recurrence of autoimmunity. A, diabetic NOD mice were treated with G-CSF/RAPA and monitored for
diabetes progression. Graph shows the blood glucose values of mice prior and after treatment over time. B,
diabetic NOD mice were transplanted with islets from NOD donors and treated with G-CSF/RAPA. Graph
shows the percentage of islet graft survival after transplantation. Differences between treated and untreated
mice are not statistically significant (ns).

doi:10.1371/journal.pone.0127631.g004
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Fig 5. G-CSF/RAPA treatment induces transplant tolerance to allogeneic islets in NOD mice that
depends on IL-10 production. A, spontaneously diabetic female NOD mice were transplanted with
allogeneic islets from BALB/c donors. Recipients were treated with G-CSF/RAPA and monitored for graft
survival. Anti-IL-10 was administered in NOD mice transplanted and treated with G-CSF/RAPA. Arrow
indicates the time when anti-IL-10 mAb treatments initiated. Overall graft survival is shown. Graph shows the
percentage of islet graft survival after transplantation. B, correlation between blood glucose levels at the time
of transplant and the number of days of syngeneic islet engraftment. C, graph shows the percentage of islet
graft survival in G-CSF/RAPA vs. G-CSF/RAPA/insBg_o3/IFA-treated recipients. Survival curves were
compared with the log-rank test. P values are indicated in the graphs.

doi:10.1371/journal.pone.0127631.g005

show that insBy_»3/IFA immunization, a treatment that efficiently prevents but does not revert
diabetes in NOD mice [23], is able to transiently control the recurrence of autoimmunity. Fur-
thermore, G-CSF/RAPA, a safe and clinically relevant protocol that induces robust allogeneic
islet transplant tolerance in C57Bl/6 mice [36], significantly prolongs allogeneic islet graft sur-
vival also in diabetic NOD mice. However, combination of the two approaches does not have a
synergistic effect as it does not succeed inducing permanent islet allograft survival in NOD
mice or prolonging the effect of G-CSF/RAPA treatment.

We previously showed that a single injection with insBg_,3/IFA prevents the development
of T1D in NOD mice by augmenting the frequency and number of CD4"CD25"FOXP3" Treg
cells [23]. In this study, insBy_,3/IFA immunization controlled the recurrence of autoimmuni-
ty also via FOXP3" Treg cells, although it did not significantly increase their number. Today,
stem cell therapy, cellular reprogramming and whole-organ bioengineering are in the pipeline,
opening new horizons toward an efficient, immunosuppression-free syngeneic beta cell
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replacement (reviewed in [40]). However, the control of recurrent autoimmunity remains a
great challenge. Our new findings show that insBg_»3/IFA peptide immunization is a promis-
ing approach that could be implemented to control recurrent autoimmunity improving the
survival of syngeneic islet grafts.

In the present syngeneic islet transplantation model, insBy_,3/IFA peptide immunization
was effective in prolonging syngeneic islet graft survival in NOD mice, but did not provide per-
manent protection from diabetes recurrence. Approaches such as antigen re-injection and
combination of multiple antigens are considered possible ways to improve the efficacy of anti-
gen-specific therapies. Although future studies will address whether antigen re-injection can
prolong the efficacy, we previously showed that factors such as too frequent immunization
could negatively impact the efficacy of antigen-specific therapy [24]. To improve the tolero-
genic outcome of insBy_,3/IFA immunization, we sought to combine it with two other islet epi-
topes (GAD65s,4 543 and IGRP,gs_204—combo/IFA), known to be targeted in NOD mice and
to prevent diabetes once administered via tolerogenic routes [41-45]. Rather unexpectedly, im-
munization with combo/IFA was less efficient as compared to insBy_,3/IFA alone in controlling
recurrent autoimmunity.

Although multiple islet-epitope immunization has not been extensively tested in NOD
mice, data from mouse models of multiple sclerosis has shown that combination of multiple
myelin epitopes leads to increased efficacy [46]. To our knowledge combo islet-specific peptide
immunizations have not been extensively tested in NOD mice, with an exception of one study
in new-born mice, which unexpectedly induced precocious islet-specific autoreactivity [47].
Therefore, more combinatorial antigen-specific studies need to be done at a preclinical level,
since a number of factors, i.e. the nature of the antigen, the dose, the number of doses and fre-
quency, the route and/or mode of administration seem to influence the efficacy and safety of
these experimental treatments.

In the syngeneic islet transplant setting used here, NOD male mice served exclusively as do-
nors and spontaneously diabetic female mice as recipients (male-to-female NOD). Male mice
are known to have reduced number of infiltrating autoreactive T cells in the pancreas. As a
consequence, the number of diabetogenic leukocytes that could pass from the donor (passen-
ger) and negatively influence the treatment’s efficacy, would be less when compared to a fe-
male-to female NOD setting. To address this, more mechanistic studies on the nature and
antigen-specificity of the graft-rejecting T cells are necessary. These studies will define whether
passenger diabetogenic insBo_»3-specific T cells are the cause of graft rejection in insBg_,3/IFA-
treated mice, and will determine what other autoreactive T cell specificities participate in graft
rejection. This knowledge is pivotal as it will guide us to more accurately intervene and block
the recurrence of autoimmunity.

We previously showed that G-CSF/RAPA treatment induces robust transplant tolerance in
C57BL/6 mice via Trl cells [36]. In this study, the same treatment promoted allogeneic islet en-
graftment also in NOD mice, but was less efficient as compared to C57BL/6 recipients, con-
firming the resistance of NOD mice to transplant tolerance induction [33-35]. It is conceivable
that autoimmunity played an important role in graft loss in NOD recipients, since G-CSF/
RAPA treatment was inefficient to reverse diabetes or to prolong syngeneic islet graft survival
in NOD mice, suggesting that it could not abrogate autoimmunity. These results support previ-
ous observations, sustaining that autoreactivity and alloreactivity are different processes, con-
trolled by distinct and possibly non-overlapping mechanisms [22]. The reason behind this
division is not yet clear. Most probably the expression of major histocompatibility complex
(MHC) on beta cells or other passenger cells, including antigen presenting cells, plays signifi-
cant role in determining how islet grafts are destroyed, i.e. via autoreactive or alloreactive T
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cells. As a consequence, certain therapies seem have specific effect by blocking the activation of
T cells that are specific for self or allo antigens [20, 35].

Transplantation of allogeneic islets into spontaneously diabetic NOD mice represents the
situation most frequently encountered in the clinic today. Usually MHC miss-matched islets
are transplanted in diabetic patients, which are exposed to graft rejection due to alloreactivity
and recurrence of autoimmunity. Thus, to simultaneous treat both alloreactivity and autoim-
munity, NOD recipients of BALB/c islets were treated with G-CSF/RAPA and insBy_,5/IFA.
This combination treatment did not further prolong pancreatic islet allograft survival, showing
that the two treatments did not have an additive effect. Possibly, deep analysis of the T cell
specificity might provide further insights into the mechanisms leading to graft rejection and
lack of synergy in the treated mice.

In summary, here we tested the efficacy of antigen-specific immunotherapy and G-CSF/
RAPA treatment in promoting pancreatic islet survival in diabetic NOD mice. Both approaches
show significant but transient efficacy in controlling recurrent autoimmunity and alloreactivity
and additional functional studies are necessary to understand how we can improve transplant
tolerance in NOD mice and how the efficient preclinical protocols can be translated
to humans.

Conclusions

In this study, we utilized a stringent model of allograft islet transplantation into spontaneously
diabetic NOD mice to test a combination immunotherapy that targets both allogeneic and au-
toimmune responses. Antigen-specific therapy, which we previously showed to delay diabetes
development in pre-diabetic NOD mice (insBy_»3/IFA) [23], was combined with an immuno-
modulatory treatment (G-CSF/RAPA) that we developed for controlling allograft rejection
[36]. Our findings show that insulin antigen-specific therapy delays autoimmune-mediated
graft rejection and G-CSF/RAPA treatment delays islet allograft, but the combination of the
two approaches does not enhance graft survival in the BALB/c—NOD allogeneic model of islet
transplantation. We also provide some insight into the mechanisms behind the two therapies.
Our careful and stringent assessment of combinatorial immunotherapies uncovers a critical
problem in the field of islet transplantation—antigen-specific therapies that work in early
stages of disease development might not be optimal for preventing anti-islet memory autoim-
mune responses. The findings in our study underscore our current limited understanding of
the immune responses involved in islet transplant rejection and support further studies of the
mechanisms, antigens being targeted, and cell types involved in islet rejection.

Supporting Information

S1 Fig. InsBy_,3/IFA treatment decreases autoimmune lymphocytic infiltration in trans-
planted islet grafts. A, diabetic NOD mice were transplanted with islets from NOD donors
and treated s.c. once with insBy_,3/IFA or PBS/IFA. Eleven days post transplantation mice
were killed and islets transplanted under the kidney capsule were histologically examined for
the presence of CD4" T cells. Images show the representative staining for insulin (blue) / CD4
(red) in one control mouse (treated with PBS/IFA) and one mouse treated with insBg_,3/IFA
(magnification 20x) (three mice per group). B, once turned diabetic, insBy_,3/IFA-treated mice
were killed and islet graft infiltration was assessed for the presence of CD4" and CD8" T cells.
Histology from one representative mouse that rejected the islet graft 56 days post-transplant
is shown.

(TTF)
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S2 Fig. InsBy_,3/IFA treatment does not alter the peripheral FOXP3" Treg cell frequency
and number. Transplanted NOD mice were treated once s.c. with insBg_,3/IFA or PBS/IFA
(control). Flow cytometry was used to determine the frequency and total number of
CD4"FOXP3" Treg cells in the blood, kidney draining lymph nodes (KdLN), graft and spleen
11 days after transplantation. A, Representative flow cytometry plots depict the frequency of
FOXP3" CD4" T cells in blood and spleen of PBS/IFA and insBy_,3/IFA-treated mice. 8-
12-wk-old NOD unmanipulated normoglycemic mice were used as controls. B-F, the per-
centage of FOXP3" (Treg) cells gated on CD4" T cells in blood (B), KALN (C) and graft (D),
as well as the percentage (E) and total number (F) of Treg cells in the spleen was assessed 11
days after transplantation. Unmanipulated, non-diabetic 8-12 wk-old NOD mice were used
as additional control.

(TIF)

Acknowledgments

This work was supported by grants: the Juvenile Diabetes Research Foundation (JDRF) ad-
vanced postdoctoral fellowship (10-2012-204) to G. Fousteri and Telethon-JDREF (JT-01)
award to M. Battaglia. We would like to thank all past and current members of the laboratory.

Author Contributions

Conceived and designed the experiments: GF MB. Performed the experiments: GF T] RDF.
Analyzed the data: GF T] RDF. Contributed reagents/materials/analysis tools: GF MB. Wrote
the paper: GF MB.

References

1. vanBelle TL, Coppieters KT, von Herrath MG. Type 1 diabetes: etiology, immunology, and therapeutic
strategies. Physiol Rev. 2011; 91(1):79—-118. Epub 2011/01/21. doi: 10.1152/physrev.00003.2010 91/
1/79 [pii]. PMID: 21248163.

2. Bluestone JA, Herold K, Eisenbarth G. Genetics, pathogenesis and clinical interventions in type 1 dia-
betes. Nature. 2010; 464(7293):1293-300. Epub 2010/05/01. PMID: 20432533.

3. Roep BO, Peakman M. Antigen targets of type 1 diabetes autoimmunity. Cold Spring Harb Perspect
Med. 2012; 2(4):a007781. Epub 2012/04/05. doi: 10.1101/cshperspect.a007781 a007781 [pii]. PMID:
22474615; PubMed Central PMCID: PMC3312399.

4. Shoda LK, Young DL, Ramanujan S, Whiting CC, Atkinson MA, Bluestone JA, et al. A comprehensive re-
view of interventions in the NOD mouse and implications for translation. Immunity. 2005; 23(2):115-26.
Epub 2005/08/23. S1074-7613(05)00240-2 [pii] doi: 10.1016/j.immuni.2005.08.002 PMID: 16111631.

5. Fousteri G, Bresson D, von Herrath M. Rational development of antigen-specific therapies for type 1 di-
abetes. Adv Exp Med Biol. 2007; 601:313-9. Epub 2007/08/24. PMID: 17713020.

6. Ryden AK, Wesley JD, Coppieters KT, Von Herrath MG. Non-antigenic and antigenic interventions in
type 1 diabetes. Hum Vaccin Immunother. 2014; 10(4):838—46. Epub 2013/10/30. 26890 [pii]. PMID:
24165565.

7. Bresson D, von Herrath M. Immunotherapy for the prevention and treatment of type 1 diabetes: optimiz-
ing the path from bench to bedside. Diabetes Care. 2009; 32(10):1753—68. Epub 2009/10/02. doi: 10.
2337/dc09-0373 32/10/1753 [pii]. PMID: 19794001; PubMed Central PMCID: PMC2752914.

8. Coppieters KT, Harrison LC, von Herrath MG. Trials in type 1 diabetes: Antigen-specific therapies. Clin
Immunol. 2013; 149(3):345-55. Epub 2013/03/16. doi: 10.1016/j.clim.2013.02.002 S1521-6616(13)
00028-4 [pii]. PMID: 23490422.

9. Peakman M, von Herrath M. Antigen-specific immunotherapy for type 1 diabetes: maximizing the po-
tential. Diabetes. 2010; 59(9):2087-93. Epub 2010/09/02. doi: 10.2337/db10-0630 59/9/2087 [pii].
PMID: 20805382; PubMed Central PMCID: PMC2927927.

10. Ramesh A, Chhabra P, Brayman KL. Pancreatic islet transplantation in type 1 diabetes mellitus: an up-
date on recent developments. Curr Diabetes Rev. 2013; 9(4):294-311. Epub 2013/06/01. CDR-EPUB-
20130531-1 [pii]. PMID: 23721158.

PLOS ONE | DOI:10.1371/journal.pone.0127631 June 16,2015 11/183


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127631.s002
http://dx.doi.org/10.1152/physrev.00003.2010
http://www.ncbi.nlm.nih.gov/pubmed/21248163
http://www.ncbi.nlm.nih.gov/pubmed/20432533
http://dx.doi.org/10.1101/cshperspect.a007781
http://www.ncbi.nlm.nih.gov/pubmed/22474615
http://dx.doi.org/10.1016/j.immuni.2005.08.002
http://www.ncbi.nlm.nih.gov/pubmed/16111631
http://www.ncbi.nlm.nih.gov/pubmed/17713020
http://www.ncbi.nlm.nih.gov/pubmed/24165565
http://dx.doi.org/10.2337/dc09-0373
http://dx.doi.org/10.2337/dc09-0373
http://www.ncbi.nlm.nih.gov/pubmed/19794001
http://dx.doi.org/10.1016/j.clim.2013.02.002
http://www.ncbi.nlm.nih.gov/pubmed/23490422
http://dx.doi.org/10.2337/db10-0630
http://www.ncbi.nlm.nih.gov/pubmed/20805382
http://www.ncbi.nlm.nih.gov/pubmed/23721158

@’PLOS ‘ ONE

Islet Transplant Tolerance in NOD Mice

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

Kimelman M, Brandacher G. Trends in immunosuppression after pancreas transplantation: what is in
the pipeline? Curr Opin Organ Transplant. 2013; 18(1):76—82. Epub 2012/12/21. doi: 10.1097/MOT.
0b013e32835c6eda PMID: 23254700.

Gruessner RW, Gruessner AC. The current state of pancreas transplantation. Nat Rev Endocrinol. 2013;
9(9):555-62. Epub 2013/07/31. doi: 10.1038/nrendo.2013.138 nrendo.2013.138 [pii]. PMID: 23897173.

Chujo D, Foucat E, Takita M, Itoh T, Sugimoto K, Shimoda M, et al. Emergence of a broad repertoire of
GADB65-specific T-cells in type 1 diabetes patients with graft dysfunction after allogeneic islet transplan-
tation. Cell Transplant. 2012; 21(12):2783-95. Epub 2012/09/12. doi: 10.3727/096368912X654993
ct0655chujo [pii]. PMID: 22963904.

Abreu JR, Roep BO. Immune monitoring of islet and pancreas transplant recipients. Curr Diab Rep.
2013; 13(5):704—12. Epub 2013/08/15. doi: 10.1007/s11892-013-0399-3 PMID: 23943207.

Stegall MD, Lafferty KJ, Kam |, Gill RG. Evidence of recurrent autoimmunity in human allogeneic islet
transplantation. Transplantation. 1996; 61(8):1272—4. Epub 1996/04/27. PMID: 8610431.

Laughlin E, Burke G, Pugliese A, Falk B, Nepom G. Recurrence of autoreactive antigen-specific CD4+
T cells in autoimmune diabetes after pancreas transplantation. Clin Immunol. 2008; 128(1):23-30.
Epub 2008/05/06. doi: 10.1016/j.clim.2008.03.459 S1521-6616(08)00524-X [pii]. PMID: 18455963;
PubMed Central PMCID: PMC2531116.

Monti P, Scirpoli M, Maffi P, Ghidoli N, De Taddeo F, Bertuzzi F, et al. Islet transplantation in patients
with autoimmune diabetes induces homeostatic cytokines that expand autoreactive memory T cells. J
Clin Invest. 2008; 118(5):1806—14. Epub 2008/04/24. doi: 10.1172/JCI35197 PMID: 18431516;
PubMed Central PMCID: PMC2323193.

Burke GW 3rd, Vendrame F, Pileggi A, Ciancio G, Reijonen H, Pugliese A. Recurrence of autoimmunity
following pancreas transplantation. Curr Diab Rep. 2011; 11(5):413-9. Epub 2011/06/11. doi: 10.1007/
$11892-011-0206-y PMID: 216604 19; PubMed Central PMCID: PMC4018301.

Vendrame F, Pileggi A, Laughlin E, Allende G, Martin-Pagola A, Molano RD, et al. Recurrence of type 1 di-
abetes after simultaneous pancreas-kidney transplantation, despite immunosuppression, is associated
with autoantibodies and pathogenic autoreactive CD4 T-cells. Diabetes. 2010; 59(4):947-57. Epub 2010/
01/21. doi: 10.2337/db09-0498 db09-0498 [pii]. PMID: 20086230; PubMed Central PMCID: PMC2844842.

Shapiro AM. Islet transplantation in type 1 diabetes: ongoing challenges, refined procedures, and long-
term outcome. Rev Diabet Stud. 2012; 9(4):385-406. Epub 2012/01/01. doi: 10.1900/RDS.2012.9.385
PMID: 23804275; PubMed Central PMCID: PMC3740705.

van de Linde P, Roep BO. T-cell assays to determine disease activity and clinical efficacy of immune
therapy in type 1 diabetes. Am J Ther. 2005; 12(6):573-9. Epub 2005/11/11. 00045391-200511000-
00014 [pii]. PMID: 16280651.

Pearson T, Markees TG, Serreze DV, Pierce MA, Wicker LS, Peterson LB, et al. Islet cell autoimmunity
and transplantation tolerance: two distinct mechanisms? Ann N Y Acad Sci. 2003; 1005:148-56. Epub
2003/12/18. PMID: 14679049.

Fousteri G, Dave A, Bot A, Juntti T, Omid S, von Herrath M. Subcutaneous insulin B:9-23/IFA immuni-
sation induces Tregs that control late-stage prediabetes in NOD mice through IL-10 and IFNgamma.
Diabetologia. 2010; 53(9):1958-70. Epub 2010/05/22. doi: 10.1007/s00125-010-1777-x PMID:
20490452; PubMed Central PMCID: PMC2910887.

Fousteri G, Chan JR, Zheng Y, Whiting C, Dave A, Bresson D, et al. Virtual optimization of nasal insulin
therapy predicts immunization frequency to be crucial for diabetes protection. Diabetes. 2010; 59
(12):3148-58. Epub 2010/09/25. doi: 10.2337/db10-0561 db10-0561 [pii]. PMID: 20864513; PubMed
Central PMCID: PMC2992777.

Tian J, Clare-Salzler M, Herschenfeld A, Middleton B, Newman D, Mueller R, et al. Modulating autoim-
mune responses to GAD inhibits disease progression and prolongs islet graft survival in diabetes-
prone mice. Nat Med. 1996; 2(12):1348-53. Epub 1996/12/01. PMID: 8946834.

Rayat GR, Singh B, Korbutt GS, Rajotte RV. Single injection of insulin delays the recurrence of diabetes
in syngeneic islet-transplanted diabetic NOD mice. Transplantation. 2000; 70(6):976—9. Epub 2000/10/
03. PMID: 11014652.

Ravanan R, Wong SF, Morgan NG, Mathieson PW, Smith RM. Inhalation of glutamic acid decarboxyl-
ase 65-derived peptides can protect against recurrent autoimmune but not alloimmune responses in
the non-obese diabetic mouse. Clin Exp Immunol. 2007; 148(2):368-72. Epub 2007/04/18. CEI3358
[pii] doi: 10.1111/j.1365-2249.2007.03358.x PMID: 17437424; PubMed Central PMCID: PMC1868866.

Kirk AD. Induction immunosuppression. Transplantation. 2006; 82(5):593—-602. Epub 2006/09/14. doi:
10.1097/01.tp.0000234905.56926.7f 00007890-200609150-00001 [pii]. PMID: 16969280.

Larsen CP, Knechtle SJ, Adams A, Pearson T, Kirk AD. A new look at blockade of T-cell costimulation:
a therapeutic strategy for long-term maintenance immunosuppression. Am J Transplant. 2006; 6(5 Pt
1):876-83. Epub 2006/04/14. AJT1259 [pii] doi: 10.1111/j.1600-6143.2006.01259.x PMID: 16611323.

PLOS ONE | DOI:10.1371/journal.pone.0127631

June 16,2015 12/13


http://dx.doi.org/10.1097/MOT.0b013e32835c6eda
http://dx.doi.org/10.1097/MOT.0b013e32835c6eda
http://www.ncbi.nlm.nih.gov/pubmed/23254700
http://dx.doi.org/10.1038/nrendo.2013.138
http://www.ncbi.nlm.nih.gov/pubmed/23897173
http://dx.doi.org/10.3727/096368912X654993
http://www.ncbi.nlm.nih.gov/pubmed/22963904
http://dx.doi.org/10.1007/s11892-013-0399-3
http://www.ncbi.nlm.nih.gov/pubmed/23943207
http://www.ncbi.nlm.nih.gov/pubmed/8610431
http://dx.doi.org/10.1016/j.clim.2008.03.459
http://www.ncbi.nlm.nih.gov/pubmed/18455963
http://dx.doi.org/10.1172/JCI35197
http://www.ncbi.nlm.nih.gov/pubmed/18431516
http://dx.doi.org/10.1007/s11892-011-0206-y
http://dx.doi.org/10.1007/s11892-011-0206-y
http://www.ncbi.nlm.nih.gov/pubmed/21660419
http://dx.doi.org/10.2337/db09-0498
http://www.ncbi.nlm.nih.gov/pubmed/20086230
http://dx.doi.org/10.1900/RDS.2012.9.385
http://www.ncbi.nlm.nih.gov/pubmed/23804275
http://www.ncbi.nlm.nih.gov/pubmed/16280651
http://www.ncbi.nlm.nih.gov/pubmed/14679049
http://dx.doi.org/10.1007/s00125-010-1777-x
http://www.ncbi.nlm.nih.gov/pubmed/20490452
http://dx.doi.org/10.2337/db10-0561
http://www.ncbi.nlm.nih.gov/pubmed/20864513
http://www.ncbi.nlm.nih.gov/pubmed/8946834
http://www.ncbi.nlm.nih.gov/pubmed/11014652
http://dx.doi.org/10.1111/j.1365-2249.2007.03358.x
http://www.ncbi.nlm.nih.gov/pubmed/17437424
http://dx.doi.org/10.1097/01.tp.0000234905.56926.7f
http://www.ncbi.nlm.nih.gov/pubmed/16969280
http://dx.doi.org/10.1111/j.1600-6143.2006.01259.x
http://www.ncbi.nlm.nih.gov/pubmed/16611323

@’PLOS ‘ ONE

Islet Transplant Tolerance in NOD Mice

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

Stratta RJ, Farney AC, Rogers J, Orlando G. Immunosuppression for pancreas transplantation with an
emphasis on antibody induction strategies: review and perspective. Expert Rev Clin Immunol. 2014; 10
(1):117-32. Epub 2013/11/19. doi: 10.1586/1744666X.2014.853616 PMID: 24236648.

Markees TG, Serreze DV, Phillips NE, Sorli CH, Gordon EJ, Shultz LD, et al. NOD mice have a general-
ized defect in their response to transplantation tolerance induction. Diabetes. 1999; 48(5):967—-74.
Epub 1999/05/20. PMID: 10331399.

Rossini AA, Mordes JP, Greiner DL, Stoff JS. Islet cell transplantation tolerance. Transplantation. 2001;
72(8 Suppl):S43—-6. Epub 2002/03/13. PMID: 11888156.

Pearson T, Markees TG, Wicker LS, Serreze DV, Peterson LB, Mordes JP, et al. NOD congenic mice
genetically protected from autoimmune diabetes remain resistant to transplantation tolerance induction.
Diabetes. 2003; 52(2):321-6. Epub 2003/01/24. PMID: 12540608.

Molano RD, Berney T, Li H, Cattan P, Pileggi A, Vizzardelli C, et al. Prolonged islet graft survival in
NOD mice by blockade of the CD40-CD154 pathway of T-cell costimulation. Diabetes. 2001; 50
(2):270-6. Epub 2001/03/29. PMID: 11272136.

Makhlouf L, Kishimoto K, Smith RN, Abdi R, Koulmanda M, Winn HJ, et al. The role of autoimmunity in
islet allograft destruction: major histocompatibility complex class Il matching is necessary for autoim-
mune destruction of allogeneic islet transplants after T-cell costimulatory blockade. Diabetes. 2002; 51
(11):3202—-10. Epub 2002/10/29. PMID: 12401711.

Gagliani N, Gregori S, Jofra T, Valle A, Stabilini A, Rothstein DM, et al. Rapamycin combined with anti-
CD45RB mAb and IL-10 or with G-CSF induces tolerance in a stringent mouse model of islet transplan-
tation. PLoS One. 2011; 6(12):28434. Epub 2011/12/17. doi: 10.1371/journal.pone.0028434 PONE-
D-11-10896 [pii]. PMID: 22174806; PubMed Central PMCID: PMC3235119.

Gagliani N, Jofra T, Valle A, Stabilini A, Morsiani C, Gregori S, et al. Transplant tolerance to pancreatic
islets is initiated in the graft and sustained in the spleen. Am J Transplant. 2013; 13(8):1963-75. Epub
2013/07/10. doi: 10.1111/ajt.12333 PMID: 23834659; PubMed Central PMCID: PMC3869180.

Fousteri G, Dave A, Juntti T, von Herrath M. CD103 is dispensable for anti-viral immunity and autoim-
munity in a mouse model of virally-induced autoimmune diabetes. J Autoimmun. 2009; 32(1):70-7.
Epub 2009/01/24. doi: 10.1016/j.jaut.2008.12.001 S0896-8411(08)00137-6 [pii]. PMID: 19162441;
PubMed Central PMCID: PMC2706207.

Setiady YY, Coccia JA, Park PU. In vivo depletion of CD4+FOXP3+ Treg cells by the PC61 anti-CD25
monoclonal antibody is mediated by FcgammaRlll+ phagocytes. Eur J Immunol. 2010; 40(3):780-6.
Epub 2009/12/30. doi: 10.1002/€ji.200939613 PMID: 20039297.

Orlando G, Gianello P, Salvatori M, Stratta RJ, Soker S, Ricordi C, et al. Cell replacement strategies
aimed at reconstitution of the beta-cell compartment in type 1 diabetes. Diabetes. 2014; 63(5):1433—
44. Epub 2014/04/24. doi: 10.2337/db13-1742 63/5/1433 [pii]. PMID: 24757193.

Han B, Serra P, Amrani A, Yamanouchi J, Maree AF, Edelstein-Keshet L, et al. Prevention of diabetes
by manipulation of anti-IGRP autoimmunity: high efficiency of a low-affinity peptide. Nat Med. 2005; 11
(6):645-52. Epub 2005/05/24. nm1250 [pii] doi: 10.1038/nm1250 PMID: 15908957.

Krishnamurthy B, Dudek NL, McKenzie MD, Purcell AW, Brooks AG, Gellert S, et al. Responses
against islet antigens in NOD mice are prevented by tolerance to proinsulin but not IGRP. J Clin Invest.
2006; 116(12):3258-65. Epub 2006/12/05. doi: 10.1172/JCI29602 PMID: 17143333; PubMed Central
PMCID: PMC1679712.

Olcott AP, Tian J, Walker V, Dang H, Middleton B, Adorini L, et al. Antigen-based therapies using ignored
determinants of beta cell antigens can more effectively inhibit late-stage autoimmune disease in diabe-
tes-prone mice. J Immunol. 2005; 175(3):1991-9. Epub 2005/07/22. 175/3/1991 [pii]. PMID: 16034144,

Tian J, Atkinson MA, Clare-Salzler M, Herschenfeld A, Forsthuber T, Lehmann PV, et al. Nasal admin-
istration of glutamate decarboxylase (GAD65) peptides induces Th2 responses and prevents murine in-
sulin-dependent diabetes. J Exp Med. 1996; 183(4):1561—7. Epub 1996/04/01. PMID: 8666914;
PubMed Central PMCID: PMC21925083.

Yoon JW, Yoon CS, Lim HW, Huang QQ, Kang Y, Pyun KH, et al. Control of autoimmune diabetes in
NOD mice by GAD expression or suppression in beta cells. Science. 1999; 284(5417):1183—7. Epub
1999/05/15. PMID: 10325232.

Lutterotti A, Yousef S, Sputtek A, Sturner KH, Stellmann JP, Breiden P, et al. Antigen-specific tolerance
by autologous myelin peptide-coupled cells: a phase 1 trial in multiple sclerosis. Sci Transl Med. 2013;
5(188):188ra75. Epub 2013/06/07. doi: 10.1126/scitransImed.3006168 5/188/188ra75 [pii]. PMID:
23740901; PubMed Central PMCID: PMC3973034.

Tian J, Olcott AP, Kaufman DL. Antigen-based immunotherapy drives the precocious development of
autoimmunity. J Immunol. 2002; 169(11):6564—9. Epub 2002/11/22. PMID: 12444168.

PLOS ONE | DOI:10.1371/journal.pone.0127631

June 16,2015 13/13


http://dx.doi.org/10.1586/1744666X.2014.853616
http://www.ncbi.nlm.nih.gov/pubmed/24236648
http://www.ncbi.nlm.nih.gov/pubmed/10331399
http://www.ncbi.nlm.nih.gov/pubmed/11888156
http://www.ncbi.nlm.nih.gov/pubmed/12540603
http://www.ncbi.nlm.nih.gov/pubmed/11272136
http://www.ncbi.nlm.nih.gov/pubmed/12401711
http://dx.doi.org/10.1371/journal.pone.0028434
http://www.ncbi.nlm.nih.gov/pubmed/22174806
http://dx.doi.org/10.1111/ajt.12333
http://www.ncbi.nlm.nih.gov/pubmed/23834659
http://dx.doi.org/10.1016/j.jaut.2008.12.001
http://www.ncbi.nlm.nih.gov/pubmed/19162441
http://dx.doi.org/10.1002/eji.200939613
http://www.ncbi.nlm.nih.gov/pubmed/20039297
http://dx.doi.org/10.2337/db13-1742
http://www.ncbi.nlm.nih.gov/pubmed/24757193
http://dx.doi.org/10.1038/nm1250
http://www.ncbi.nlm.nih.gov/pubmed/15908957
http://dx.doi.org/10.1172/JCI29602
http://www.ncbi.nlm.nih.gov/pubmed/17143333
http://www.ncbi.nlm.nih.gov/pubmed/16034144
http://www.ncbi.nlm.nih.gov/pubmed/8666914
http://www.ncbi.nlm.nih.gov/pubmed/10325232
http://dx.doi.org/10.1126/scitranslmed.3006168
http://www.ncbi.nlm.nih.gov/pubmed/23740901
http://www.ncbi.nlm.nih.gov/pubmed/12444168

