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A breakdown in self-tolerance underlies autoimmune
destruction of -cells and type 1 diabetes. A cure by
restoring B-cell mass is limited by the availability of
transplantable pB-cells and the need for chronic immu-
nosuppression. Evidence indicates that inhibiting costim-
ulation through the PD-1/PD-L1 pathway is central to
immune tolerance. We therefore tested whether induc-
tion of islet neogenesis in the liver, protected by PD-L1-
driven tolerance, reverses diabetes in NOD mice. We
demonstrated a robust induction of neo-islets in the liver
of diabetic NOD mice by gene transfer of Neurogenin3,
the islet-defining factor, along with betacellulin, an islet
growth factor. These neo-islets expressed all the major
pancreatic hormones and transcription factors. How-
ever, an enduring restoration of glucose-stimulated insu-
lin secretion and euglycemia occurs only when tolerance
is also induced by the targeted overexpression of PD-L1
in the neo-islets, which results in inhibition of proliferation
and increased apoptosis of infiltrating CD4" T cells. Fur-
ther analysis revealed an inhibition of cytokine produc-
tion from lymphocytes isolated from the liver but not from
the spleen of treated mice, indicating that treatment did
not result in generalized immunosuppression. This treat-
ment strategy leads to persistence of functional neo-
islets that resist autoimmune destruction and conse-
quently an enduring reversal of diabetes in NOD mice.

Restoration of functional B-cell mass to cure type 1
diabetes (T1D) has been limited by a lack of long-lasting
transplantable B-cells (1). The long-term success of
islet transplantation is limited by the requirement
for chronic immunosuppression, limited donor avail-
ability, and eventual graft failure (2). Although immu-
nosuppressive regimens have been optimized, they lead
to generalized immunosuppression, with some of the
drugs themselves being (-cell toxic (3). Targeted immu-
nomodulation, without systemic immunosuppression, to
prevent islet destruction by autoimmunity still remains an
elusive goal.

T-effector cells mediate the autoimmune destruction of
B-cells in T1D, although the mechanisms underlying this
loss of self-tolerance remains poorly understood. Studies
have highlighted the central role of the programmed
death-1/programmed death ligand-1 (PD-1/PD-L1) path-
way in the induction and maintenance of peripheral tol-
erance in autoimmune diabetes (4-9). The engagement of
PD-L1, expressed normally by {-cells, with PD-1 on T-
effector cells leads to truncation of the T-cell receptor
(TCR) signal by inhibiting the required costimulation
pathways and limits cytolysis by local self-reactive T cells
(10,11) in both native and transplanted islets (12-14). In
addition, NOD transgenic mice constitutively expressing
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PD-L1 under the human insulin promoter were signifi-
cantly protected from diabetes (15), attesting to the tol-
erogenic role of the PD-1/PD-L1 pathway.

Although induction of islet neogenesis is an attractive
approach to the restoration of (3-cell mass, it still requires
immunomodulation to prevent autoimmune destruction
of the induced neo-islets. We have demonstrated previ-
ously that delivery of the islet lineage-determining gene
Neurogenin3 (Ngn3) with the islet growth factor gene
betacellulin (Btc) using helper-dependent adenoviral
(HDAd) vectors induces ectopic islet neogenesis in the
periportal regions of the liver that is sufficient to reverse
insulin-deficient diabetes in streptozotocin-induced dia-
betic mice (16,17). However, in NOD mice, this regimen
does not lead to a diabetes reversal due to autoimmune-
mediated destruction of the induced neo-islets. In this
study, we demonstrate that targeted induction of tolerance
by overexpression of PD-L1 in the newly induced {3-cells
promotes 3-cell long-term survival, leading to a reversal of
diabetes in NOD mice with restoration of glucose toler-
ance. We show that this tolerance is due to a local reduc-
tion in the number and activation of CD4" T cells only in
the periportal regions surrounding the neo-islets. This
study demonstrates that tolerance can be conferred to
Ngn3-induced islet neogenesis by inhibition of costimula-
tion with PD-L1 to effectively reverse T1D.

RESEARCH DESIGN AND METHODS

Animals

NOD/ShiLtJ and NOD.CB17-Prkdc*“d/J (NOD-Scid) mice
(The Jackson Laboratory) were housed under standard con-
ditions. All animal protocols were approved by the Insti-
tutional Animal Care and Use Committee at Baylor College
of Medicine. Nonfasting body weight and blood glucose
were monitored weekly at ~9 aM. The vectors encoding
Ngn3 (HDAd-Ngn3), Btc (HDAd-Btc), and RIP-PD-L1
(HDAd-PD-L1) were generated on serotype 5 as described
previously (16). Total vector dose was maintained at 7 X
10"" viral particles (vp) in all treatment groups as follows:
[5 X 10" vp Ngn3 + 1 X 10™ vp Btc + 1 X 10™ vp
empty vector]; [5 X 10™ vp Ngn3 + 1 X 10™ vp Btc + 1 X
10" vp PD-L1]; or [1 X 10" vp PD-L1 + 6 X 10" vp
empty vector]. HDAd vectors were injected intravenously
through the tail vein within 48 h after diagnosis of di-
abetes (two blood glucose measurements between 250
and 500 mg/dL). A glucose tolerance test (GTT) was per-
formed 4 and 8 weeks after treatment on 6-h fasted mice
administered 1.5 g/kg p-glucose i.p., and glucose and in-
sulin were assayed at 0, 15, 30, 60, 120 min. BrdU (15
wL/g) was injected 2 h before kill.

Immunofluorescence Microscopy and
Immunohistochemistry

Immunofluorescence and immunostaining were perform-
ed on 5-pm-thick formalin-fixed paraffin-embedded liver
and pancreas sections as previously described (16,18).
Primary antibodies were used and their dilutions are
available on request. For assessing the T-cell numbers
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and their colocalization with BrdU, TUNEL, and Foxp3 in
the periportal clusters, 1,000-2,000 cells were counted
from 30-40 clusters from three sections 100 pm apart
in four to five mice from each group.

Flow Cytometry

Mononuclear cells from the liver and spleen 8 weeks after
treatment (Ngn3-Btc or Ngn3-Btc+PD-L1) were isolated
as previously described (19) and used for flow cytometry
analysis immediately or after culture ex vivo. For ex vivo
culture, cells were seeded in a 96-well flat-bottomed plate
coated with anti-CD3 (4 pg/mL) overnight and cultured
for 48 h in medium containing anti-CD28 (2 pg/mL).
Cells were analyzed after a 6-h incubation period with
1 pL/mL GolgiPlug. For in vitro stimulation and coincu-
bation of CD4" cells and B-cells together, CD4" cells were
purified from the spleens of nondiabetic NOD mice and
stimulated with anti-CD3 and anti-CD28 as aforemen-
tioned. B-Cells (rat insulinoma B-cell line [a gift from
Akio Koizumi, Graduate School of Medicine, Kyoto Uni-
versity]) were infected with helper-dependent empty
(HDAd-empty) or PD-L1 virus (HDAd-PD-L1) for 2 days.
Purified CD4" were incubated 1:1 with infected B-cells for
24 h. Cells were analyzed after a 6-h incubation period
with 1 pL/mL GolgiPlug. Cells were acquired on an LSR II
(BD Biosciences) flow cytometer and analyzed with FlowJo
(Tree Star, Inc.) software.

Bio-Plex Tissue Cytokine Assay

Lysate from the livers of mice treated for 8 weeks and
pancreas from diabetic and nondiabetic NOD mice were
used at a final protein concentration of 0.5 mg/mL and
assayed for cytokines using 23 cytokine multiplexed bead-
based immunoassay kits and the Bio-Plex tissue cytokine
assay system (Bio-Rad), using high photomultiplier tube
settings and at least 100 bead count per analyte per
manufacturer’s protocol.

Adoptive Transfer

Two million splenocytes (from Ngn3-Btc+PD-L1- or
Ngn3-Btc-treated groups) in 250 pL serum-free media
were injected intraperitoneally into 6-week-old female NOD-
Scid mice. Three to five donors were used per treatment
group with one to two recipients per donor. Two million
splenocytes from diabetic NOD mice were injected into
6-week-old female NOD-Scid mice or Ngn3-Btc+PD-L1-
treated mice. Weekly blood glucose levels were measured
in the recipients to determine the diabetes transfer rate.

Skin Transplantation

Skin transplantation was performed as described pre-
viously (20). Briefly, ear skin (1.0 cm?) from the donor
mice (8-12 weeks old, C57BL/6) was grafted onto the
flank of recipient NOD mice (Ngn3-Btc+PD-L1- or
Ngn3-Btc-treated mice). Grafts were scored daily until
rejection (defined as 80% of grafted tissue becoming ne-
crotic and reduced in size).
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Virus Clearance

Helper virus serotype 2 (1 X 10t vp/mouse) was injected
intravenously (21) into Ngn3-Btc+PD-L1 or Ngn3-Btc
mice. Mice were killed at day 3 or 3 weeks after injection,
and liver tissue was harvested. DNA was extracted using
a DNeasy Blood & Tissue Kit (QIAGEN), and viral copy
number was analyzed by quantitative PCR using serotype-
specific primers

Statistical Methods
Student t test or ANOVA was used for significance test-
ing. For the adoptive transfer experiment, Kaplan-Meier
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survival analysis using log-rank test was used in SigmaPlot.
P < 0.05 was considered significant.

RESULTS

Ngn3-Btc+PD-L1 Gene Transfer Reverses Diabetes

in NOD Mice

We have shown before that Ngn3-Btc gene transfer using
HDAd vectors leads to the induction of insulin-expressing
neo-islets in the liver and reverses diabetes in streptozotocin-
induced diabetic mice (16,17). However, this did not ame-
liorate the hyperglycemia in overtly diabetic NOD mice,
which continued to lose weight with time (Fig. 1A and B).
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Figure 1—Ngn3-Btc+PD-L1 reverses hyperglycemia and restores glucose tolerance. A and B: Blood glucose and body weight in diabetic
NOD mice (Ngn3-Btc+PD-L1 group, n = 16; other groups, n = 4-7). C: Nonfasting plasma insulin at indicated time points (n = 4-8). D and E:
Plasma aspartate aminotransferase (AST) (D) and alanine aminotransferase (ALT) (E) at the indicated time points (n = 4-6). F-/: Plasma
glucose and insulin during an intraperitoneal GTT at 4 weeks (F and G) and 8 weeks (H and /). Data are mean = SEM. *P = 0.05.
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We therefore combined Ngn3-Btc with RIP-driven PD-
L1 so that the expression of PD-L1 is limited only to
insulin-expressing cells induced in the liver of treated
mice. In contrast to Ngn3-Btc or PDL-1 gene transfer
alone, the combination therapy led to a rapid reversal
of hyperglycemia and promoted weight gain in >75%
of treated mice. This was sustained for at least 14
weeks, the duration of the study (Fig. 1A and B). The
treatment restored normal circulating plasma insulin
(Fig. 1C) with no deleterious effects on liver function
(Fig. 1D and E). A GTT demonstrated restoration of nor-
mal glucose tolerance and in vivo glucose-stimulated in-
sulin secretion to the levels seen in nondiabetic mice by
4 weeks (Fig. 1F and G), and this was sustained at 8 weeks
after treatment (Fig. 1H and I) only when treatment with
Ngn3-Btc was combined with PD-L1.
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Neo-islets Induced in the Liver of Ngn3-Btc-Treated
NOD Mice Persist Only When PD-L1 Is Also Expressed
Ngn3-Btc transiently induced insulin-expressing cells in
the periportal regions of the liver in overtly diabetic NOD
mice (Fig. 24), which were quickly destroyed by an im-
mune infiltrate. In contrast, the periportal neo-islets in-
duced by Ngn3-Btc+PD-L1 combination therapy in the
liver are similar to pancreatic islets in that they express
the four major islet hormones that were clearly identified
by 4 weeks and sustained when re-examined at 8 and 12
weeks after treatment (Fig. 2A-E and Supplementary Fig.
1A). These neo-islets stained robustly for both insulin and
C-peptide (Fig. 2A and B), indicating that they produced
proinsulin that was processed to mature insulin. The in-
duction and persistence of neo-islets was limited to the
liver because the pancreas did not show any recovery of
islets (Supplementary Fig. 1B). Strong staining for PD-L1
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Figure 2—Ngn3-Btc+PD-L1 induces neo-islets in the periportal regions of the liver. A-E: Representative sections of Ngn3-Btc+PD-L1-
treated diabetic NOD mouse liver stained by immunohistochemistry for insulin (A); C-peptide (B); glucagon (C); somatostatin (SST) (D); and
pancreatic polypeptide (PP) (E) at 4 weeks (4w) after diabetes onset or treatment. Scale bar = 20 wm. Periportal clusters of cells were only
occasionally seen in the PD-L1 group and are shown in A and B to contrast their staining with that of the Ngn3-Btc and Ngn3-Btc+PD-L1
groups. Most of the periportal areas in the PD-L1 group were similar to those shown in C-E. PV, portal vein.
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was limited only to the insulin-expressing neo-islets (Sup-
plementary Fig. 2A and B).

The periportal neo-islets also expressed transcripts
of the various islet hormones (Fig. 3A). At 4 weeks,
consistent with the data shown in Fig. 2, Ngn3-Btc,
either alone or combined with PD-L1, induced many
of these hormones (Supplementary Fig. 3A). However, by
8 weeks after treatment, the level of expression of these
hormones was significantly higher in the mice treated
with Ngn3-Btc+PD-L1, in parallel with the persistence
and expansion of the neo-islets when PD-L1 was added
to Ngn3-Btc (Fig. 3A and Supplementary Fig. 3A). A similar
pattern of gene expression was observed with the islet
transcription factors (Fig. 3B and Supplementary Fig. 3B)
and in the progressive increase of Pdx-1 and Nkx6.1 pro-
tein levels, transcription factors critical to the normal de-
velopment and function of B-cells (Fig. 3C and D). Of note,
expression of Ngn3 itself and many of its immediate down-
stream target genes, such as Neurodl, persisted in mice
treated only with Ngn3-Btc, despite the autoimmune-
mediated destruction of insulin-expressing cells. This obser-
vation supports the hypothesis that Ngn3-Btc is effective in
inducing the transcription factors required for neo-islet
development, but PD-L1 is required only to allow their
persistence in the face of an autoimmune attack. These
neo-islets also expressed hepatic oval cell markers OC2-
1D11 (22) and A6 (Supplementary Fig. 4A and B), con-
sistent with our previous study that these neo-islets
arose from the reprogramming of hepatic oval cells
(16).
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Targeted PD-L1 Expression in Neo-islets Leads

to a Decrease in CD4* T Cells Locally in and Around
Neo-islets

To elucidate mechanisms underlying PD-L1-induced tol-
erance of these neo-islets in the liver, we quantified the
number of T cells and their subsets in liver sections from
mice treated with Ngn3-Btc with and without PD-L1. Immu-
nostaining revealed that CD3" T cells were significantly re-
duced in and around the induced neo-islets in the periportal
regions of the livers of Ngn3-Btc+PD-L1-treated mice (Fig.
4A and B). Of note, this was due to a decrease in the
CD4" T cells but not CD8" T cells. We then tested
whether neo-islet-restricted expression of PD-L1 had
an effect on T cells beyond the periportal areas. When
single-cell suspensions of the whole liver were assessed
by flow cytometry, the total number of CD4" and CD8"
T cells was not different in the two groups treated with
Ngn3-Btc with or without PD-L1 (Supplementary Fig. 5A-
D), in contrast to that observed only in the periportal areas
surrounding the neo-islets (Fig. 4A and B). This suggests
that expression of insulin promoter—driven PD-L1 resulted
only in local immunomodulation in the periportal regions.

Targeted PD-L1 Expression in Neo-islets Inhibits
Proliferation and Promotes Apoptosis of Local CD4*

T Cells by a Foxp3-Independent Mechanism

To determine the mechanism of the decrease in local
CD4" T cells in Ngn3-Btc+PD-L1-treated mice, we tested
the rate of proliferation and apoptosis of the infiltrating
T cells in periportal regions of the liver. BrdU incorpora-
tion, indicative of active proliferation, was significantly
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Figure 3—Neo-islets express islet hormones and transcription factors. Quantitative RT-PCR showing the expression of islet hormones (A)
and transcription factors (B) involved in islet development at 8 weeks (n = 4-5). Data are mean + SEM. *P =< 0.05. C and D: Representative
sections of liver stained for Pdx-1 and Nkx 6.1 in various groups. Scale bar = 20 pm. 4w, 4 weeks; 8w, 8 weeks; 12w, 12 weeks; Ins-1, rat
insulinoma cell line INS-1; Ins-2, rat insulinoma cell line INS-2; PP, pancreatic polypeptide; PV, portal vein; SST, somatostatin.
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Figure 4—Ngn3-Btc+PD-L1 treatment reduces the local number of CD4* T cells infiltrating the periportal neo-islet clusters. A: Represen-
tative sections in control and Ngn3-Btc+PD-L1-treated NOD mouse liver stained for CD3, CD4, and CD8. B: CD3", CD4*, and CD8" cells
represented as a percentage of all cells only in periportal clusters. C: Representative sections in the liver of control and Ngn3-Btc+PD-L1-
treated NOD mice costained for BrdU with CD3, CD4, or CD8. D: Percentage of BrdU™ T cells in the periportal clusters. E: Representative
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periportal clusters. Scale bar = 50 wm. Data are mean = SEM (n = 4-5 per group). *P =< 0.05. PV, portal vein.

lower in CD3" T cells (Fig. 4C and D) but not in CD8"
T cells (Fig. 4C and D), consistent with the reduction only
in numbers of CD4"* T cells. Furthermore, an increase in
apoptosis was detected by TUNEL staining in CD3" T cells
infiltrating the neo-islets in Ngn3-Btc+PD-L1-treated
mice compared with the controls that received only
Ngn3-Btc (Fig. 4E and F).

Because Foxp3" regulatory T cells (Tregs) have been in-
voked as mediating tolerance induction by PD-L1 (23,24),
we measured the number and expression of Foxp3™ cells in
these mice. The number of Foxp3™ cells in the whole liver,
as assessed by flow cytometry, was surprisingly not differ-
ent between the mice that received PD-L1 and those that
did not (Supplementary Fig. 64 and B), a finding that was

corroborated by Western blotting of whole-liver lysate for
Foxp3 protein (Supplementary Fig. 6C and D). Further-
more, the number of Foxp3™ cells among the infiltrating
periportal T cells also was not different between the two
treatment groups (Supplementary Fig. 6E). These data ex-
cluded Foxp3™ Tregs as playing a major role in the induction
and maintenance of peripheral tolerance to the neo-islets
with Ngn3-Btc+PD-L1 treatment.

Inactivation of Infiltrating T Cells in the Liver Results
From Targeted PD-L1 Expression in Neo-islets

We then investigated whether PD-L1 expressed on the neo-
islets was also leading to local T-cell inactivation. We
assessed by flow cytometry the expression of cytokines in
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T cells isolated from mice 8 weeks after treatment and
stimulated ex vivo using anti-CD3 and anti-CD28. CD4" T
cells expressing interferon-y (IFN-y) (7.38%) or tumor ne-
crosis factor-a (TNF-av) (6.63%) were significantly decreased
in the livers of mice that received Ngn3-Btc+PD-L1 (Fig. 5A
and B) compared with mice that received Ngn3-Btc but
no PD-L1 (16.4% and 13.1%, respectively). We thus con-
cluded that the addition of PD-L1 to the neo-islet-inducing
Ngn3-Btc regimen is sufficient to decrease the activation of
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the liver T cells in the periportal “fighting” zone. In parallel
experiments, we also show that this degree of CD4" activa-
tion is similar to that seen in the liver of untreated diabetic
NOD mice (Fig. 5C and D). This was also consistent with
a significantly lower TNF-a protein on Western blotting of
Ngn3-Btc+PD-L1-treated mouse liver lysates compared
with controls that received only Ngn3+Btc (Fig. 5E).

We then explored the molecular mechanisms underlying
this local T-cell inactivation by PD-L1 expression on neo-
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islets. PD-L1-mediated costimulation inhibition occurs by
inhibiting the TCR/MHC class II (MHC-II) costimulation
pathways. However, the neo-islets do not express MHC-II
antigens (Supplementary Fig. 7A). This raised the possibil-
ity that a simultaneous spatiotemporal TCR engagement
may not be required for PD-L1-mediated inhibition of
costimulation. To test this, we stimulated isolated CD4"
T cells with anti-CD3 and anti-CD28 antibodies to activate
the TCR/MHC-II costimulation pathways. When these
stimulated CD4" T cells were subsequently coincubated
with PD-L1 overexpressing mouse insulinoma cells, there
was a significant decrease in IFN-y- and TNF-o-positive
cells compared with controls (Fig. 6A and B). This demon-
strated that PD-L1-mediated T-cell inactivation can be spa-
tiotemporally separated from TCR/MHC-II engagement.
We also identified MHC-II-expressing B cells infiltrating
the neo-islets that may be providing the stimulus to acti-
vate the TCR signaling cascade in these infiltrating CD4" T
cells (Supplementary Fig. 7).

To comprehensively test the effect of the targeted ex-
pression of PD-L1 in the neo-islet on the liver cytokine
profile, we assessed 23 cytokines in whole-liver lysate
using the Bio-Plex tissue cytokine assay system. Many
cytokines involved in the pathogenesis of diabetes in
NOD mice, including interleukin (IL)-1B, TNF-a, IL-10,
and IL-17, were downregulated in the liver when PD-L1
was added to Ngn3-Btc (Fig. 7A). Of note, when compared
with the results from that of diabetic NOD mouse pan-
creas (Fig. 7B), there was a remarkable inverse correlation
in that most of the cytokines that were increased in NOD
diabetic pancreas were decreased in the livers of mice
treated with Ngn3-Btc+PD-L1, indicating that mecha-
nisms that destroy (-cells in the pancreas have been spe-
cifically attenuated by PD-L1 and supporting this as
a mechanism for the tolerance induction by PD-L1 in
this setting.

Ngn3-Btc+PD-L1 Treatment Is Not Associated With
Systemic Immunosuppression

To assess whether systemic immunosuppression could have
contributed to the observed tolerance in Ngn3-Btc+PD-L1-
treated mice, we isolated lymphocytes from the spleen of
mice treated with Ngn3-Btc with and without PD-L1 and
compared the expression of TNF-a and IFN-y upon TCR-
dependent stimulation with anti-CD3 and anti-CD28.
Splenocytes from mice treated with Ngn3-Btc with or with-
out PD-L1 exhibited a similar response upon stimulation in
terms of IFN-y and TNF-a expression (Fig. 8A-C). Other
controls for this experiment performed are shown in Sup-
plementary Fig. 8A-D. We also performed skin allografts
from C57BL/6 mice into diabetic NOD mice that had re-
ceived Ngn3-Btc with or without PD-L1. Ngn3-Btc+PD-L1
mice rejected the skin graft at the same rate and time
course as the controls that did not receive PD-L1 (data
not shown), confirming that generalized immunosuppres-
sion was not induced by Ngn3-Btc+PD-L1 therapy. Having
thus excluded systemic immunosuppression as a mechanism
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stimulated CD4" cells coincubated with B-cells infected with
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for the tolerance to neo-islets in Ngn3-Btc+PD-L1, we
tested whether the immune system in the liver could clear
other antigens. We injected mice treated with Ngn3-Btc
with or without PD-L1 with an adenovirus (of a serotype
that was different from the original vectors) and assessed
viral clearance rate after 3 weeks. This experiment indicated
that both groups had similar viral clearance rates (Supple-
mentary Fig. 9), indicating that PD-L1 expression limited to
the neo-islets in the liver did not impair the ability of the
liver to clear other antigens.

Ngn3-Btc+PD-L1-Induced Neo-islets Resist
Destruction by Adoptively Transferred

Diabetogenic Splenocytes

To exclude the possibility that a loss of diabetogenicity
of the T cells in mice that received PD-L1 underlies
the tolerance, we performed an adoptive transfer of
splenocytes from the Ngn3-Btc+PD-L1- and Ngn3-Btc-
treated mice into NOD-Scid recipients. Splenocytes from
Ngn3-Btc+PD-L1-treated donor mice robustly transferred
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diabetes (Fig. 8D), indicating that there was no reduction
in the diabetogenicity of the splenocytes and no peripheral
tolerance to islet antigens in the donor Ngn3-Btc+PD-L1
mice. Indeed, they actually led to a significantly earlier
onset of diabetes in the recipients than in the control
NOD-Scid mice receiving splenocytes from Ngn3-Btc-treated
donors, which may be a reflection of the persistent islet
antigenic presence in the Ngn3-Btc+PD-L1 condition. We
then did the converse experiment wherein we performed
adoptive transfer using diabetogenic splenocytes from newly
diabetic NOD mice and transferred them to NOD-Scid
mice (controls) and to euglycemic Ngn3-Btc+PD-L1-treated
diabetic NOD mice. The Ngn3-Btc+PD-L1 mice remained
completely resistant to diabetes up to 15 weeks, whereas all
the NOD-Scid recipients became diabetic by 7 weeks (Fig. 8E).
These experiments demonstrate that Ngn3-Btc+PD-L1
treatment induced a local tolerance in the periportal
regions despite the presence of diabetogenic T cells, lead-
ing to the persistence of the neo-islets and a long-term
reversal of diabetes in NOD mice.

DISCUSSION

Although innumerable studies have reported decreasing
the incidence of diabetes in NOD mice (25), only a few
successful interventions have reversed diabetes after dis-
ease onset. The most notable success has been achieved by
targeting the TCR complex by anti-CD3 antibodies (26-29)

and antithymocyte globulin (30-33), although generalized
immunosuppression limits the translational applicability
of these approaches. Other targeted therapies, including
antigen-specific approaches by using dendritic cell-
expanded islet-specific Tregs (34) and IL-2 therapy-
expanded Tregs (35), have had some success in restoring
euglycemia, although an enduring response was rarely
seen and never with high efficacy. Mixed hematopoietic
chimerism achieved by an anti-CD3/anti-CD8 conditioning
regimen with bone marrow transplantation to inhibit auto-
immunity reversed diabetes in 60% of NOD mice when
combined with 2 months of daily injections of epidermal
growth factor and gastrin to induce B-cell formation (36).

In the current study, we tested whether engineered
neo-islets that specifically resist T-cell-targeted destruc-
tion offer a cure for diabetic NOD mice. With targeted
expression of PD-L1 in the Ngn3-Btc-induced insulin-
expressing cells, we demonstrate that this approach is
sufficient to reverse diabetes by persistent functional
neo-islets in the liver. In the data not shown, these treated
mice remained euglycemic for prolonged periods up to 1
year without any untoward effects, such as liver dysfunc-
tion, tumors, or hypoglycemia. We show that this occurs
as a result of PD-L1-mediated reduction in activated T
cells locally around the neo-islets, without systemic im-
munosuppression. These data are consistent with previ-
ous studies demonstrating that the expression of PD-L1
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Data are mean = SEM (n = 3-5 per group).

induces tolerance by a reduction in the number of infil-
trating T cells by inducing apoptosis while inhibiting pro-
liferation of T cells (37).

Although Foxp3" Tregs have also been shown to medi-
ate the tolerance induction by PD-L1 in some settings
(24), the current data indicate that the locally induced
tolerance to the neo-islets is Foxp3 independent. This is
also consistent with other studies revealing that systemic
development of Tregs may not occur when manipulation

of immune responses is done in an organ-specific or
-limited microenvironment (38-40). Although the liver
microenvironment has been suggested to be more tolero-
genic than other tissues (41), it may play a contributory
but not a determinant role in this study because the neo-
islets induced in the control mice that received Ngn3-Btc
were rapidly destroyed and the expression of PD-L1 on the
neo-islets was required for their continued survival. The
persistent diabetogenicity of splenocytes in the mice that
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expressed PD-L1 on the neo-islets and the resistance of
these neo-islets to destruction by extraneous diabetogenic
splenocytes demonstrate the critical tolerogenic role played
by modulation of the microenvironment surrounding the
neo-islets without perturbing the systemic immune system.
These experiments also demonstrate that PD-L1 expres-
sion is not required to be on the same cell that carries
the MHC-II to engage the TCR on the CD4" cells.

Some paradoxical observations in transgenic models
have been made wherein PD-L1 was overexpressed in
B-cells in various genetic backgrounds: Overexpression in
a B6 background led to an increase in allograft rejection
and induction of autoimmune diabetes (42), whereas in
the NOD background, there was a clear protection from
diabetes (15). However, the preponderance of evidence in
NOD mice points to a significant inhibition of T-cell re-
sponse and protection with the activation of the PD/PD-
L1 pathway in both transgenic and transplant models
(12,15,43,44). These studies are consistent with the pres-
ent observation that expression of PD-L1 in target cells
leads to a decrease in activation of T cells and an inhibi-
tion of T-cell proliferation.

One other study using a first-generation adenoviral
vector-mediated gene transfer of Pdx-1 to the liver
reported induction of insulin expression in hepatocytes
with a decrease in hyperglycemia in fewer than one-half
of the mice treated (45). A decreased diabetogenicity of
the splenocytes from treated mice was reported as the
reason for the tolerance, although the mechanism of
this decreased diabetogenicity was not defined. In con-
trast, splenocytes from the treated mice in the current
study showed increased diabetogenicity in destroying re-
cipient pancreatic islets in adoptive transfer experiments.
This is likely to be secondary to the persistent antigen
exposure from the neo-islets that would perpetuate dia-
betogenic lymphocytes in the body.

Cell-intrinsic requirement of PD-1 expression on islet-
reactive CD4" T cells in diabetes induction has been dem-
onstrated (44,46). This is consistent with a model
wherein the PD-L1 expressed on the neo-islets engages
the PD-1 on the infiltrating T cells to inactivate them for
tolerance induction. However, other studies identified the
important role of PD-L1 binding to B7-1-mediating T-cell
inhibition (47,48), specifically in diabetogenesis in NOD
mice (49). The current study was not designed to address
this question, and future experiments will need to address
whether the binding of PD-L1 to PD-1 or B7-1 mediates
the tolerance induction seen in this study.

With the regimen of Ngn3-Btc+PD-L1, 24% of the mice
did not respond to tolerance induction and remained
diabetic while showing significant insulitis and loss of
insulin-positive neo-islets similar to mice that did not
receive PD-L1. It is likely that other pathways that are not
regulated by the inhibition of costimulation by PD-L1
exist in these mice, and unraveling the mechanisms that
underlie the resistance to tolerance induction will require
further study.
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In summary, we demonstrate that Ngn3-Btc gene
transfer is adequate to induce ectopic islet neogenesis in
the liver of diabetic NOD mice and reverse diabetes when
combined with targeted PD-L1 expression to inhibit the
costimulatory pathway selectively in T cells infiltrating
the newly induced B-cells. To our knowledge, this report
is the first of a successful enduring reversal of diabetes
achieved in a majority of overtly diabetic NOD mice by
inducing islet neogenesis with concurrent {-cell-
specific tolerance without systemic immunosuppres-
sion. This treatment strategy may be an attractive
and viable approach to B-cell replacement therapy of
autoimmune T1D.
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