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Immunoregulatory mechanisms triggered
by viral infections protect from type 1
diabetes in mice

Christophe M. Filippi, Elizabeth A. Estes, Janine E. Oldham, and Matthias G. von Herrath

La Jolla Institute for Allergy & Immunology, La Jolla, California, USA.

Type 1 diabetes (T1D) is an autoimmune disease that is caused by the destruction of insulin-producing {3 cells.
Viral infections induce immune responses that can damage 3 cells and promote T1D or on the other hand
prevent the development of the disease. However, the opposing roles of viral infections in T1D are not under-
stood mechanistically. We report here that viruses that do not inflict damage on 3 cells provided protection
from T1D by triggering immunoregulatory mechanisms. Infection of prediabetic NOD mice with Coxsackie
virus B3 or lymphocytic choriomeningitis virus (LCMV) delayed diabetes onset and reduced disease incidence.
Delayed T1D onset was due to transient upregulation of programmed cell death-1 ligand 1 (PD-L1) on lym-
phoid cells, which prevented the expansion of diabetogenic CD8* T cells expressing programmed cell death-1
(PD-1). Reduced T1D incidence was caused by increased numbers of invigorated CD4*CD25* Tregs, which pro-
duced TGF-f§ and maintained long-term tolerance. Full protection from T1D resulted from synergy between
PD-L1 and CD4*CD25* Tregs. Our results provide what we believe to be novel mechanistic insight into the role
of'viruses in T1D and should be valuable for prospective studies in humans.

Introduction

Type 1 diabetes (T1D) is an autoimmune disease that results from
immune-mediated destruction of insulin-producing 3 cells in the
pancreatic islets of Langerhans and leads to severely deficient glucose
metabolism (1). While T1D is a polygenic disorder, it is under the
critical influence of epigenetic or environmental parameters, such as
infections, that can either promote or diminish autoimmunity (2).
Viruses are prime candidates for infectious risk factors because they
can induce strong cellular immune responses and in some cases infect
and damage f} cells while causing local inflammation in the pancreas.
These phenomena could account for presentation of f§ cell antigens
to autoreactive T cells, resulting in their activation and attack on f8
cells. On the other hand, epidemiological and experimental evidence
indicates that infections, and most notably those mediated by viruses,
can efficiently prevent T1D (supporting the “hygiene hypothesis”).
Whether a particular virus could cause or prevent T1D thus still
remains unknown and is subject to much debate (3). Active investiga-
tion on this topic is currently undertaken in humans (4) as well as ani-
mal models of T1D, such as NOD mice, which develop spontaneous
autoimmune diabetes that mimics many aspects of human disease.
A number of different viruses can modulate the outcome of T1D in
NOD mice; notably, Coxsackie virus B (CVB) and lymphocytic chorio-
meningitis virus (LCMV) strain Armstrong have been shown to bear
both enhancing and protective capacity in NOD T1D, depending on
the context. While CVB4 promotes T1D in NOD mice (5) (though
possibly depending on the time point at which infection occurs; ref.
6), CVB3 significantly protects these mice from diabetes (7). And while
LCMV s used as a means to induce T1D experimentally in NOD (and
other) mice that transgenically express LCMV antigens in their  cells
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(8-10), this virus otherwise efficiently prevents T1D in these mice (11,
12). These observations suggest that when no direct B cell damage
is caused during infection, pancreatotropic viruses such as CVB and
LCMV can be tolerogenic rather than diabetogenic.

Prevention of T1D can be achieved in NOD mice by a number of
viruses or noninfectious compounds that paradoxically induce strong
inflammation and immunity activity locally in the pancreas (while
sparing P cells) during the prediabetic phase (13). However, one key
feature of inflammation and antiviral immunity often overlooked
with respect to autoimmunity is that they have the potential to cause
severe immune pathology and are therefore highly regulated by a
number of feedback mechanisms that ensure that the cells participat-
ing in antiviral immunity are rapidly eliminated or kept under con-
trol following their activation. Such immunoregulatory mechanisms
notably comprise (a) the expression of inhibitory molecules such as
programmed cell death-1 (PD-1) on activated T cells, (b) the activation
or induction of CD4*CD25*Foxp3* Tregs, and (c) the production of
suppressor cytokines such as TGF-f. Of importance is that these dif-
ferent factors all constitute major regulators of not only antiviral but
also autoimmune responses: the PD-1 ligand 1 (PD-L1)/PD-1 interac-
tion exerts efficient control over expansion of antiviral T cells, to the
point where it is exploited by certain viruses to mediate T cell exhaus-
tion or elimination, and ensuing viral persistence (14, 15); but this
pathway also plays a critical role in the control of autoimmunity (16,
17),and in T1D it has been shown to maintain tolerance during the
prediabetic phase or after therapy (18, 19). CD4*CD25*Foxp3* Tregs
are crucial for the maintenance of tolerance in the periphery (20) and
can be activated or generated therapeutically to confer long-term pro-
tection from T1D (21); but these cells also appear to actively partici-
pate in the control of antiviral T cell responses, possibly with the goal
of limiting immune pathology that can be caused by acute and robust
antiviral mechanisms (22-26). Finally, TGF-f} is a cytokine required
for normal immune homeostasis (27, 28) and bearing suppressive
properties that can confer efficient protection from T1D (29-33);
but the suppressive effect of this cytokine also permits the control
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Figure 1

Acute infection of prediabetic NOD mice with CVB3 or LCMV delays
T1D onset and diminishes disease incidence. Cumulative diabetes
incidence over time in NOD mice left untreated (Naive) or infected at
9 weeks of age with CVB3 (orange triangles) or LCMV (green inverted
triangles). ***P < 0.001.

of T cells during viral infection, which is crucial for the regulation of
antiviral immunity (34). In sum, similar mechanisms seem to control
antiviral immunity and autoimmunity in T1D.

We thus hypothesized that immunity to viral infections might
be under the control of regulatory mechanisms that, provided no
extensive damage to f3 cells occurs, would confer protection from
T1D. We used CVB3 and LCMV, which prevent rather than trig-
ger T1D in NOD mice, and found that 2 distinct control mecha-
nisms are indeed induced during immunity to these viruses and
can operate in synergy to efficiently abort the autoimmune pro-
cess leading to T1D: upregulation of PD-L1 and enhancement of
CD4*CD25*Foxp3* Tregs producing TGF-f. Our findings provide
a mechanistic basis for virally mediated protection from T1D and
indicate that the opposing roles of viral infections in this disease
might be related to their ability to promote, on one hand, f cell
damage and, on the other hand, immunoregulation.

Results
Acute infection of prediabetic mice with CVB3 or LCMV delays T1D onset
and diminishes disease incidence. In the NOD model of spontane-
ous autoimmune diabetes, we used 2 different RNA viruses that,
upon infection, prevent rather than induce the disease: CVB3, an
enterovirus that causes a systemic, acute infection that is nonper-
sisting but leads to immune-mediated myocarditis; and LCMV
Armstrong, an arenavirus that causes a systemic, acute infection
that is asymptomatic and also nonpersisting. The majority of
mice infected with CVB3 or LCMV did not develop T1D (Figure
1) (although mice challenged with CVB3 developed signs of virus-
related illness). This effect of these viruses on T1D development
was observed in earlier studies by us and others (7, 11, 12), but the
precise underlying mechanisms were not elucidated. Interestingly,
we observed that CVB3 and LCMYV infections had 2 distinct effects
on T1D — a delay in the onset of overt diabetes and a decrease in
disease incidence, which we sought to explain mechanistically.
Viral infection of prediabetic mice causes PD-L1 upregulation on lymphoid
cells and prevents the expansion of diabetogenic CD8" T cells expressing PD-1.
We first assessed the early changes that occurred in the lymphoid
organs of NOD mice infected with CVB3 or LCMV. In particular, we
1516
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assessed accessory, inhibitory molecules often upregulated during
viral infection. Expression of PD-L1 was variable in CVB3-infected
mice, but both CVB3 and LCMV strongly increased PD-L1 levels tran-
siently on lymphoid cells in the pancreatic LNs and spleen of NOD
mice (Figure 2A and Supplemental Figure 1; supplemental material
available online with this article; doi:10.1172/JCI38503DS1). At the
time at which infection was performed, the majority of autoreactive,
diabetogenic CD8" T cells specific for the 3 cell antigen islet-specific
glucose-6-phosphate catalytic-related protein (IGRP) (35, 36) showed
an activated phenotype and expressed the PD-L1 receptor PD-1 (Fig-
ure 2B). The PD-L1/PD-1 interaction has been shown to control not
only T cell immunity in viral infection (14, 15), but also autoimmune
T cell responses, notably in T1D (16, 18). Our observations thus sug-
gested that viral infection of NOD mice rendered diabetogenic CD8*
T cells highly susceptible to PD-1-mediated impairment. According-
ly, whereas, as previously described (35), IGRP-specific CD8" T cells
expanded significantly in the pancreatic LN and spleen of untreated
NOD mice, the frequency of these cells remained low in mice infected
with CVB3 or LCMYV (Figure 2C).

Virally induced upregulation of PD-L1 in prediabetic mice prevents the
expansion of diabetogenic CD8"* T cells and is responsible for the delayed onset
but not decreased incidence of T1D. We assessed whether impaired expan-
sion of IGRP-specific, diabetogenic CD8* T cells was caused by the
increase in PD-L1 expression triggered by viral infection. We used
LCMV for this purpose, as PD-L1 was systematically upregulated in
the lymphoid organs of LCMV-infected but not all CVB3-infected
mice (Figure 2A). As PD-L1 blockade in NOD mice accelerated dia-
betes in a previous study (18), we avoided using neutralizing anti-
bodies against PD-L1 to address this issue. Instead, we used siRNA
technology with the goal of suppressing de novo expression of PD-L1
transiently in LCMV-infected mice. The efficacy of different siRNAs
specific for PD-L1 was first assessed in vitro (Figure 3A and Supple-
mental Figure 2, A and B) to identify a candidate that could signifi-
cantly inhibit upregulation of PD-L1 in the pancreatic LN and spleen
of LCMV-infected NOD mice (Figure 3B). Of note, 21 days after infec-
tion, the level of expression of surface PD-L1 was reduced to normal
levels in both siRNA-treated and nontreated mice (data not shown),
suggesting that PD-L1 expression was indeed inhibited and not
delayed by siRNA treatment. NOD mice were then challenged with
LCMV and simultaneously treated with the selected PD-L1-specific
siRNA or empty vehicle. We observed that LCMV infection failed to
prevent the expansion of IGRP-specific CD8" T cells in the pancreatic
LN and spleen of mice treated with PD-L1 siRNA (Figure 3C). On the
other hand, PD-L1 siRNA treatment did not appear to affect IGRP-
specific cells in terms of PD-1 and CD44 expression (Supplemental
Figure 2C). Furthermore, the delay in onset of overt diabetes medi-
ated by LCMV infection was abolished by PD-L1 siRNA treatment,
while the reduction in disease incidence was not reversed (Figure 3D).
These results indicated that virally induced upregulation of PD-L1
on lymphoid cells prevented the expansion of diabetogenic CD8" T
cells and was the cause for the delayed onset but not the decreased
incidence of T1D observed after viral infection.

The frequency of CD4*CD25* Tregs and their capacity to produce TGF-f3
are increased in virally immune NOD mice. The upregulation of PD-L1
and the failure of diabetogenic CD8* T cells to accumulate in virally
infected mice caused only a delay in the onset of overt diabetes, indi-
cating that additional factors contributed to full, long-term pro-
tection from T1D upon viral infection. It has been suggested that
so-called natural CD4*CD25" Tregs, which are crucial players in the
maintenance of peripheral tolerance, progressively lose their capaci-
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Figure 2

CVB3 or LCMV infection of prediabetic NOD mice causes PD-L1 upregulation on lymphoid cells and prevents the expansion of IGRP-specific
CD8+* T cells expressing PD-1. (A) Percentage of PD-L1" cells over time in the pancreatic LN and spleen of individual NOD mice left untreated or
infected at 9 weeks of age with CVB3 (orange triangles) or LCMV (green inverted triangles), as measured by flow cytometry. (B) PD-1 and CD44
expression by IGRP-specific or -nonspecific (Other) CD8* T cells in the pancreatic LN and spleen of 9-week-old naive NOD mice, as measured
by flow cytometry after staining with NRP-V7 tetramer. Shown are representative flow cytometry contour plots. Numbers indicate the percent-
age of PD-1+CD44h"i cells + SD for 3 individual mice per group. (C) Percentage of IGRP-specific CD8* T cells over time in the pancreatic LN and
spleen of individual NOD mice left untreated or infected at 9 weeks of age with CVB3 or LCMV, as measured by flow cytometry after staining with
NRP-V7 tetramer. In A and C, symbols represent individual values, and horizontal lines denote mean. *P < 0.05, **P < 0.005, ***P < 0.001.

ty to control autoreactive T cells in the NOD model (37-39), thereby
permitting T1D. We therefore assessed the number and function of
these cells in virally challenged NOD mice. After viral clearance, the
pancreatic LN and spleen of CVB3- and LCMV-immune NOD mice
showed a significant increase in CD4'CD25" T cells (Figure 4A). The
vast majority of these cells (more than 95%) expressed Foxp3 along
with low levels of CD127 (Figure 4B), indicating that they were
indeed Tregs (20, 40). Furthermore, these cells expressed CTLA-4
along with high levels of glucocorticoid-induced tumor necrosis fac-
tor receptor (GITR,; Figure 4B), suggesting that they might be natu-
ral Tregs (41, 42). Interestingly, while the percentage of TGF-B-pro-
ducing cells was somewhat variable in CVB3-challenged mice, it was
significantly higher in lymphoid organs compared with naive mice,
a scenario that was also found in NOD mice following LCMV infec-
tion (Figure 4D). CD4°CD25" T cells from both naive and virally
immune mice were capable of producing IFN-y but not IL-10 (Fig-
ure 4C). In sum, viral infection caused an increase in the frequency
of CD4'CD25" Tregs and their capacity to produce TGF-f.
CD4*CD25" Tregs modulated by viral infection in vivo are capable of
diminishing T1D incidence through TGF-f production. We assessed
whether the changes we observed in the Treg compartment of
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virally immune mice played a role in virally mediated prevention of
T1D. We purified CD4*CD25" T cells from naive, CVB3-immune,
or LCMV-immune mice and injected them into naive, age-matched
NOD recipients. The transferred CD4*CD25* T cells were more than
95% pure and isolated 21 days after viral challenge, i.e., after viral
clearance, in order to avoid injection of virus in these transfer experi-
ments. When injected into prediabetic NOD mice, CD4"'CD25* T
cells from CVB3-immune or LCMV-immune but not naive donors
mediated a significant reduction in T1D incidence (Figure SA).
Based on our observation that virally exposed Tregs differed from
their naive counterpart regarding TGF- production (Figure 4, C
and D), we asked whether TGF-P expression by naive Tregs would
provide them with the capacity to promote tolerance in vivo. To this
end, we purified CD4*CD25" T cells from naive mice and transfected
them with a TGF-f1-encoding cDNA before transferring them into
naive prediabetic recipients. Transfection conditions yielded 8%-9%
efficacy and allowed TGF-f} expression by 4%-5% of the cells (Fig-
ure 5B), which was roughly comparable to the TGF-f production
by CVB3- or LCMV-enhanced CD4*CD25" T cells (Figure 4D). We
found that naive CD4*CD25" T cells transgenically expressing TGF-f3
could diminish T1D incidence in vivo (Figure 5C), suggesting that
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Figure 3

LCMV-induced upregulation of PD-L1 in prediabetic NOD mice prevents the expansion of IGRP-specific CD8+ T cells and delays the onset of T1D.
(A) Different siRNAs specific for PD-L1 were assessed for efficacy by infection of NOD splenocytes for 24 hours with LCMV in vitro (MOI, 1)
after transfection with different siRNAs (in duplicate). Shown is inhibition of PD-L1 upregulation, calculated as the percentage of PD-L1" cells
in populations infected with LCMV and transfected with siRNA relative to the percentage of PD-L1" cells in the population infected with LCMV
and transfected with scrambled-sequence siRNA, + SD for duplicate samples. (B) Percentage of PD-L1" cells over time in the pancreatic LN
and spleen of individual NOD mice infected at 9 weeks of age with LCMV and simultaneously injected with cationic vehicle alone or containing
150 ug PD-L1 siRNA 76238, as measured by flow cytometry. (C) Percentage of IGRP-specific CD8* T cells in the pancreatic LN and spleen of
individual 12-week-old NOD mice injected 21 days previously with cationic vehicle alone and left untreated or simultaneously infected with LCMV
(green inverted triangles) or injected 21 days previously with cationic vehicle containing PD-L1 siRNA 76238 and simultaneously infected with
LCMV (white inverted triangles), as measured by flow cytometry after staining with NRP-V7 tetramer. In B and C, symbols represent individual
values, and horizontal lines denote mean. (D) Cumulative diabetes incidence over time in NOD mice injected at 9 weeks of age with cationic
vehicle alone and left untreated or simultaneously infected with LCMV or injected 21 days previously with cationic vehicle containing PD-L1

siRNA 76238 and simultaneously infected with LCMV. *P < 0.05, **P < 0.005, ***P < 0.001.

the enhanced tolerogenic function of virally modulated CD4*CD25*
T cells in T1D was exerted via their production of TGF-f.
Treatment of prediabetic mice with IFN-o. induces PD-L1 upregulation on
lymphoid cells and prevents the expansion of diabetogenic CD8" T cells in
vivo. We investigated the mechanism by which viral infection could
have induced PD-L1 upregulation in vivo. Previous work by others
had shown that PD-L1 expression by microvascular endothelial
cells can be acquired as a direct consequence of exposure to type
I and II interferon (43). As these cytokines are produced in vast
amounts during viral infections, we asked whether they might be
capable of directly inducing PD-L1 upregulation on NOD lym-
phoid cells. We found that PD-L1 expression was increased on these
cells in response to IFN-o. or IFN-y in vitro (Figure 6A). Similarly,
administration of IFN-a. to prediabetic NOD mice rapidly induced
upregulation of PD-L1 on lymphoid cells in the pancreatic LN and
spleen in vivo (Figure 6B). In order to determine whether the effects
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of this cytokine-induced PD-L1 expression on T1D were comparable
to those of the virally triggered increase, we measured the frequency
of diabetogenic CD8" T cells in lymphoid organs. We observed that
expansion of IGRP-specific CD8* T cells in the pancreatic LN and
spleen was significantly hampered by IFN-a treatment, similar to
our observation using CVB3 or LCMV (Figure 2C). These results
suggested that during viral infection, upregulation of PD-L1 on
lymphoid cells and subsequent control over expanding diabetogenic
CD8* T cells was caused, at least in part, by interferon production.
PD-L1 upregulation in prediabetic mice synergistically increases the capacity
of virally enhanced CD4*CD25" Tregs to protect from T1D. Our results so
far indicated thatviral infection was capable of modulating 2 distinct
regulatory components of the immune system, both acting to pro-
tect from T1D. First, PD-L1 upregulation prevented the expansion of
diabetogenic, PD-1-expressing CD8* T cells and delayed the onset of
overt diabetes. Second, CD4*CD25" Tregs were enhanced in number
Volume 119

Number 6  June 2009



research article

A B
Pancreatic LN Spleen ~ (0.88 3.44 o [12.47 87.21
6.5 2.8 k ) <J-’3
i : A i A
__ 6.0 Aa 264 Naive
S 244 Ap v
n 554 "
3 ® = 227 s Y 0.00/ 032
= 5.0 4 A vy 204 o Vw 6.81 92.83|
[y]
Q 45- — 18] L@
o ° A 1.6 o?o— CVB3
S 40- v o
9 [6) 1.4 4
3.54 —;— 1.2 4 @
20 e 0.99 e 96.33 0.00 0.36
Naive CVB3 LCMV Naive CVB3 LCMV 0.72 1.87 551 93.99
(o]
o LCMV
=
A
Naive 1.71 96.0 |0.08 0.44
- >Foxp3 ——>CTLA4
D Pancreatic LN Spleen
ressrnnnnens KK ey . kkk aanany
9- o kk 9- fonsnes ek ey
CVB3 8+ I M :
SE £
_gﬂ 64 A 64 o v
o3 oy T
B 5 51 v
T8 4- Vy 41 © v
=8 v
Lo 3- 3{ £
LCMV F3 o &2 ,] £
(@] A
1 - .-.L 1 .. iy
0- T T 01— T T
L TGF Naive CVB3 LCMV Naive CVB3 LCMV
Figure 4

The frequency of natural CD4+CD25+ Tregs and their capacity to produce TGF-f are increased in the lymphoid organs of CVB3- and LCMV- immune
NOD mice. (A) Percentage of CD4+CD25* T cells in the pancreatic LN and spleen of individual 12-week-old NOD mice left untreated or infected
21 days previously with CVB3 (orange triangles) or LCMV (green inverted triangles), as measured by flow cytometry. (B) Representative flow
cytometry contour plots of Foxp3, CD127, CTLA-4, and glucocorticoid-induced tumor necrosis factor receptor (GITR) expression by CD4*CD25+ T
cells in the pancreatic LN of individual 12-week-old NOD mice left untreated or infected 21 days previously with CVB3 or LCMV. Quadrants were
defined based on isotype control stainings showing less than 0.2% positive cells for each parameter analyzed. Numbers indicate the percentage of
cells in the corresponding quadrants. Comparable results were obtained in the spleen. (C) Representative flow cytometry contour plots of TGF-f,
IL-10, IFN-y, and TNF-a expression by CD4+*CD25* T cells from the pancreatic LN of individual 12-week-old NOD mice left untreated or infected 21
days previously with CVB3 or LCMV, as measured after PMA plus ionomycin stimulation. Quadrants were defined based on isotype control stainings
showing less than 0.2% positive cells for each parameter analyzed. Numbers indicate the percentage of cells in the corresponding quadrants. Com-
parable results were obtained in the spleen. (D) Percentage of TGF-f—producing CD4+CD25* T cells in the pancreatic LN and spleen of individual
12-week-old NOD mice left untreated or infected 21 days previously with CVB3 or LCMV, as measured by flow cytometry after PMA plus ionomycin
stimulation. In A and D, symbols represent individual values, and horizontal lines denote mean. *P < 0.05, **P < 0.005, ***P < 0.001.

and TGF-B-producing function and diminished diabetes incidence.
Our finding that these 2 regulatory components had distinct, partial-
ly protective effects in T1D (Figure 3D and Figure 5A) suggested that
upon viral infection, full protection might be conferred by their com-
bination. We thus addressed whether virally enhanced CD4*CD25*
T cells might confer enhanced protection from T1D when diabeto-
genic CD8" T cells had been previously curbed by upregulation of
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PD-L1 in vivo. To this end, we treated NOD mice with IFN-a and
LCMV-enhanced CD4*CD25* T cells in combination. IFN-o was
administered at 9 weeks of age to confer upregulation of PD-L1
and hinder the accumulation of IGRP-specific diabetogenic CD8*
T cells (Figure 6, B and C), and CD4*CD25* T cells were purified
from LCMV-immune mice and injected at 12 weeks of age to dimin-
ish T1D incidence (Figure SA). We found that treatment with IFN-o
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CD4+CD25* Tregs modulated during the prediabetic phase by CVB3 or LCMV infection in vivo are capable of diminishing T1D incidence in
NOD mice through TGF-f production. (A) Cumulative diabetes incidence over time in NOD mice left untreated (None) or injected at 12 weeks
of age with 5 x 105 CD4+CD25* T cells purified from 12-week-old NOD donors left untreated (Naive Tregs) or infected 21 days previously with
CVB3 (CVB3 Tregs) or LCMV (LCMV Tregs). CD4+*CD25- T cells from CVB3- or LCMV-immune mice had no effect on disease outcome (data
not shown). (B) The efficacy of transfection in CD4+CD25* T cells was assessed by measuring by flow cytometry GFP and TGF-f3 expression in
naive Tregs (purified as described in A) 15 hours after transfection with an empty plasmid (Control plasmid, top) or plasmid containing a cDNA
(Encoding plasmid, bottom) encoding GFP (left) or TGF-p1 (right, assessed after PMA plus ionomycin stimulation). Shown are flow cytometry
contour plots representative of 2 samples per group. Numbers indicate the percentage of cells in the corresponding gate/quadrant. (C) Cumula-
tive diabetes incidence over time in NOD mice left untreated (None) or injected at 12 weeks of age with 5 x 105 naive Tregs transfected with an
empty plasmid (Naive ctrl Tregs) or plasmid containing a cDNA encoding human TGF-f1 (Naive TGF-$ Tregs). *P < 0.05, **P < 0.005.

alone delayed the onset of T1D (consistent with a PD-L1-mediated
effect), while injection of LCMV-exposed CD4*CD25" Tregs alone
diminished disease incidence (Figure 7). Strikingly, coinjection of
IFN-0 and LCMV-enhanced CD4*CD25" Tregs was highly effective
in protecting from T1D (Figure 7), to a degree comparable to LCMV
infection (Figure 1). This indicated thatvirally enhanced CD4*CD25*
Tregs synergized with PD-L1 upregulation and ensuing impairment
of autoreactive T cells to efficiently protect from T1D.

Discussion

In the present study, we showed that regulatory mechanisms simi-
larly induced by infection with 2 distinct viruses during the predia-
betic phase can act in synergy to protect from T1D (Supplemental
Figure 3). While LCMV and CVB differ in terms of genome structure
(strand polarity), surface structure (enveloped), and particular tis-
sue tropism, we found that both viruses caused PD-L1 upregulation
and enhanced CD4*CD25* Treg number and tolerogenic function,
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which acted in concert to efficiently curb diabetogenic CD8* T cells.
Interestingly, this is comparable to anti-CD3 treatment of T1D,
which causes the direct demise of autoreactive effectors along with
their indirect control via CD4*CD25* Tregs and TGF-f3 (32). We
previously proposed that such synergistic effects can be exploited
therapeutically by combining anti-CD3 with induction of insulin-
specific Tregs to maintain long-term tolerance (44).

Overall, the precise association between viruses and T1D is not
understood. While CVB3 can protect from T1D, CVB4 has diabe-
togenic properties (5, 6). Similarly, while LCMV can prevent T1D
in the NOD model, this virus is also used experimentally to trigger
autoimmune diabetes in RIP-LCMV mice (8-10, 45). To explain the
difference between induction and prevention of T1D by viruses, one
has to consider the factors required for the initiation of the auto-
immune process upon infection. Triggering of T1D by CVB4 is the
consequence of direct tropism of the virus for f§ cells, which causes
their damage and releases antigen in an inflammatory milieu where
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Treatment of prediabetic NOD mice with IFN-o induces PD-L1 upregulation on lymphoid cells and prevents the expansion of IGRP-specific CD8*
T cells in vivo. (A) PD-L1 expression on NOD splenocytes incubated for 24 hours with LCMV (MO, 1), IFN-a (104 U/ml), or IFN-y (10 ug/ml), as
measured by flow cytometry. Numbers indicate the percentage of PD-L1" cells + SD for 2 individual mice per group. (B) Percentage of PD-L1hi
cells in the pancreatic LN and spleen of individual 9-week-old NOD mice left untreated (None) or injected 24 hours previously with 105 U IFN-a
(blue diamonds), as measured by flow cytometry. (C) Percentage of IGRP-specific CD8+ T cells in the pancreatic LN and spleen of individual
12-week-old NOD mice left untreated or injected 21 days prior with 10° U IFN-a,, as measured by flow cytometry. In B and C, symbols represent
individual values, and horizontal lines denote mean. *P < 0.05, **P < 0.005, ***P < 0.001.

APCsare activated and expand autoreactive T cells (5, 46). In the RIP-
LCMV model, diabetes results from direct antigenic recognition of
cells by committed antiviral T cells interacting with activated APCs
(9, 10, 47). Thus, in order to expand autoreactive T cells and cause
diabetes, viral infections have to either directly lyse {3 cells or inflict
damage on these cells via antigenic recognition of (3 cell proteins
within the proinflammatory milieu. On the other hand, our present
results indicate that proinflammatory signals can invoke important
regulatory mechanisms that protect from autoimmunity by promot-
ing PD-L1 upregulation, which controls the expansion, rather than
causing the activation, of diabetogenic CD8* T cells. Furthermore,
antiviral immunity triggered the expansion of CD4*CD25" Tregs
with enhanced tolerogenic function in T1D in vivo. In sum, it thus
appears that bystander inflammation and antiviral immunity sys-
temically or in the vicinity of the pancreatic islets are not detrimental
but rather beneficial in T1D when occurring in the absence of direct
B cell damage. Accordingly, CVB and LCMYV cause T1D in NOD mice
in contexts where they mediate (3 cell injury (in CVB4 and RIP-LCMV
mice, respectively) but prevent T1D when infection does not directly
harm f cells (in CVB3 and wild-type mice, respectively). This suggests
that induction versus prevention of T1D by viruses depends on the
extent to which antiviral inflammation and immunity alter the bal-
ance between f cell injury and immunoregulation.

The PD-L1/PD-1 interaction is a crucial regulator of immunity
in numerous systems, including T1D. Blockade of this pathway in
NOD mice in vivo precipitates T1D (18), indicating that the slow
prediabetic process leading to overt disease is the result of attempt-
ed control over autoreactive T cells via their expression of PD-1. In
our study, PD-L1 was rapidly upregulated in the pancreatic LN and
spleen of virally infected NOD mice, a phenomenon that could be
induced by IFN-a in the absence of infection. This might constitute a
feedback mechanism ensuring that upregulation of PD-L1 to control
antiviral immunity is proportional to the extent of immune pathol-
ogy the inflammatory response might cause. The majority of diabe-
togenic, IGRP-specific CD8" T cells present in the lymphoid organs
of NOD mice before infection showed an activated phenotype and
expressed PD-1. This might be reflective of advanced autoimmunity
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in NOD mice at this time point shortly preceding overt diabetes.
Consequently, upregulation of PD-L1, most likely to control acute
antiviral T cell responses during viral infection, led to the nonspecific
demise of activated, PD-1-expressing diabetogenic T cells along with
antiviral effectors. But this was not sufficient to fully prevent T1D in
the absence of an additional mechanism, namely enhancement of
natural Tregs, further containing the remaining autoreactive effec-
tors and/or preventing their replenishment from naive precursors.

While natural Tregs are crucial in maintaining or restoring periph-
eral tolerance to self antigens, they also actively participate in the
control of antiviral immunity. These cells usually have only a mini-
mal impact on viral elimination but play an important part in limit-
ing collateral tissue damage usually caused by strong antiviral T cell
responses (22, 48). Importantly, however, we found that enhance-
ment of Tregs did not coincide with priming of antiviral CD8" T
cells (data not shown) but rather succeeded it. This might constitute
a safety mechanism ensuring that viral clearance was not hindered.
We propose that enhancement of natural Tregs during viral infec-
tion does not occur virus-specifically, in the same way that expan-
sion of antiviral T cells is controlled nonspecifically via PD-L1. As
natural Tregs in antiviral immunity might serve to prevent immune
pathology caused by inflammation, these cells might acquire upon
infection the capacity to respond, not to viral antigen, but to com-
mon inflammatory signals such as modulated self antigen presenta-
tion by APCs. In this way, natural Tregs would become “inflamma-
tion-specific” and thereby responsive to the inflammatory processes
that can expand autoreactive effectors and cause T1D. Acute inflam-
mation thus seems centrally involved in triggering the regulatory
mechanisms that protect from T1D upon viral infection.

Previous work has suggested that CD4*CD25"* Tregs from NOD
mice gradually lose their suppressive properties over time (37-39).
Our results indicate that viral infection during the prediabetic phase
could not only prevent the progressive loss of function of these cells
butalso increase their frequency in lymphoid organs. We also found
that Tregs might be rescued or enhanced during CVB3 and LCMV
infection by acquiring the ability to produce TGF-f. Interestingly,
a recent report indicates that in the context of TGF-f production,
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Figure 7

Early PD-L1 upregulation in prediabetic NOD mice synergistically
increases the capacity of LCMV-enhanced CD4+CD25* Tregs to pro-
tect from T1D. Cumulative diabetes incidence over time in NOD mice
left untreated or injected at 9 weeks of age with 105 U IFN-o or at 11
weeks of age with 5 x 105 LCMV Tregs (purified as described in Figure
5A), or receiving both treatments (red squares). ***P < 0.001.

CVB4 switches from a causative to a protective infection in T1D asa
consequence of Treg enhancement (49). Thus, a long-term increase
in TGF-B production caused by viral infections during early life
might not only abort ongoing autoimmune processes but also be
able to subsequently counter the diabetogenic effect of viruses such
as CVB4. Of note, we recently reported that TGF- plays a dual role
in T1D via its ability to inhibit the activation of naive CD8" T cells
but promote their survival and function after their encounter with
antigen (50). As we observed here that the diabetogenic CD8" T cells
that were curbed by interaction with PD-L1 harbored an activated
phenotype, we propose that CD4'CD25" Tregs prevented T1D by
controlling, via TGF-f, activation of new autoreactive cells. Synergy
between virally enhanced Tregs and PD-L1 in T1D might thus be
conferred by the selective impairment of activated autoreactive effec-
tors, enabling an optimal effect of TGF-f on their naive precursors.
In conclusion, we found that virally induced inflammatory events,
some of which may directly contribute to autoimmunity when {3 cells
are damaged in the pancreas, trigger regulatory mechanisms that can
not only control antiviral immunity but also synergize to halt auto-
immunity. In this way, the same factors that might be causative or
detrimental in T1D by expanding autoreactive effectors are also ben-
eficial by enhancing immunoregulation. Our study provides what we
believe to be a novel mechanistic insight into the current controversy
about the role of viruses and inflammation in T1D (3) and should be
important for prospective studies in humans such as The Environ-
mental Determinants of Diabetes in the Young (TEDDY) (4).

Methods
Mice and virus. Female NOD/ShiLt] mice, which develop spontaneous T1D,
were purchased from The Jackson Laboratory. Protection from diabetes
was mediated by intraperitoneal infection of mice with a single dose of
103 PFU CVB3 Nancy or 105 PFU LCMV Armstrong 53b at 9 weeks of age.
1522
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Blood glucose was monitored using the OneTouch Ultra system (LifeScan
Inc.), and mice exhibiting values greater than 300 mg/dl were considered
diabetic. Animal work in all studies was approved by the La Jolla Institute
for Allergy & Immunology Animal Care Committee.

Flow cytometry. NRP-V7 tetramers (35) were obtained from Rusung Tan of
the University of British Columbia, Vancouver, British Columbia, Canada.
After staining with fluorescently labeled mAbs (BD Biosciences, eBioscience,
BioLegend, and Caltag [Invitrogen]), cells were processed on an LSRII or
FACScalibur (BD Biosciences) and results analyzed using FlowJo version 7.2
(Tree Star). For surface staining, cell suspensions were incubated at 4°C for
20 minutes with different combinations of mAbs diluted in PBS (Invitrogen)
containing 0.1% BSA (Calbiochem) and 2 mM EDTA (Invitrogen) (FACS buf-
fer). Nonspecific binding was blocked using unlabeled anti-FcyR (BD Biosci-
ences). Intracellular Foxp3 expression was assessed using a Foxp3 detection
kit (eBioscience). For intracellular staining of cytokines, CD4*CD25* T cells
were stimulated at 37°C in RPMI 1640 (Invitrogen) supplemented with 10%
FCS (HyClone, Thermo Scientific) (for TGF-f staining, stimulation was per-
formed in low-FCS media), 2 mM L-glutamine (Sigma-Aldrich), and 50 uM
2-mercaptoethanol (Sigma-Aldrich) containing 5 ug/ml Brefeldin A (Sigma-
Aldrich) for 3 hours with PMA and ionomycin (10 ng/ml and 0.5 ug/ml,
respectively). After surface staining, cells were fixed in 2% paraformaldehyde
(Sigma-Aldrich), permeabilized in FACS buffer containing 0.05% saponin
(Sigma-Aldrich), and stained at 4°C for 20 minutes with different combina-
tions of mAbs diluted in the same buffer. For TGF-f staining in the spleen,
values obtained using isotype control mAb were subtracted from values
using anti-TGF-f mAb for each individual sample.

CD4*CD25"* T cell purification. Female NOD mice were sacrificed 21 days after
CVB3 or LCMV infection, at which point virus was cleared from lymphoid
tissue (data not shown). Cell suspensions prepared from pooled spleens
and mesenteric, inguinal, and pancreatic LN of 10-25 mice per group were
incubated at 4°C for 30 minutes with the following mAb cocktail in PBS
containing 2% FCS and 2 mM EDTA: purified rat anti-mouse CD8, B220,
I-A/I-E, CD11c, CD11b, and FcyR (BD Biosciences). CD4* T cells were then
negatively selected by magnetic separation using sheep anti-rat Dynabeads
(DYNAL, Invitrogen). CD4* T cells were then labeled with biotinylated anti-
CD25 mAD (BD Biosciences) at 4°C for 20 minutes, and CD4*CD25" (Tregs)
and CD4*CD25" cells were purified by magnetic separation using anti-strep-
tavidin MACS microbeads (Miltenyi Biotec). Cell purity was measured by flow
cytometry and was determined to be greater than 95% in each sample.

Treatments. With the exception of siRNA treatment, which was given
both intraperitoneally and intravenously, all injections were performed
intraperitoneally in 200 ul. Tregs and IFN-a. (PBL Interferon Source) were
injected in PBS, and PD-L1 siRNA was injected in jetPEI (Polyplus-trans-
fection) at an N/P ratio of 8.

Transfection. Cells were transfected with a plasmid DNA (circular form)
containing a ubiquitous viral promoter driving expression of TGF-f1,
GFP, or no protein (InvivoGen, Clontech) or with PD-L1 siRNA (Ambion,
Applied Biosystems) using a transfection kit (Mouse T Cell Nucleofector;
Amaxa) according to the manufacturers’ instructions.

Statistics. Statistical significance was determined using a log-rank test (for
T1D assessment) or an unpaired, 2-tailed ¢ test. In all experiments, differ-
ences were considered significant when P was less than 0.05.
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