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Abstract

Progression towards type 1 diabetes (T1D) in susceptible patients is linked to a progressive decline in the capacity of
regulatory T cells (Treg) to maintain tolerance. As such, therapies aimed at redressing the failing Treg compartment have
been the subject of intense investigation. Treg dysfunction in T1D has recently been linked to a reduced capacity of antigen
presenting cells (APCs) to maintain Treg function rather than Treg intrinsic defects. This suggests that therapies aimed
simply at addressing the failing Treg compartment are unlikely to provide long-term protection. Here, we demonstrate that
modulation of the inflammatory status of CD11b+CD11c2 APCs favors the upregulation of protective Tregs in a mouse
model of T1D. We further demonstrate that reduced expression of the costimulatory molecule CD40 plays a role in this
increased immunoregulatory capacity. Strikingly, Treg upregulation resulted exclusively from an increase in natural Tregs
rather than the peripheral conversion of conventional T cells. This suggests that modulation of CD11b+ CD11c2 APCs
inflammatory properties favors the establishment of natural Treg responses that, unlike adaptive Treg responses, are likely
to maintain tolerance to a broad range of antigens. As such, modulation of this APC subset represents a potential
therapeutic avenue to reestablish peripheral tolerance and protect from autoimmune diseases such as T1D.
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Introduction

Type 1 diabetes (T1D) is a T-cell mediated autoimmune disease

that results from the destruction of the insulin producing b cells of

the pancreas. In both humans and non-obese diabetic (NOD)

mice, a mouse model of T1D, disease development is progressive

and partial peripheral tolerance to islet antigens is only transiently

maintained [1]. Several reports have demonstrated an important

role for regulatory T cells (Tregs) in the maintenance of peripheral

tolerance towards pancreatic self-antigens [2–7]. Furthermore, in

both mice and humans a progressive loss of Treg suppressive

capacities correlates with disease development [8–11]. Recent data

suggest that the loss of suppressive capacity is not due to Treg

intrinsic defects but rather to a decreased capacity of antigen

presenting cells (APCs) to maintain Treg function [12,13]. In

NOD mice, CD11b+CD11c2 APCs are in part responsible for

the decrease in Treg suppressive function and this defect maps to

the well-described autoimmune diabetes susceptibility loci Idd3

[12]. Importantly, APCs from T1D patients are similarly defective

in their capacity to maintain Treg function [14]. Furthermore,

these same APCs present with an inflammatory phenotype that

could favor the development of potentially pathogenic IL-17-

producing T cells (Th17) [15]. Taken together, this suggests that

therapies aimed at modifying the APC response may allow for the

reestablishment of peripheral tolerance and allow for long-term

protection from T1D. To this effect, it has previously been

demonstrated that treatment with glatiramer acetate prevents the

induction of experimental autoimmune encephalomyelitis (EAE)

in mice by inducing ‘‘semi-mature’’ type II monocytes (M2) that in

turn induce protective Tregs [16].

Susceptibility to T1D is dictated by a complex interplay

between genetic determinants and environmental influences

[17,18]. Among these environmental factors, viral infections have

long been associated with the development of T1D [19].

Particularly, coxsackieviral infections have been described as a

common precursor to T1D in patients [19] and the diabetogenic

properties of coxsackievirus B4 (CB4) infections have been well

documented in mouse models [20–22]. We have previously

demonstrated that CB4 infection of NOD mice increases

lymphocyte infiltration of the pancreas resulting in accelerated

disease onset [23]. Furthermore, the pancreatic islet pathology

observed following CB4 infection is characteristic of the pathology

associated with spontaneous disease progression in NOD mice. As

such, autoimmune diabetes acceleration following CB4 infection

represents an experimentally-controlled model that allows for

rapid modeling of therapies aimed at modulating diabetes onset.

Our prior work demonstrated that one consequence of CB4

infection was the infection of pancreatic b cells. Subsequently,

antigen presenting cells (APCs) engulfed the infected b cells for T

cell recognition and stimulation leading to an autoimmune attack
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upon the insulin producing islet cells. Transfer of APCs from

infected NOD mice induced disease in non-diabetic recipient mice

[24,25]. Later, we observed that TGF-b through transgenic

expression or systemic administration established protection from

CB4-induced autoimmune diabetes [23]. This protection corre-

lated with the presence of ‘‘semi-mature’’ CD11b+CD11c2 APCs

expressing lower surface levels of costimulatory molecules as well

as an increase in pancreatic Tregs [23]. Interestingly, the capacity

of the host to clear viral infection remained unaffected. This

strongly suggested that APCs could be manipulated in order to

prevent autoimmunity without affecting the host’s response

to infection. Herein, we demonstrate that a reduction in the

inflammatory properties of CD11b+CD11c2 APCs is sufficient to

increase levels of pancreatic Tregs. Further, this increase in Tregs

which is observed following infection in the localized presence of

TGF-b is the result of an increase in the numbers of natural Tregs

rather than the phenotypic conversion of conventional T cells to

a Treg cells. Our results suggest that the development of

therapeutics aimed at modulating APC function and increasing

the levels of natural Tregs may represent a powerful tool for

reestablishing peripheral tolerance to beta cell antigen and

providing long-term protection from T1D.

Results

CD11b+CD11c2 APCs demonstrate reduced
inflammatory properties following CB4 infection in the
context of TGF-b

We previously demonstrated that CB4 infection in the context

of TGF-b protects from the induction of autoimmune diabetes

[23]. Protection was mediated by increased Treg cell numbers in

the pancreas and correlated with the reduced maturation of

CD11b+CD11c2 APCs as measured by costimulatory mole-

cule expression [23]. Here, we asked whether infection in the

presence of TGF-b affected other inflammatory properties of

these APCs. CD11b+CD11c2 (a population containing pre-

dominantly monocytes and macrophages) and CD11c+ (pre-

dominantly dendritic cells) cells from NOD and NODTGFb
mice were sorted by flow cytometry at day 7 following CB4

infection and cultured ex vivo for 24 hours. Cytokine secretion in

the culture supernatant was measured. Relative production of

the inflammatory cytokines TNF-a (Figure 1A,B) and IL-6

(Figure 1C,D) from CD11b+CD11c2 APCs purified from CB4

infected NODTGFb mice was significantly reduced compared to

the same population purified from CB4 infected NOD mice. No

significant production of IL-12p70, IFN-c or IL-2 was observed

(data not shown). Furthermore, while we observed no significant

production of the anti-inflammatory cytokine IL-10 (data not

shown), we observed a trend for increased TGF-b production

from CD11b+CD11c2 APCs purified from infected NODTGFb
mice although this difference did not reach statistical significance

(Figure S1). This suggests that the primary effect of TGF-b in

this model is to reduce the production of inflammatory cytokines

by APCs rather than to directly increase their production of anti-

inflammatory cytokines. Interestingly, infection in the context of

TGF-b did not affect the capacity of DCs to produce inflammatory

cytokines (Figure S2). This is supported by our previously published

data demonstrating that infection in the context of TGF-b did not

affect the maturation status of DCs [23]. Taken together, these data

demonstrate that CD11b+CD11c2 APCs with reduced inflamma-

tory properties are generated following CB4 infection in the context

of TGF-b.

Reduced production of inflammatory cytokines has been

previously associated with alternatively activated or type II

monocytes/macrophages (M2) [16]. As such, we asked whether

infection in the context of TGF-b resulted in the polarization of

monocytes/macrophages towards an M2 phenotype. To address

this question, we measured surface expression of the macrophage

scavenger receptor (MSR-A, CD204) and of the macrophage

mannose receptor (MMR, CD206), two markers associated with

M2 monocytes/macrophages [26], and of the negative costimu-

latory molecule programmed death ligand-1 (PD-L1, B7-H1), a

molecule associated with the maintenance of peripheral tolerance

[27]. No significant differences were observed in the percentage of

CD11b+CD11c2 APCs expressing CD204 or CD206 only or

both CD204 and CD206 between NOD and NODTGFb mice

prior to infection (Figure 2A) or at day 7 PI (Figure 2A, B).

Similarly, we observed no significant differences in PD-L1

expression between CD11b+CD11c2 APCs from NOD or

NODTGFb mice at day 7 following CB4 infection (Figure S3).

This suggests that following CB4 infection in the context of TGF-

b, monocytes/macrophages with a typical M2 phenotype are not

likely generated.

CD11b+CD11c2 APCs with reduced inflammatory
properties are sufficient to increase Treg levels in
uninfected NOD mice

Protection from autoimmune diabetes in mice expressing TGF-

b is mediated by an increased pancreatic Treg presence and

correlated with the induction of a ‘‘semi-mature’’ population of

CD11b+CD11c2 APCs [23]. As ‘‘semi-mature’’ APCs have been

previously associated with Treg induction [16], we asked whether

Figure 1. CD11b+CD11c2 APCs produce lower levels of
inflammatory cytokines following CB4 infection in the context
of TGF-b. Ex vivo production of A, B) TNF-a or C,D) IL-6 from
CD11b+CD11c2 APCs FACS sorted from CB4 infected NOD (black bar)
or NODTGFb (white bar) mice. Cytokine levels were measured from
culture supernatants following 24 hours of incubation. Panels A,C are
representative data from one experiment with pooled mice of each
genotype while panels B,D represent mean + s.e.m of cytokine levels
from 6 separate experiments normalized to the cytokine levels
produced by WT NOD mice infected with CB4 in each separate
experiments.
doi:10.1371/journal.pone.0031153.g001

Modulation of APCs Increases Protective nTregs
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CD11b+CD11c2 APCs were responsible for the increase of

protective Tregs observed in NODTGFb mice following CB4

infection. CD11b+CD11c2 APCs were sorted by flow cytometry

from NOD or NODTGFb mice from mock-infected mice or at

day 7 PI with CB4 and adoptively transferred to uninfected 10–12

week old NOD mice. While transfer of CD11b+CD11c2 APCs

from uninfected NODTGFb mice was not sufficient to increase

Treg levels (Figure 3A), we observed a significant increase in Treg

levels in the PLNs (Figure 3B) and pancreas (Figure 3C) of NOD

mice that had been adoptively transferred with CD11b+CD11c2

APCs from NODTGFb mice compared to mock-transferred

NOD recipients. Conversely, adoptive transfer of the same

population purified from infected WT NOD mice was not

sufficient to significantly increase Treg levels in either the PLNs

(Figure 3B) or the pancreas (Figure 3C). This data builds on our

previous observations [23] and further strengthens the hypothesis

Figure 2. CB4 infection does not increase expression of type II
monocyte/macrophages markers on CD11b+CD11c-APCs. A)
Percentage of CD11b+CD11c2 APCs from mock-infected NOD (black
bars) or NODTGFb (white bars) mice positive for surface expression of
CD204, CD206 or CD204 and CD206. B) Percentage of CD11b+CD11c2
APCs from NOD (black bars) or NODTGFb (white bars) mice positive for
surface expression of CD204, CD206 or CD204 and CD206 7 days
following CB4 infection. Data represent mean + s.e.m from 3 separate
experiments, n = 9 per group.
doi:10.1371/journal.pone.0031153.g002

Figure 3. Adoptive transfer of CD11b+CD11c2 APCs from CB4-
infected NODTGFb mice is sufficient to increase Treg levels in
uninfected NOD mice. Average percentage of CD4+ T cells
expressing Foxp3 in A, B) the PLNs or C) the pancreas of 10–12 week
uninfected NOD recipients mock-transferred with DMEM (grey bars) or
adoptively transferred with CD11b+CD11c2 APCs FACS sorted from A)
mock-infected NODTGFb mice (white bars) or B, C) CB4 infected
NODTGFb (white bars) or NOD mice (black bars). Data represent mean +
s.e.m. from at least 3 separate experiments (n = at least 6 mice per
group).
doi:10.1371/journal.pone.0031153.g003
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PLoS ONE | www.plosone.org 3 February 2012 | Volume 7 | Issue 2 | e31153



that CD11b+CD11c2 APCs are central to the induction of Tregs

that functionally suppress the induction of autoimmune diabetes

following CB4 infection in the context of TGF-b. Importantly,

transfer of CD11b+CD11c2 APCs from uninfected NODTGFb
mice (Figure 3A) or NODTGFb mice infected with CB3, a closely

related virus strain that unlike CB4 does not infect pancreatic beta

cells, was not sufficient to increase Treg levels (Figure S4). This

suggests that infection of pancreatic beta cells and subsequent

presentation of self-antigen by ‘‘semi-mature’’ CD11b+CD11c2

APCs is an essential requirement for the induction of Tregs in vivo.

Reduced expression of CD40 on CD11b+CD11c2 APCs
favors Treg upregulation

CD11b+CD11c2 APCs from NODTGFb mice have previously

been demonstrated to express lower surface levels of costimulatory

molecules following CB4 infection [23]. As such, we asked whether

this ‘‘semi-mature’’ phenotype was linked to their capacity to induce

Tregs. To address the role of CD40, NOD mice deficient for CD40

(NODCD40KO) were infected with CB4. As these mice lack

transgene-driven pancreatic expression of TGF-b, this model allow

us to directly test the hypothesis that the reduction of CD40 on the

surface of CD11b+CD11c2 APCs following infection in the

context of TGF-b is part of the mechanism that favors Treg

increases. At day 7 PI, we observed a significant increase in Treg

levels in the PLNs (Figure 4A) and pancreas (Figure 4B) of infected

NODCD40KO mice compared to mock-infected mice suggesting

an important role for reduced surface expression of CD40 in

conferring CD11b+CD11c2 APCs with the capacity to induce

Tregs. In order to confirm the contribution of CD11b+CD11c2

APCs in increasing the Treg levels in NODCD40KO mice

following CB4 infection, CD11b+CD11c2 APCs were sorted by

flow cytometry from CB4 infected NODCD40KO mice and

adoptively transferred to uninfected 10–12 week old NOD mice. As

opposed to what we observed following CD11b+CD11c2 APC

transfer from CB4 infected CD40-competent NOD mice (Figure 3),

adoptive transfer of CD11b+CD11c2 APCs from CB4 infected

CD40-deficient NOD mice, but not mock-infected CD40-deficient

NOD mice, significantly increased levels of Tregs in the PLNs

compared to mock-transferred mice (Figure 4C). Taken together,

these data suggest that the protection from autoimmune diabetes

conferred by pancreatic expression of TGF-b is in part dictated by

the reduction of CD40 expression on CD11b+CD11c2 APCs that,

in turn, favors increases in Treg levels.

Treg upregulation results from an increase in natural
Tregs rather than conversion of conventional T cells to a
Treg phenotype

To better understand the mechanism of protection from T1D,

experiments were designed to determine how Tregs levels are

increased following CB4 infection in the local presence of TGF-b.

It has been well documented that T cell stimulation in the

presence of TGF-b can convert naı̈ve T cells to a Treg phenotype

by inducing Foxp3 expression [28–31]. As such, we asked whether

Tregs increases observed in NODTGFb mice following CB4

infection resulted from phenotypic conversion of conventional

effector T cells to regulatory T cells or rather an increase in the

numbers of natural regulatory T cells. To differentiate increases in

natural Tregs from the induction of adaptive Tregs, we measured

Figure 4. Absence of CD40 on CD11b+CD11c2 APCs is
sufficient to increase Treg levels following CB4 infection.
Average percentage of CD4 T cells expressing Foxp3 in the A) PLNs
or B) pancreas of NODCD40KO mice mock-infected with DMEM (white
bars) or infected with CB4 (black bars) (n = at least 10 per group). C)
Average percentage of CD4+ T cells expressing Foxp3 in the PLNs of
uninfected 10–12 week old NOD mice mock-transferred with DMEM
(white bar) or adoptively transferred with CD11b+CD11c2 FACS sorted

from CB4 infected NODCD40KO (black bar) or mock-infected
NODCD40KO mice (grey bars). Data represent mean + s.e.m from at
least 3 separate experiments (n = at least 7 per group).
doi:10.1371/journal.pone.0031153.g004
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the percentage of Tregs expressing the transcription factor Helios,

a recently described marker specifically expressed by thymically-

derived natural Tregs but not by Tregs induced by peripheral

conversion [32]. Following infection in the localized presence of

TGF-b, we observed a significant increase in the percentage of

Tregs that express Helios in the PLN of mice with increased Treg

levels (Figure 5 A,B). Conversely, the percentage of Tregs not

expressing Helios remained unchanged following infection. These

results strongly suggest that the increased Treg levels observed

following infection in the localized presence of TGF-b result from

an increase in natural Tregs rather than the conversion of

conventional T cells.

To confirm the observed lack of T cell conversion to Tregs,

experiments were designed to test whether CB4 in the context of

TGF-b was sufficient to induce conversion of conventional T cells

to a regulatory phenotype by inducing the expression of foxp3.

NODThy1.1 mice were crossed with previously described NOD

mice expressing a Foxp3GFP reporter [33,34]. Conventional T

cells were sorted by flow cytometry as CD4+GFP2 cells and

adoptively transferred in 10–12 week old NOD or NODTGFb
recipients (expressing the Thy1.2 allele allowing for the differen-

tiation of donor cells). Mice were challenged with CB4 at 24 hours

post-transfer and analyzed by flow cytometry at day 7 PI. These

experiments were performed using viral infection rather than

adoptive transfer as viral infection yields a more robust increase in

Treg levels allowing for a better characterization of the induced

population. CD4 T cells of donor origin (Thy1.1+) were readily

identifiable in the spleen, PLNs and pancreas of both NOD and

NODTGFb mice (Figure 5 and data not shown). However, none

of the recovered donor CD4 T cells were positive for GFP in either

NOD or NODTGFb recipients indicating that infection in the

local presence of TGF-b does not induce Foxp3 expression in CD4

T cells (Figure 5C). These results confirm the data obtained by

helios staining and demonstrate that increases in Tregs observed in

this model result from an increase in natural regulatory T cells.

Discussion

It is becoming increasingly clear that defects in peripheral

tolerance are linked to the development of T1D. Specifically, a

decline in the capacity of Tregs to suppress autoreactive T cells has

been associated with disease progression in both humans and mice

[35]. Recent evidence has demonstrated that this decline in

suppressive capacity is not due to Treg intrinsic defects but rather

to changes at the level of APCs [12–14]. Here, we demonstrate

that CD11b+CD11c2 APCs with reduced inflammatory proper-

ties are accountable for an increase in pancreatic Treg levels.

A link between the CD11b+CD11c2 subset of APCs and the

declining function of Tregs in NOD mice has been recently

established [12]. As such, our findings suggest that therapies aimed

at targeting the inflammatory properties of CD11b+CD11c2

APCs may represent a long-term solution to reestablishing

peripheral tolerance to pancreatic antigens. In this regard, it has

been demonstrated that glatiramer acetate treatment protects from

autoimmunity in a mouse model of multiple sclerosis (MS) by

acting at the levels of APCs. Specifically, drug treatment reduced

the maturation status and inflammatory properties of CD11b+
monocytes and increased their capacity to induce Tregs [16]. The

similarities in phenotypes observed in the MS model and in NOD

mice infected with CB4 in the context of TGF-b suggest that

glatiramer acetate treatment may represent a potential therapeutic

avenue for the treatment of T1D. Interestingly, glatiramer acetate

treatment of NOD mice increased Treg levels and partially

protected from cyclophosphamide-induced T1D acceleration [36].

Similarly, treatment with complete Freund’s adjuvant has also

been demonstrated to modulate the capacity of APCs from the

NOD mice to maintain regulatory T cell function and protect

Figure 5. CB4 infection in the context of TGF-b does not induce
conversion of naı̈ve T cells to adaptive Tregs but rather
increases the levels of natural Tregs. A) Representative flow
cytometry plots of Foxp3 and Helios expression by CD4+ T cells from
the PLNs of mock-infected (left panel) or CB4-infected NODTGFb mice
at day 7PI. B) Average percentage of Helios+ cells among CD4+Foxp3+
Tregs from the PLNs of NODTGFb mice with increased Treg levels at day
7 PI with CB4 (black bars) or mock-infection with DMEM (white bars). C)
Average percentage of Helios- cells among CD4+Foxp3+ Tregs from the
PLNs of NODTGFb mice with increased Treg levels at day 7 PI with CB4
(black bars) or mock-infection with DMEM (white bars). Data represent
mean + s.e.m from at least 2 separate experiments (n = at least 4 per
group). D) Representative flow cytometry plots of CD4 and GFP (Foxp3)
expression of donor (Thy1.1+) cells recovered from the spleen (left
panels) or PLNs (right panels) of NOD (top panels) or NODTGF-b
(bottom panels) recipient mice at day 7 following infection with CB4.
Data is representative of 2 separate experiments, n = 3 for NOD
recipients and n = 6 for NODTGFb recipients.
doi:10.1371/journal.pone.0031153.g005
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from autoimmune diabetes [37]. In addition, recent studies have

demonstrated that recombinant adeno-associated virus can be

used to express constructs under the control of an insulin promoter

specifically within the islets [38,39]. This suggests that this

approach could be adopted to modulate the inflammatory

properties of APCs directly within the pancreas and these studies

are currently ongoing with Kieffer and colleagues. Taken together,

these data strongly suggest that CD11b+CD11c2APCs represent

a key target for therapies aiming to reestablish tolerance and

protect from T1D. Importantly, our prior work clearly established

that manipulating the inflammatory status of these APCs does not

affect the capacity of the host to respond to viral infection strongly

suggesting that targeting this subset of APCs would not result in

generalized immunosuppression [23].

The capacity of CD11b+CD11c2 APCs to increase Tregs

following infection in the localized presence of TGF-b is correlated

with three important features. First, we previously demonstrated

that CD11b+CD11c2 APCs present with a ‘‘semi-mature’’

phenotype characterized by reduced surface expression of

costimulatory molecules [23]. Here, we further demonstrate that

reduced expression of CD40 plays a role in the heightened

capacity of CD11b+CD11c2 APCs from NOD mice to increase

Treg levels. This strongly suggests that while CD40 signals are

likely involved in the acceleration of T1D by CD11b+CD11c2

APCs following CB4 infection, reduction or absence of these

signals tips the balance towards Treg induction. This is supported

by data demonstrating that blockade of CD40/CD154 interac-

tions through genetic ablation of either molecule or blocking

antibody treatment is associated with decreased alloimmune

responses and increased transplant tolerance [40]. Interestingly,

CD40 deficiency has previously been demonstrated to result in

reduced Treg frequency in the periphery suggesting a role for

CD40 in Treg homeostasis. While we observed that, similar to

other mouse models [41,42], baseline Treg levels were lower in

NOD mice lacking CD40 compared to WT NOD, our results

clearly demonstrate that under inflammatory conditions reduced

CD40 expression favors Treg increases. This suggests that under

inflammatory conditions, CD40 expression may act to control the

balance between activation of effectors and immunoregulation by

Tregs [7,43]. As such, therapies aimed at reducing CD40

expression on CD11b+CD11c2 may prove particularly effective

at reestablishing Treg function and peripheral tolerance. Second,

CD11b+CD11c2 APCs generated following CB4 infection

produce lower levels of the inflammatory cytokines TNF-a and

IL-6. This may have several effects on disease progression. In

particular, autoimmune diabetes acceleration following CB4

infection has been hypothesized to progress through a bystander

activation mechanism that relies upon presentation of previously

sequestered antigens in an inflammatory milieu [20]. As such,

reduced inflammation likely curtails the activation and/or

expansion of autoreactive T cells and this will be the subject of

future investigation. IL-6 has previously been associated with

blocking Treg suppressive capacities [44] and preventing the

expression of the Treg specific transcription factor Foxp3 in order

to favor the generation of Th17 clones [45]. As such, decreased IL-

6 production may be linked to the capacity of CD11b+CD11c2

APCs from NODTGFb mice to increase Treg levels. Third,

infection of pancreatic beta cells appears to be a critical

requirement for the induction of Tregs by CD11b+CD11c2

APCs. This strongly suggests that the presentation of pancreatic

self-antigens by semi-mature APCs favors the generation of

protective Tregs in this model. This likely occurs directly within

the pancreas, however, attempts to determine this histologically

have been hampered by the destruction of exocrine tissue induced

by coxsackieviral infection. Furthermore, depletion experiments

aiming to confirm the data from the adoptive transfer experiments

presented in this manuscript are hampered by the critical role of

macrophages in the response to viral infection [46]. As such, any

attempt to deplete macrophages in this system would result in

virus-induced mortality.

Taken together, our data demonstrate that protection from

T1D is linked to a decrease in the capacity of CD11b+CD11c2

APCs to activate autoreactive responses and an increase in their

immunoregulatory properties. As such, therapies aimed at this

particular APC subset may have a two-fold protective effect by

reducing the capacity of these cells to drive autoimmune pathology

and favoring their capacity to induce protective mechanisms.

Interestingly, despite the localized expression of TGF-b directly

within the pancreatic islets, we observed that APCs isolated from

the spleen of CB4-infected NODTGFb mice present with

immunoregulatory properties. This suggests that while APCs

appear to acquire antigen and become tolerogenic directly within

the pancreas they retain the ability to recirculate to mediate their

immunomodulatory functions. This is supported by data demon-

strating that NODTGFb mice are protected for coxsackievirus-

induced autoimmune myocarditis and that this protection is

dependent upon infection of the pancreas and correlates with

modulation of APCs [47,48]. This strongly suggests that locally

modulated APC population can induce protection from autoim-

munity at distal sites.

The generation of protective Tregs following infection in the

context of TGF-b may represent an extension of a natural process

that allows maintenance of tolerance to self-antigens, following

viral infections. Infections with LCMV have long been described

to protect NOD mice from the development of T1D [49]. This

protection is associated with increases in several immunoregula-

tory mechanisms that are likely activated to prevent immunopa-

thology following the resolution of an antiviral response. In

particular, this was associated with increased TGF-b production

and increased levels of Tregs that protect from the induction of

autoimmune diabetes [50]. This suggests that any mechanism that

serves to increase the production of TGF-b may be sufficient to

reestablish long-term tolerance and protect from T1D.

Finally our data demonstrate that the heightened Treg levels

observed following infection in the context of TGF-b are not due

to conversion of naı̈ve T cells to a regulatory phenotype. Rather,

our data demonstrate that the increase in Tregs results from an

increase in Helios expressing natural Tregs [32]. This suggests

than in addition to its well-described capacity to contribute to the

conversion of conventional T cells to a Treg phenotype,

stimulation of T cells in the presence of TGF-b can also result

in an overall increase in the presence of natural Tregs. Although

the mechanism responsible for this increase in natural Tregs

remains undefined, our preliminary data suggest that this does not

result from an increase in Treg survival or an increase in the

proliferative capacity of Tregs (Richer and Horwitz, unpublished

observations). Of particular interest, Foxp3 expression was

recently described to be unstable in NOD mice and loss of Foxp3

expression yields inflammatory cells that can contribute to T1D

pathogenesis [51]. It is possible that CB4 infection in the context of

TGF-b may function to stabilize Foxp3 expression and this

warrants further investigation. Interestingly, Thornton and

colleagues have recently demonstrated that natural Tregs

expressing Helios appear less likely to gain an inflammatory

phenotype than peripherally converted Tregs lacking Helios [32].

As such, therapies aimed at increasing the levels of Helios

expressing natural Tregs may prove particularly effective at

preventing autoimmune diseases such as T1D. Furthermore, the

Modulation of APCs Increases Protective nTregs
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relative contribution of natural and adaptive Tregs in the

progression of autoimmune diabetes in NOD mice remains to

be addressed and should be the subject of further investigation.

In conclusion, our results demonstrate that the inflammatory

properties of CD11b+CD11c2APCs can be modulated to yield a

subset of APCs with immunoregulatory properties. We provide

evidence that reducing the inflammatory properties of this APC

subset is sufficient to switch the effects of CB4 infection from a

diabetogenic [24] to a protective role. Taken together with

evidence that the decline in Treg function associated with disease

progression is not due to Treg intrinsic defects but rather to a

reduction in the capacity of this APC subset to maintain Treg

function [12], this argues for the targeting of this APC subset as a

powerful therapeutic tool for the long-term reestablishment of

peripheral tolerance to beta cell antigens.

Materials and Methods

Mice
NOD/ShiLtJ mice were obtained from The Jackson Laboratory

(Bar Harbor, USA). NODTGFb transgenic mice expressing TGF-b
under the control of the human insulin promoter were generated in

the laboratory of Dr. N. Sarvetnick (University of Nebraska Medical

Center, Omaha, NE, USA) and have been previously characterized

[23,52]. NODCD40KO and NODThy1.1 and NODFoxp3GFP

mice were obtained from the JDRF Center on Immunological

Tolerance at Harvard Medical School. All mice were bred and

maintained in our rodent facility and tested for diabetes prior

to infection. Mice with two consecutive non-fasting blood glucose

readings of .300mg/dl were considered diabetic. Animals

experiments were approved, conform and were performed to the

guidelines of the Animal Care Committee at the University of

British Columbia which ensures that appropriate care, including

adequate veterinary care, is given to animals in all stages of life and

in all experimental situations in compliance with Canadian Council

on Animal Care (‘‘CCAC’’) guidelines and CALAM Standards of

Veterinary Care. This work was approved by the UBC ACC and

the approved animal protocol number is AO8-0622.

Virus
Stocks of CB4 Edwards strain 2 and CB3 Nancy strain were

obtained and prepared as described previously [47,53]. 10–12

week old mice were infected intraperitoneally with sublethal doses

of 400 plaque forming units (PFU) of virus diluted in DMEM,

mock-infected mice received an equivalent volume of DMEM.

Flow cytometry
Single cell suspensions were stained for the appropriate markers

and analyzed by flow cytometry on an LSRII cell analyzer (BD

Biosciences, Missisauga, Canada). Fluorescently conjugated anti-

bodies directed against CD11b (clone M1/70), CD11c (clone

N418), PD-L1 (clone M1H5), CD4 (clone L3T4), CD25 (clone

PC61), BCL2 (clone 10C4) and Foxp3 (clone FJK-16s) were

purchased from eBiosciences (San Diego, USA). Fluorescently

conjugated antibodies directed against CD204 (clone 2F8) and

biotin-conjugated antibodies directed against CD206 (clone

MR5D3) were purchased from AbD Serotec (NC, USA).

Fluorescently conjugated antibodies directed against Helios were

purchased from BioLegend (San Diego, USA). Data were

analyzed with FlowJo software (Tree Star).

APC adoptive transfer
Single cell suspensions were generated from spleens of CB4

infected mice at day 7 post-infection (PI). Cells were stained with

fluorescently conjugated antibodies directed against CD11b and

CD11c and sorted on a FACSAria flow cytometer (BD Bioscience,

Missisauga, Canada). 26105 purified CD11b+CD11c2 diluted in

DMEM were adoptively transferred intraperitoneally into unin-

fected NOD mice. Spleens, pancreata and pancreatic lymph nodes

(PLNs) were harvested at day 7 post-transfer for Treg analysis.

Mock-transferred mice received an equivalent volume of DMEM.

Ex vivo cytokine analysis
CD11b+ CD11c2 cells and CD11c+ cells were sorted by flow

cytometry as described above and 16105 cells were cultured for

24 hours at 37uC in IMDM containing 10% fetal bovine serum.

Supernatants were harvested and cytokine levels were measured

using a BD CBA inflammation kit (BD Bioscience, Missisauga,

Canada) or a Mouse TGF-b1 ELISA Ready-SET-Go! kit from

eBioscience (San Diego, USA) Samples were prepared according

to manufacturer’s instructions and bead array samples were

analyzed on a BDFacsArray equipped with FCAP software

(BDBiosciences). Cytokine levels were normalized and are

presented as a percentage of cytokine production compared to

similarly infected WT NOD mice.

Isolation of pancreatic infiltrating cells
Pancreata were isolated from infected NOD and NODTGFb

mice and mechanically disrupted. Single cell suspensions were

treated for 10 minutes at 37uC in a PBS solution containing 1 mg/

ml of collagenase. Recovered cells were stained for flow cytometry.

Treg conversion assay
Single cell suspension from NODFoxp3GFPThy1.1 mice were

stained with fluorescently conjugated antibodies directed against

CD4 and sorted by flow cytometry. 26106 CD4+GFP2 (non-

Tregs) cells were adoptively transferred intraperitoneally into

NOD mice or NODTGFb mice 24 hours prior to infection with

400 pfu of CB4. At day 7 post-infection, conversion to a Treg

phenotype was analyzed by measuring GFP (Foxp3) expression in

CD4+Thy1.1+ cells from the spleen, pancreas and PLNs.

Statistical analysis
Statistical analysis was performed with Prism GraphPad

software. The unpaired Student’s t-test was used for statistical

analysis. A P value of less than 0.05 was considered significant.

Supporting Information

Figure S1 CD11b+CD11c2 APCs do not produce signif-
icantly higher levels of TGF-b following CB4 infection in
the context of TGF-b. Ex vivo production TGF-b from

CD11b+CD11c2 APCs FACS sorted from CB4 infected NOD

(black bar) or NODTGFb (white bar) mice. Cytokine levels were

measured from culture supernatants following 24 hours of

incubation. Data represent mean + s.e.m of normalized cytokine

levels from pooled mice in 3 separate experiments.

(EPS)

Figure S2 CB4 infection in the context of TGF-b does not
affect the capacity of DCs to produce cytokines. Ex vivo

production of A) TNF-a or B) IL-6 from CD11c+ DCs FACS

sorted from CB4 infected NOD (black bar) or NODTGFb (white

bar) mice. Data represent mean + s.e.m of normalized cytokine

levels from pooled mice in 3 separate experiments.

(EPS)

Figure S3 CD11b+CD11c2 APCs from NODTGFb mice
do not express increased levels of PD-L1 compared NOD
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mice following CB4 infection. A) Representative histogram of

surface PD-L1 expression on CD11b+CD11c2 APCs from NOD

(black line) or NODTGFb (grey line) mice at day 7 following CB4

infection. B) Average mean fluorescence intensity of PD-L1

expression on the surface of CD11b+CD11c2 APCs from NOD

(black bar) or NODTGFb (white bars) mice at day 7 following

CB4 infection. Data represent mean + s.e.m. from 2 separate

experiments (n = at least 5 per group.).

(EPS)

Figure S4 Adoptive transfer of CD11b+CD11c2 APCs
from CB3-infected NODTGFb mice is not sufficient to
increase Treg levels in uninfected NOD mice. Average

percentage of CD4+ T cells expressing Foxp3 in the PLNs of 10–

12 week uninfected NOD recipients mock transferred with

DMEM (grey bars) or adoptively transferred with

CD11b+CD11c2 APCs FACS sorted from CB3 infected

NODTGFb (white bars) mice. Data represent mean + s.e.m.

from 3 separate experiments (n = at least 6 per group).

(EPS)

Acknowledgments

The authors would like to thank Dr. N. Sarvetnick for her generous gift of

the NODTGFb mice. We would also like to thank A. Johnson, J. Wong

and A. Ahmadi for technical assistance and Dr. S.A. Condotta and Dr.

L.C. Osborne for useful discussion and critical reading of the manuscript.

Author Contributions

Conceived and designed the experiments: MJR MSH. Performed the

experiments: MJR DJL IS. Analyzed the data: MJR MSH. Contributed

reagents/materials/analysis tools: MJR DJL IS. Wrote the paper: MJR

MSH.

References

1. Anderson MS, Bluestone JA (2005) The NOD mouse: a model of immune
dysregulation. Annu Rev Immunol 23: 447–485.

2. Tang Q, Henriksen KJ, Boden EK, Tooley AJ, Ye J, et al. (2003) Cutting edge:

CD28 controls peripheral homeostasis of CD4+CD25+ regulatory T cells.
J Immunol 171: 3348–3352.

3. Chen Z, Herman AE, Matos M, Mathis D, Benoist C (2005) Where

CD4+CD25+ T reg cells impinge on autoimmune diabetes. J Exp Med 202:

1387–1397.

4. Feuerer M, Shen Y, Littman DR, Benoist C, Mathis D (2009) How punctual
ablation of regulatory T cells unleashes an autoimmune lesion within the

pancreatic islets. Immunity 31: 654–664.

5. Herman AE, Freeman GJ, Mathis D, Benoist C (2004) CD4+CD25+ T
regulatory cells dependent on ICOS promote regulation of effector cells in the

prediabetic lesion. J Exp Med 199: 1479–1489.

6. Gregori S, Giarratana N, Smiroldo S, Adorini L (2003) Dynamics of pathogenic
and suppressor T cells in autoimmune diabetes development. J Immunol 171:

4040–4047.

7. Salomon B, Lenschow DJ, Rhee L, Ashourian N, Singh B, et al. (2000) B7/

CD28 costimulation is essential for the homeostasis of the CD4+CD25+
immunoregulatory T cells that control autoimmune diabetes. Immunity 12:

431–440.

8. You S, Belghith M, Cobbold S, Alyanakian MA, Gouarin C, et al. (2005)
Autoimmune diabetes onset results from qualitative rather than quantitative age-

dependent changes in pathogenic T-cells. Diabetes 54: 1415–1422.

9. Lindley S, Dayan CM, Bishop A, Roep BO, Peakman M, et al. (2005) Defective

suppressor function in CD4(+)CD25(+) T-cells from patients with type 1
diabetes. Diabetes 54: 92–99.

10. Pop SM, Wong CP, Culton DA, Clarke SH, Tisch R (2005) Single cell analysis

shows decreasing FoxP3 and TGFbeta1 coexpressing CD4+CD25+ regulatory
T cells during autoimmune diabetes. J Exp Med 201: 1333–1346.

11. Gregg RK, Jain R, Schoenleber SJ, Divekar R, Bell JJ, et al. (2004) A sudden

decline in active membrane-bound TGF-beta impairs both T regulatory cell

function and protection against autoimmune diabetes. J Immunol 173:
7308–7316.

12. Anderson AC, Chandwaskar R, Lee DH, Kuchroo VK (2008) Cutting edge: the

Idd3 genetic interval determines regulatory T cell function through
CD11b+CD11c2 APC. J Immunol 181: 7449–7452.

13. Alard P, Manirarora JN, Parnell SA, Hudkins JL, Clark SL, et al. (2006)

Deficiency in NOD antigen-presenting cell function may be responsible for
suboptimal CD4+CD25+ T-cell-mediated regulation and type 1 diabetes

development in NOD mice. Diabetes 55: 2098–2105.

14. Jin Y, Chen X, Podolsky R, Hopkins D, Makala LH, et al. (2009) APC

dysfunction is correlated with defective suppression of T cell proliferation in
human type 1 diabetes. Clin Immunol 130: 272–279.

15. Bradshaw EM, Raddassi K, Elyaman W, Orban T, Gottlieb PA, et al. (2009)

Monocytes from patients with type 1 diabetes spontaneously secrete proin-
flammatory cytokines inducing Th17 cells. J Immunol 183: 4432–4439.

16. Weber MS, Prod’homme T, Youssef S, Dunn SE, Rundle CD, et al. (2007)

Type II monocytes modulate T cell-mediated central nervous system

autoimmune disease. Nat Med 13: 935–943.

17. Jahromi MM, Eisenbarth GS (2006) Genetic determinants of type 1 diabetes
across populations. Ann N Y Acad Sci 1079: 289–299.

18. Richer MJ, Horwitz MS (2008) Viral infections in the pathogenesis of

autoimmune diseases: focus on type 1 diabetes. Front Biosci 13: 4241–4257.

19. Jun HS, Yoon JW (2003) A new look at viruses in type 1 diabetes. Diabetes
Metab Res Rev 19: 8–31.

20. Horwitz MS, Bradley LM, Harbertson J, Krahl T, Lee J, et al. (1998) Diabetes

induced by Coxsackie virus: initiation by bystander damage and not molecular

mimicry. Nat Med 4: 781–785.

21. Serreze DV, Ottendorfer EW, Ellis TM, Gauntt CJ, Atkinson MA (2000)
Acceleration of type 1 diabetes by a coxsackievirus infection requires a

preexisting critical mass of autoreactive T-cells in pancreatic islets. Diabetes 49:
708–711.

22. Serreze DV, Wasserfall C, Ottendorfer EW, Stalvey M, Pierce MA, et al. (2005)
Diabetes acceleration or prevention by a coxsackievirus B4 infection: critical

requirements for both interleukin-4 and gamma interferon. J Virol 79:
1045–1052.

23. Richer MJ, Straka N, Fang D, Shanina I, Horwitz MS (2008) Regulatory T-cells
protect from type 1 diabetes after induction by coxsackievirus infection in the

context of transforming growth factor-beta. Diabetes 57: 1302–1311.

24. Horwitz MS, Ilic A, Fine C, Balasa B, Sarvetnick N (2004) Coxsackieviral-

mediated diabetes: induction requires antigen-presenting cells and is accompa-
nied by phagocytosis of beta cells. Clin Immunol 110: 134–144.

25. Horwitz MS, Ilic A, Fine C, Rodriguez E, Sarvetnick N (2002) Presented antigen

from damaged pancreatic beta cells activates autoreactive T cells in virus-
mediated autoimmune diabetes. J Clin Invest 109: 79–87.

26. Fairweather D, Cihakova D (2009) Alternatively activated macrophages in
infection and autoimmunity. J Autoimmun 33: 222–230.

27. Salama AD, Chitnis T, Imitola J, Ansari MJ, Akiba H, et al. (2003) Critical role

of the programmed death-1 (PD-1) pathway in regulation of experimental

autoimmune encephalomyelitis. J Exp Med 198: 71–78.

28. Chen W, Jin W, Hardegen N, Lei KJ, Li L, et al. (2003) Conversion of
peripheral CD4+CD252 naive T cells to CD4+CD25+ regulatory T cells by

TGF-beta induction of transcription factor Foxp3. J Exp Med 198: 1875–1886.

29. Fantini MC, Becker C, Monteleone G, Pallone F, Galle PR, et al. (2004) Cutting

edge: TGF-beta induces a regulatory phenotype in CD4+CD252 T cells
through Foxp3 induction and down-regulation of Smad7. J Immunol 172:

5149–5153.

30. Kretschmer K, Apostolou I, Hawiger D, Khazaie K, Nussenzweig MC, et al.

(2005) Inducing and expanding regulatory T cell populations by foreign antigen.
Nat Immunol 6: 1219–1227.

31. Zhang X, Izikson L, Liu L, Weiner HL (2001) Activation of CD25(+)CD4(+)

regulatory T cells by oral antigen administration. J Immunol 167: 4245–4253.

32. Thornton AM, Korty PE, Tran DQ, Wohlfert EA, Murray PE, et al. (2010)

Expression of Helios, an Ikaros transcription factor family member, differentiates
thymic-derived from peripherally induced Foxp3+ T regulatory cells. J Immunol

184: 3433–3441.

33. Fontenot JD, Rasmussen JP, Williams LM, Dooley JL, Farr AG, et al. (2005)

Regulatory T cell lineage specification by the forkhead transcription factor
foxp3. Immunity 22: 329–341.

34. D’Alise AM, Auyeung V, Feuerer M, Nishio J, Fontenot J, et al. (2008) The

defect in T-cell regulation in NOD mice is an effect on the T-cell effectors. Proc

Natl Acad Sci U S A 105: 19857–19862.

35. Walker LS (2008) Natural Treg in autoimmune diabetes: all present and correct?
Expert Opin Biol Ther 8: 1691–1703.

36. Cui G, Zhang Y, Gong Z, Zhang JZ, Zang YQ (2009) Induction of
CD4+CD25+Foxp3+ regulatory T cell response by glatiramer acetate in type

1 diabetes. Cell Res 19: 574–583.

37. Manirarora JN, Kosiewicz MM, Parnell SA, Alard P (2008) APC activation

restores functional CD4(+)CD25(+) regulatory T cells in NOD mice that can
prevent diabetes development. PLoS ONE 3: e3739.

38. Gaddy DF, Riedel MJ, Pejawar-Gaddy S, Kieffer TJ, Robbins PD (2010) In vivo

expression of HGF/NK1 and GLP-1 From dsAAV vectors enhances pancreatic

ss-cell proliferation and improves pathology in the db/db mouse model of
diabetes. Diabetes 59: 3108–3116.

39. Riedel MJ, Gaddy DF, Asadi A, Robbins PD, Kieffer TJ (2010) DsAAV8-

mediated expression of glucagon-like peptide-1 in pancreatic beta-cells
ameliorates streptozotocin-induced diabetes. Gene Ther 17: 171–180.

Modulation of APCs Increases Protective nTregs

PLoS ONE | www.plosone.org 8 February 2012 | Volume 7 | Issue 2 | e31153



40. Ford ML, Larsen CP (2009) Translating costimulation blockade to the clinic:

lessons learned from three pathways. Immunol Rev 229: 294–306.
41. Kumanogoh A, Wang X, Lee I, Watanabe C, Kamanaka M, et al. (2001)

Increased T cell autoreactivity in the absence of CD40-CD40 ligand

interactions: a role of CD40 in regulatory T cell development. J Immunol
166: 353–360.

42. Guiducci C, Valzasina B, Dislich H, Colombo MP (2005) CD40/CD40L
interaction regulates CD4+CD25+ T reg homeostasis through dendritic cell-

produced IL-2. European Journal of Immunology 35: 557–567.

43. Bour-Jordan H, Bluestone JA (2009) Regulating the regulators: costimulatory
signals control the homeostasis and function of regulatory T cells. Immunol Rev

229: 41–66.
44. Pasare C, Medzhitov R (2003) Toll pathway-dependent blockade of

CD4+CD25+ T cell-mediated suppression by dendritic cells. Science 299:
1033–1036.

45. Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, et al. (2006) Reciprocal

developmental pathways for the generation of pathogenic effector TH17 and
regulatory T cells. Nature 441: 235–238.

46. Richer MJ, Lavallee DJ, Shanina I, Horwitz MS (2009) Toll-like receptor 3
signaling on macrophages is required for survival following coxsackievirus B4

infection. PLoS One 4: e4127.

47. Richer MJ, Fang D, Shanina I, Horwitz MS (2006) Toll-like receptor 4-induced

cytokine production circumvents protection conferred by TGF-beta in

coxsackievirus-mediated autoimmune myocarditis. Clin Immunol 121: 339–349.

48. Horwitz MS, Knudsen M, Ilic A, Fine C, Sarvetnick N (2006) Transforming

growth factor-beta inhibits coxsackievirus-mediated autoimmune myocarditis.

Viral Immunol 19: 722–733.

49. Oldstone MB (1988) Prevention of type I diabetes in nonobese diabetic mice by

virus infection. Science 239: 500–502.

50. Filippi CM, Estes EA, Oldham JE, von Herrath MG (2009) Immunoregulatory

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

J Clin Invest 119: 1515–1523.

51. Zhou X, Bailey-Bucktrout SL, Jeker LT, Penaranda C, Martinez-Llordella M,

et al. (2009) Instability of the transcription factor Foxp3 leads to the generation

of pathogenic memory T cells in vivo. Nat Immunol 10: 1000–1007.

52. King C, Davies J, Mueller R, Lee MS, Krahl T, et al. (1998) TGF-beta1 alters

APC preference, polarizing islet antigen responses toward a Th2 phenotype.

Immunity 8: 601–613.

53. Webb SR, Loria RM, Madge GE, Kibrick S (1976) Susceptibility of mice to

group B coxsackie virus is influenced by the diabetic gene. J Exp Med 143:

1239–1248.

Modulation of APCs Increases Protective nTregs

PLoS ONE | www.plosone.org 9 February 2012 | Volume 7 | Issue 2 | e31153


