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Summary

Based on studies in animal models, viral infections, in particular by
enteroviruses, can accelerate or halt type 1 diabetes (T1D) development.
Among factors that determine the outcome are the degree of viral replica-
tion in the target organ (viral titres), the tropism of the virus for B cells, and
the precise time-point of infection in relation to the diabetogenic process.
Mechanisms underlying these phenomena have been assessed in mouse
studies and should now be verified for human T1D. For enhancement of
diabetes development, up-regulation of interferon pathways, expression of
class-I major histocompatibility complexes and Toll-like receptor-dependent
immunity appear important. In contrast, prevention of T1D involves path-
ways that the immune system usually invokes to shut down anti-viral
responses to limit immunopathology, and which can ‘clean out’ autoreactive
memory effector T cells as a bystander phenomenon: up-regulation of
inhibitory molecules and invigoration of regulatory T cell (Ty,) function.
Importantly, these immunoregulatory processes also appear to foster and
sustain persistent viral infections. Induction of immunoregulatory mecha-
nisms, and in particular the phenotype and function of T, is of interest
therapeutically and will be discussed.
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intriguing question is whether and how viral infections might

Introduction . .
affect the outcome of autoimmune diseases such as T1D. The

The immune response mounted against viral infections has
the potential to cause severe immunopathology and is there-
fore highly regulated. A number of immunoregulatory
mechanisms are in place to ensure that the cells participating
in anti-viral immunity are eliminated rapidly or kept under
control following their activation. Among those is expression
of inhibitory molecules [e.g. programmed death (PD)-1,
cytotoxic T lymphocyte antigen (CTLA)-4] on activated T
cells, activation or induction of regulatory T cells (Tie:),
and/or production of suppressor cytokines [e.g. interleukin
(IL)-10, transforming growth factor (TGF)-B]. Of impor-
tance is that these different factors all constitute major regu-
lators of not only anti-viral but also autoimmune processes,
and in particular type 1 diabetes (T1D). With similar param-
eters controlling anti-viral immunity and autoimmunity, an

aetiology of T1D is complex, because many genes that protect
from the disease as well as enhance the pathogenesis act in
concert to confer susceptibility, and in addition to genetic
predisposition environmental factors such as viral infections
can modulate the disease process [1,2]. In some cases viruses
can cause presentation of 3 cell antigens to autoreactive T cells
and promote T1D, while in others trigger immunoregulatory
mechanisms that prevent disease development (supporting
the ‘hygiene hypothesis’ [3-5]. While immunoregulation is
beneficial in the face of autoimmune diseases, it can hinder
the immune response mounted against viruses, thereby
enabling them to establish persistence. In sum, fine-tuning of
the balance between anti-viral immunity and immunoregu-
lation is a crucial aspect ensuring that neither autoimmune
disease nor viral persistence occurs.
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How viruses enhance autoimmunity in T1D

Viruses, notably human enteroviruses, infect various organs
causing a range of disorders, among which is damage to B
cells. These viruses have been proposed to be associated
with T1D development [6]. Enterovirus infections are more
frequent in siblings developing T1D compared to non-
diabetic siblings, and enterovirus antibodies are elevated in
pregnant mothers whose children develop T1D later [7].
Cocksackie virus B4 (CVB4) is the most common enterovi-
ral strain found in prediabetic and diabetic individuals.
CVB RNA has been detected in blood from patients at the
onset or during the course of TID [8,9]. In addition,
immune responses to CVB antigens were found to be
enhanced in T1D patients after the onset of the disease [10].
Recently, Dotta et al. were also able to detect CVB4 in pan-
creatic tissue specimens from three of six T1D patients
[11,12]. Elshebani et al. also found that enterovirus isolates
obtained from newly diagnosed T1D patients could infect
and induce destruction of human islet cells in vitro [13].
Also recently, Oikarinen efal. have isolated enteroviruses
from intestinal biopsy samples in 75% of T1D cases versus
10% of control patients, possibly reflecting persistent
enteroviral infection of gut mucosa in T1D patients [14]. In
sum, isolation of enteroviral antigens from diabetic indi-
viduals, particularly after recent onset, is becoming a fairly
reproducible finding, supporting a role for these viruses in
disease development.

Enteroviruses such as CVB4 might not commonly cause
T1D in those individuals with low genetic risk, but rather
predispose B cells to autoimmune attack as a consequence of
their tropism for these cells (Fig. 1). Most, if not all, viral
infections trigger interferon production by the host immune
system. Interferons primarily limit viral replication to
prevent damage to the infected cell, but in the case of 3 cells,
interferons and other inflammatory factors such as IL-1
and tumour necrosis factor (TNF)-o have harmful effects
[15]. Interferons also increase the visibility of virally infected
cells to the immune system, by enhancing their expression of
surface recognition molecules called major histocompatibil-
ity complexes (MHCs). In the case of [ cells, expression of
MHC class-I (MHC-I) molecules in response to interferon
enables their recognition and attack by autoreactive T cells
[16]. Following viral infection, MHC-I expression on f3 cells
is increased 100-fold. Unmasking of  cells to the immune
system — triggered by viral infection and mediated by inter-
ferons — could be an essential step in the development of
TID [17].

Different mechanisms can lead to production of interfer-
ons and other inflammatory cytokines in response to viral
infection. Interferon-induced helicase C domain-containing
protein 1 (IFIH1) is a viral sensing helicase enzyme (also
known as MDA5) which triggers interferon secretion. In a
recent study, Nejentsev et al. identified four genetic varia-
tions independently lowering the risk of T1D by about 50%,
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Fig. 1. How infection by pancreatotropic viruses might promote

type 1 diabetes (T1D). On infection with viruses such as human
enteroviruses, interferon response genes, including IFIH], are
activated in insulin-producing pancreatic 3 cells, leading to increased
levels of interferon. These immune mediators not only inhibit viral
replication, but also enhance the expression of surface major
histocompatibility complex class-I (MHC-I) molecules. Cytotoxic
CD8" T cells recognize infected B cells through the MHC-I molecules
on their surface, damaging and eventually killing them. Thus, viral
infection can contribute to the development of T1D. In support of
this proposal, Nejentsev et al. [18] show that rare variations in IFIH]
protect against T1D.

all of which are located in the IFIH1 gene which controls the
expression and structure of IFIH1 [18]. In other words,
genetic disabling of IFTH1 appears to lower the risk of T1D.
Another recent study by Liu et al. also supports the notion
that IFIH] expression in peripheral blood cells is associated
with T1D [19]. Another means through which viral infec-
tions cause the release of interferons is through Toll-like
receptor (TLR) signalling. TLRs are usually referred to as
‘danger-sensing’ molecules expressed by professional
antigen-presenting cells (APCs) that play a central part in
triggering inflammation and immunity in response to infec-
tion [20]. Different TLRs each recognizing specific molecu-
lar patterns have been identified in humans and mice.
TLR signalling might promote the development of
autoimmunity. For instance, both TLR-3 [21] and TLR-9
[22] signalling can cause T1D when triggered in the presence
of B cell antigens. Similarly, TLR-2 was shown to cause APC
activation and TNF-o production upon binding to byprod-
ucts of late apoptotic B cells, and thereby contribute to the
initiation of autoimmune responses in the non-obese dia-
betic (NOD) mouse model for T1D [23].

In the case of humans, accumulating evidence supports a
role for viral infections in the development of T1D. Indeed,
all the main ingredients seem to be present. First, CD8" T
cells are the most common cell type present in human pan-
creatic islets [24], and clones of these cells that can kill
human f cells have been isolated [25]. Secondly, and more
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importantly, increased expression of MHC-I molecules (and
in some cases interferons) was observed in pancreatic islets
of patients with T1D but not those of controls [12]. As many
of these patient islets were not yet targeted by the immune
system, an underlying viral infection is a plausible explana-
tion for these observations. Indeed, some studies have docu-
mented the presence of human enterovirus proteins in islets
of T1D patients but not in those of healthy individuals [26],
further thickening the plot for a role of these viruses in T1D.
It is now possible to use well-preserved, freshly frozen
human organ samples, such as those provided by nPOD
(network for pancreatic organ donors with diabetes) (http://
www.jdrfnpod.org), to examine islets for the presence of
viral footprints such as interferons and increased levels of
MHC-I. If viral infection is proved to be a contributing
factor, we could aim for lowering the risk of T1D through
designing suitable vaccines against human enteroviruses.

How viruses could protect from T1D: virally induced
immunoregulation

Just as in humans, an association exists between T1D in
mouse models and infection with the enterovirus CVB [27].
CVB4 was shown to be associated tightly with the initiation
of T1D in the NOD model, although the influence of the
virus appears to be contingent upon the precise point in
time at which infection occurs [28,29]. Conversely, certain
strains of the CVB3 serotype mediate significant protection
against T1D development in NOD mice, regardless of the
time of infection [30]. Protective and causative CVB strains
appear to differ regarding tropism for beta cells, and the
extent of damage they inflict to these cells. Interestingly,
other viruses that are also thought to be associated with the
pathogenesis of T1D in animals have been shown to
mediate protective effects in some instances. For instance,
lymphocytic choriomeningitis virus (LCMV) is used as a
means to induce T1D experimentally in NOD (and other)
mice that express LCMV antigens transgenically in their
cells [31-33], but this virus otherwise prevents T1D effi-
ciently in these mice [34,35]. In sum, while the use of
animals has established clearly that particular viruses are
capable of inducing autoimmune diabetes, it has also shown
that these viruses can play a preventive role in the develop-
ment of the disease.

Animal studies have shown that human enteroviruses that
replicate fast in vivo cause T1D [36], whereas those that grow
more slowly actually protect from this disease [30,37]. In
addition, pancreatic/islet tropism and replication rate in 3
cells might be crucial factors determining whether autoim-
munity is promoted or prevented. In fact, viruses more com-
monly spare B cells and abrogate autoimmunity. We have
reported recently that the ability of two different viruses to
trigger immunoregulatory mechanisms (and no B cell
damage) accounts for the capacity of these viruses to protect
from T1D [38] (Fig. 2). Infection of prediabetic NOD mice
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Fig. 2. Proposed model for prevention of type 1 diabetes (T1D) by
acute viral infection. On infection by P cell non-lytic viruses during
the prediabetic phase, release of inflammatory cytokines causes a
‘wave’ of programmed death-1 ligand 1 (PD-L1) up-regulation in
lymphoid organs, which curbs diabetogenic CD8" T cells and delays
the onset of overt diabetes. In parallel, natural regulatory T cells (Treg)
stimulated (by, e.g. dendritic cells) under inflammatory conditions
expand and acquire enhanced suppressor function, notably via
transforming growth factor-p production. Such invigorated T, take
additional advantage of PD-L1/PD-1-mediated demise of autoreactive
effectors to control the remaining diabetogenic T cells efficiently, and
thus prevent T1D with high efficacy.

with CVB3 or LCMV delayed diabetes onset and reduced
disease incidence. Delayed T1D onset was due to transient
up-regulation of programmed death-1 ligand 1 (PD-L1) on
lymphoid cells, which was caused partly by interferon and
curbed the accumulation of diabetogenic CD8* T cells
expressing PD-1. Reduced T1D incidence was due to expan-
sion and invigoration of CD4*CD25" T, which maintained
long-term tolerance. Full protection from T1D resulted from
synergy between PD-L1 and CD4"CD25" T, These results
provided evidence that viruses can activate regulatory path-
ways that participate in controlling not only anti-viral
immune responses but also autoimmunity. While these
immunoregulatory pathways usually have only a minimal
impact on viral elimination, with the goal to limit T cell-
mediated immunopathology [39], they appear able to
control autoimmune responses efficiently when acting in
synergy. These findings provided useful insight for the devel-
opment of novel and safe therapies to treat T1D [40].

In addition, our findings further supported the notion
that viral tropism/replication rate in 8 cells, which causes
their subsequent damage, is a crucial determinant of the
diabetogenic property of viruses. In order to expand autore-
active T cells and cause diabetes, viral infections have to
either lyse 3 cells directly or inflict damage to these cells via
antigenic recognition of 3 cell proteins within the proinflam-
matory milieu. Conversely, our results suggested that proin-
flammatory signals, when P cells are spared, can invoke
important immunoregulatory mechanisms that protect
from autoimmunity. In sum, bystander inflammation and
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anti-viral immunity systemically or in the vicinity of the
pancreatic islets may not be detrimental but, rather, benefi-
cial in T1D when occurring in the absence of direct B cell
damage. Accordingly, CVB and LCMV cause T1D in NOD
mice in contexts where they mediate B cell injury [CVB4
[28,29] and rat insulin promoter (RIP)-LCMV mice
[31-33], respectively], but prevent T1D when infection does
not directly harm B cells (CVB3 [30] and wild-type mice
[34,35], respectively). This suggests that induction versus
prevention of T1D by viruses depends upon the extent to
which anti-viral inflammation and immunity alter the
balance between [ cell injury and immunoregulation.

In this regard, while TLR-mediated activation of innate
immunity and inflammation in the context of B cell damage
might promote T1D, activation of TLR signalling is not sys-
tematically causative for T1D. Treatment with agonists of
TLR-2 [41], TLR-3 [42], TLR-4 [43] or TLR-9 [44] protect
from T1D when given in the absence of 3 cell antigens.
Interestingly, previous work has shown that CD4*CD25*
Tregs» Which express TLR-2, TLR-4, TLR-5, TLR-7 and TLR-8
[45-47], become activated and control T cell-mediated
wasting disease following exposure to lipopolysaccharide
(LPS), a TLR-4 agonist. In addition, while binding to TLR-2
by endogenous antigens causes APC activation and pro-
motes T1D [23], it was also reported to enhance the function
of CD4'CD25" T [41,48]. In fact, activation of TLR-2 sig-
nalling in CD4*CD25" T\, may cause a transient loss of their
function but in parallel trigger their expansion [46,47]. Of
note, a study in the NOD model showed that TLR-2 and
myeloid differentiation primary response gene 88 (MyD88)
were dispensable for the development of T1D [49], thereby
contrasting with previous work involving these molecules in
the initiation of autoimmune responses directed against f3
cells [23]. Our recent findings indicate that activation of the
TLR-2 signalling pathway, in a naive context or on viral
infection, can confer protection from TI1D, in part by
promoting the expansion of invigorated CD4'CD25" T
(Filippi et al., manuscript in preparation). As discussed
above, TLR-2 was shown previously to promote rather than
hinder T1D, notably by inducing TNF-a production by
APCs [23]. Such opposing roles of TLR-2, and other TLRs, in
T1D development might reflect the importance of not only
timing [2], but also of B cell antigen release concomitant to
TLR signalling for autoimmunity to develop. It thus appears
that similar phenomena account for both T1D development
and prevention. This suggests that the recurring occurrence
of infectious events during early life might promote autoim-
munity but will also drive the immune system to build
increased immunoregulatory force.

Do immunoregulatory pathways play a role in
chronic viral infections?

It is established that acute viral infections trigger immuno-
regulatory pathways that control anti-viral responses with
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the goal of limiting immunopathology. For instance, herpes
simplex virus (HSV) and influenza infections are associated
with expansion of CD4"CD25" T\ and IL-10-producing T
cells, respectively [39,50]. However, while this notion sug-
gests that viruses could thereby control autoimmunity [38],
it also raises the possibility that these regulatory pathways
could constitute a means for certain viruses to establish per-
sistence by inhibiting crucial components of the anti-viral
immune response (Beutler, this issue). Interestingly, in per-
sistent infections with hepatitis C virus (HCV), human
immunodeficiency virus (HIV) or Epstein—Barr virus
(EBV), an increase in systemic IL-10 production can be
observed. IL-10 is an immunomodulatory cytokine that can
be produced by different cell types in humans and mice,
including monocytes, macrophages, B cells, CD4* and CD8*
T cells. Importantly, while APCs and T cells are the main
producers of IL-10, they are also important targets of this
cytokine, which plays its immunosuppressive role through
interplay between these two cell types. IL-10 can inhibit
cytokine production directly by T cells in vitro [51], but also
prevents the maturation of DCs, rendering them ineffective
in activating T and other immune cells. IL-10 plays a
role in blocking proinflammatory cytokine production,
co-stimulation, MHC class II expression and chemokine
secretion. By acting on APCs, IL-10 regulates the prolifera-
tion and differentiation of Th1 cells, which are helper T cells
that control not only host defence, but also many crucial
effector immune responses in vivo such as, for example, anti-
tumour immunity. In the case of HIV, IL-10-mediated ham-
pering of APC maturation reduces the efficacy of antigen
presentation by these cells and induces T cell-dependent
suppression of anti-viral responses [52,53].

It is intriguing to hypothesize that IL-10, along with other
factors such as PD-1 [54], may play a role in maintaining
chronicity and pathogenicity in chronic infections (Fig. 3).
However, absolute proof of concept in humans has not yet
been achieved, and solid evidence is not currently available
for certain chronic situations such as HIV infection. Impor-
tantly, it was shown that the significant amounts of IL-10
produced during HCV infection can be attributed to the
generation of a subset of suppressor cells thought to hamper
viral resolution by T helper type 1/cytotoxic T (Th1/Tcl)
cells [55]. In addition, administration of IL-10 to HCV
patients with the intention of dampening chronic immuno-
pathology was found to actually increase viral loads [56].
Furthermore, single nucleotide polymorphisms in the IL-10
region have been associated with natural clearance of HCV
in some populations [57]. Thus, the overall concept emerg-
ing from clinical studies examining chronic HCV infection
supports the hypothesis that influencing IL-10 signalling
may have an impact on this chronic viral infection and its
deleterious secondary consequences, such as liver cancer,
immunodeficiency and lymphomas. In a previous study
using the mouse model of protracted viral infection induced
by LCMV Clone 13, we observed that a significant amount of
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Fig. 3. Establishment of viral persistence through induction of
interleukin (IL)-10 production. The left panel illustrates how an acute
viral infection usually triggers the activation of virus-specific CD8* T
cells by dendritic cells (DCs) driving their subsequent expansion and
differentiation into cytotoxic T lymphocytes (CTLs). These cells exert
their anti-viral properties by producing inflammatory and cytolytic
cytokines such as interferon (IFN)-y, tumour necrosis factor (TNF)-o.
and perforin. This phenomenon is generally accompanied by the
activation of CD4" T cells and their polarization into T helper type 1
(Th1) cells capable of producing IFN-y and TNF-c.. The consequence
of the anti-viral T cell response is the rapid elimination of the
invading virus, followed by the formation of T cell memory. The
right-hand panel illustrates how under certain circumstances the
initially active CTLs can become exhausted and lose their anti-viral
properties. Current evidence indicates that exhaustion may be the
consequence of programmed death-1 (PD-1) expression by
virus-specific CD8" T cells and systemic IL-10 production. IL-10 may
be produced directly by virally infected DCs, or/and by CD4* T cells
(Tr1) as a consequence of their activation by DCs bearing the intrinsic
ability to drive IL-10 responses (e.g. CD8o” DCs [58]). The outcome
is the establishment of a feedback loop in which IL-10 maintains its
own production, thereby acting in conjunction with PD-1 to keep
anti-viral CD8" T cells in an inactive state.

IL-10 was produced systemically which, interestingly, coin-
cided with the loss of CTL responses directed against the
virus [58]. We used systemic administration of a blocking
monoclonal antibody (mAb) against the IL-10 receptor
(IL-10R) and observed rapid resolution of the persistent
infection. Similar results were obtained simultaneously in an
independent study by Michael Oldstone’s group [59]. In our
study, successful anti-IL-10R therapy occurred in the
absence of systemic side effects or immunopathology, and
showed efficacy in mice in which the persistent infection was
already established.

The observation by us and others that persistent viral
infection can be resolved by neutralizing the effect of IL-10
in vivo suggests that successful treatment of other chronic
infections also associated with high IL-10 production may be
achieved using the same approach. Interestingly, induction
of IL-10 production appears to be a common strategy for
different viruses to achieve immunosuppression and escape
anti-viral immunity. Importantly, however, current therapies
such as interferon or anti-viral drugs have proved efficient in
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lowering viral titres and thus should not be abandoned.
These strategies could be revised to incorporate an addi-
tional component with the goal to modulate the class of the
anti-viral response. Disruption of IL-10 responses may be an
essential ingredient for a complete cure. In particular, it may
enable successful treatment of patients who do not respond
to conventional therapy. Neutralizing IL-10 can restore
immune responses mounted by T cells isolated from patients
harbouring chronic infection. For example, defective T cell
immunity in asymptomatic HIV-infected patients can be
enhanced in vitro by mAbs neutralizing IL-10 [60].

Although it is possible to restore immunity against persis-
tent viruses in vitro and other pathogens in vivo by blocking
the IL-10 signalling pathway, will this strategy function in
HIV- or HCV-infected patients? Recent important advances
should enable us to address this issue in preclinical studies
soon. Although a mouse model for HCV infection is not yet
available, the recent identification of human occludin as a
necessary factor for entry of HCV into mouse cells consti-
tutes a major step in the right direction [61]. Whether or not
neutralization of IL-10 represents a promising therapeutic
approach to treat HCV infection should be addressed in
mouse models when they become available. With regard to
HIV, a number of models using humanized mice are cur-
rently available, but the issue of IL-10 involvement/blockade
in viral persistence might be trickier than in HCV or other
persistent infections. HIV replicates well in CD4* T cells, and
therefore any strategy that will trigger T cell expansion might
well promote viral spread rather than containment. In other
words, IL-10 might have dual roles in HIV infection; inter-
fering with immunity and clearance, but also suppressing T
cell expansion and prohibiting viral propagation. In support
of this hypothesis are data showing that mutations in the
IL-10 promoter favouring increased IL-10 production
diminish susceptibility to HIV infection in human popula-
tions [62]. Therefore, one could argue that after HIV infec-
tion has been established, blockade of the IL-10 signalling
pathway could have adjuvant properties; however, before
infection, using a vaccine that induces anti-viral Ty (e.g.
producing IL-10) instead of effector cells might prevent
infection. Of important note, this might be the case for HIV
but not hold true for HCV or other non-T cell tropic
infections.
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