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Abstract
In immune-mediated diseases, Treg and proinflammatory Th17 cells have been suggested to play
either suppressor (beneficial) or effector (detrimental) roles, respectively. Tissue damage in viral
infections can be caused by direct viral replication or immunopathology. Viral replication can be
enhanced by anti-inflammatory responses and suppressed by proinflammatory responses.
However, Tregs could suppress proinflammatory responses, reducing immunopathology, while
Th17 cell-induced inflammation may enhance immunopathology. Here, the roles of Treg and
Th17 cells depend on whether tissue damage is caused by direct virus replication or
immunopathology, which differ depending on the virus, disease stage and host immune
background. Although the precise mechanisms of tissue damage in multiple sclerosis and
myocarditis are unclear, both viral replication and immune effector cells have been proposed to
cause pathogenesis. Personalized medicine that alters the balance between Treg and Th17 cells
may ameliorate viral pathology during infections.
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When the immune response is triggered against a pathogen, the innate immune system
directs the adaptive immune system toward the appropriate response against the pathogen to
protect the host. The adaptive immune response is composed of specialized effector cells
and their products that eliminate pathogens and generate a memory response to establish
immunity. Major adaptive host defense effectors include CD8+ cytotoxic T lymphocytes
(CTLs) and antibody-producing B cells. IFN-γ and CTLs contribute to clearance of
intracellular pathogens, including viruses, while antibodies help to eradicate extracellular
pathogens. However, immune responses are not always protective. Sometimes, the immune
response triggered against a pathogen is detrimental to the host or insufficient and can result
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in either tissue damage by immune cells (immunopathology) or incomplete clearance of the
pathogen (persistent infection) [1]. An inappropriate immune response can be due to the
genetic background of the host or strategies developed by the pathogen to escape clearance
by the host.

During activation and expansion, CD4+ T cells differentiate into different T-helper (Th) cell
subsets that have different cytokine profiles and distinct effector functions. Until recently,
CD4+ T cells were thought to diverge into either Th1 or Th2 cells, and were characterized
based on their cytokine profiles (Figure 1) [2]; Th1 cells produce IL-2, IFN-γ and
lymphotoxin, while Th2 cells produce IL-4, -5 and -13. In general, Th1 and Th2 cells help
activation of CTLs and B cells, respectively, while all Th cells can promote production of
antibody subsets. Recently, two more subsets of CD4+ T cells have been proposed: Tregs
and Th17 cells. While these two subsets share a common lineage and are induced by a
common factor in mice, TGF-β (in humans this is somewhat controversial [3–9]), they have
quite opposite effects, with one being anti-inflammatory (Tregs) and the other being
proinflammatory (Th17).

In autoimmunity, generally, organ-specific autoimmunity is mediated by Th1 and/or Th17
cells and systemic autoimmunity is mediated by autoantibodies, whose production is
enhanced by Th2 cells (Table 1). Here, Tregs play a beneficial role by suppressing
autoreactive Th cells, while Th17 cells play a detrimental role as effector cells. On the
contrary, in cancer, proinflammatory Th1 and Th17 responses can lead to tumor clearance,
while suppression of tumor immunity can lead to cancer progression. Here, Tregs play a
detrimental role by suppressing antitumor immunity. Th17 cells have been shown to play a
beneficial role in tumor clearance in most cases, although Th17 cells may promote
angiogenesis, helping tumor growth (Table 1) [10]. In this review, we will discuss how Treg
and Th17 cells can play both beneficial and detrimental roles in viral infections. Although
Tregs can control antiviral inflammatory responses, preventing immunopathology, the
suppression of antiviral immunity by Tregs can enhance viral replication, leading to a
persistent viral infection. Th17 cells may play a defensive role in some viral infections;
however, Th17 cells often cause immunopathology. The role of Treg and Th17 cells
depends on whether tissue damage is caused by viral replication itself or immune cells
(immunopathology), which can differ depending on the virus, disease stage and host
immune background. As examples of viral-mediated immune disease, we will further
discuss the roles of Treg and Th17 cells in multiple sclerosis (MS) and myocarditis.

Tregs
Tregs typically produce immunosuppressive cytokines such as IL-10 and TGF-β, while
Tregs do not produce IL-2 and thus cannot promote their own expansion. Tregs are potent
inhibitors of T-cell immune responses and express CD4, CD25 (IL-2 receptor α chain) and
the transcription factor FOXP3 [11]. Two types of Tregs have been classified: natural
(nTregs) and induced (iTregs). nTregs differentiate in the thymus and react to self-antigen
upon recognition of self-peptide presented by MHC class II [12]. In addition to the naturally
occurring population of nTregs, naive CD4+ T cells in the periphery can be induced by
TGF-β to express FOXP3 and become iTregs with properties similar to nTregs (Figure 1)
[13–15]. iTregs react to both self- and foreign antigens [15–17]. Both self-reactive nTregs
and iTregs prevent damage from immunopathology (Table 1). After origination, Tregs are
long-lived and constitute approximately 5–10% of the circulating CD4+ T cells in humans
(~2–5% in mice). Deficiencies in FOXP3 result in immune dysregulation and severe
autoimmune and inflammatory diseases such as immune dysregulation, polyendocrinopathy,
enteropathy, X-linked (IPEX) syndrome in humans and scurfy mice in rodents [18–20]. This
demonstrates the necessity of Tregs.
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Th17 cells
Th17 cells express the transcription factor RORC2/RORγt (humans/mice) and secrete the
proinflammatory cytokines IL-17, IL-21, IL-22 and TNF-α [21]. Naive CD4+ T cells are
differentiated into Th17 cells by priming in the presence of TGF-β and IL-6, which induces
their hallmark transcription factor RORγt [15]. IL-23 promotes the survival of Th17 cells;
conversely, Th1- and Th2-associated cytokines, such as IL-2, IL-4, IL-12 and IFN-γ, inhibit
the differentiation of Th17 cells [22]. Since the IL-17 receptor (IL-17R) and IL-22 receptor
are present on a broad range of cell types, Th17 cells can promote a widespread reaction that
includes the production of IL-6 and other inflammatory cytokines. The release of
proinflammatory cytokines from stromal cells results in the expansion of bone marrow cells
and the subsequent recruitment of neutrophils to sites of inflammation to phagocytize and
eliminate invading pathogens. The immune response generated by Th17 cells has been
shown to be involved in the defense against extracellular bacteria and fungi, for example
Klebsiella pneumoniae and Candida albicans (Table 1) [23,24]. Deficiencies in IL-17 or the
IL-17R lead to increased susceptibility to opportunistic pathogens, such as Staphylococcus
aureus and C. albicans [25,26]. In cancer patients, the presence and function of Th17 cells
has been correlated with tumor reduction and improved survival in general [27–30].
However, Th17 responses have been reported to help tumor growth depending on the cancer
and immune status of the hosts (Table 1) [31]. The release of inflammatory cytokines from
Th17 cells can cause severe immunopathology; dysregulation of Th17 cells has been
implicated in many immune-mediated diseases ranging from MS to inflammatory bowel
disease(s) [32].

Regulation of Treg versus Th17 development
In addition to the different factors that are responsible for the induction of Treg and Th17
cells, FOXP3 and RORγt, the transcription factors that regulate their divergence, antagonize
each other. FOXP3 binds to RORγt and blocks its transactivation domain [33]. Conversely,
the signals that IL-6 induces override the repression of RORγt by FOXP3 and silence
FOXP3 [34].

The development of these antagonizing CD4+ T-cell subsets may have arisen as a strategy to
promote homeostasis between the mucosal associated lymphoid tissue and the gut
microbiota. During normal conditions in the gut mucosa, induction of Tregs is favored over
Th17 cells due to the high levels of TGF-β present in the mucosa and the production of
another cofactor for Treg induction, all-trans retinoic acid, by dendritic cells [35]. However,
once dendritic cells are activated by microbial antigen in a proinflammatory manner, they
begin to secrete IL-6, which, in combination with TGF-β, promotes the induction of Th17
cells [15,36]. Here, the balance between IL-6 and retinoic acid produced by dendritic cells
affects the cell type that is predominately induced in the gut and the type of immune
response that will be elicited against microbes in the gut.

Tregs in viral infections
In viral infections, the role of Tregs can be either protective or detrimental to the host (Table
2), because Tregs can control inflammation, preventing excessive immunopathology, or
inhibit the antiviral immune response, facilitating viral replication. Tissue injury in viral
infections can be caused directly by viral propagation in the tissue. This pathology is
generally suppressed by the antiviral immune response, which acts to suppress viral
replication. CTLs play a key role in the control of intracellular viral replication by killing
infected cells, while extracellular virus can be neutralized by antibody. If CTL responses are
impaired or the virus alters CTL responses, then the virus can establish a chronic infection
[37–40]. The impaired CTL response may be due to immunological genetic background,
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viral proteins, virally induced genes or a suppressed immune response to avoid excessive
immunopathology [41,42]. However, in some viral infections, the pathology caused by
immune effector cells is more deleterious than the tissue damage induced by viral
propagation [43–45]. Here, it is more favorable for the host to control the immunopathology
than the viral replication. A balance between preventing immunopathology by Tregs and
allowing the immune system to eradicate viral pathogens is necessary to prevent
immunopathology and viral pathology during infections.

During viral infections, the physiological role of Tregs appears to be to control the immune
response and reduce immunopathology. This reduction in immunopathology can ameliorate
clinical signs when tissue damage is caused by the immune response. In both acute herpes
virus and West Nile virus (WNV) infection, low levels of Tregs have been demonstrated to
result in worse clinical outcomes. Lanteri et al. conducted a study that linked the
development of symptomatic WNV infections in both humans and mice to the Treg response
[46]. In humans and mice, asymptomatic individuals infected with WNV had higher levels
of Tregs than symptomatic individuals. To confirm the effects of Tregs in WNV infection,
transgenic mice expressing the diphtheria toxin receptor under the control of the FOXP3
promoter (DEREG mice) were used to deplete Tregs in vivo. DEREG mice were depleted of
Tregs and then infected with WNV; here, Treg-depleted mice had a higher frequency of
fatality compared with nondepleted mice and more severe clinical signs and weight loss.
The authors suggested that Tregs regulate the immune response and can prevent excess
immunopathology. In experimental acute genital herpes virus infection, although ablation of
Tregs resulted in increased levels of proinflammatory chemokines in the draining lymph
nodes, it reduced proinflammatory cytokines in the genitals [47]. In addition, the viral load
increased and fatality was accelerated in Treg-depleted mice. The authors suggested that
Tregs facilitate protective immune responses to infection by aiding in the coordination of
antiviral responses.

In many viral infections, Tregs act to suppress the antiviral immune response, facilitating
persistent infections. Zelinskyy et al. described the relationship of Tregs and CTL responses
in Friend virus infection [48,49]. Friend virus infects different lymphoid organs and
replicates at different levels in these organs, where increased levels of virus-specific CTLs
correlated with higher levels of viral replication. Here, the expansion of Tregs was
associated with the levels of CTL responses and viral replication. The expansion of Tregs
was found to be tissue-specific, which agrees with a previous finding that Friend virus
replication in organs correlated with Treg expansion [50]. To determine whether Tregs could
limit the CTL response, DEREG mice were depleted of Tregs, and the CTL responses were
examined. In the DEREG mice, enhanced CTL responses reduced viral load significantly,
while immunopathology was not increased. In HIV infection, protective CTLs have been
demonstrated to avoid suppression by Tregs [51]. Protective CTLs did not express the
inhibitory receptor Tim-3, and were able to directly kill Tregs in a granzyme B-dependent
manner. It has also been shown in HIV patients that an increased ratio of Treg:Th17 cells
was indicative of a worse prognosis than patients who maintain a balanced cell ratio [52–
54]. These studies along with others suggest that Tregs can be usurped for the evasion of the
immune system by viruses, enabling viral replication.

In viral infections, the role of Tregs appears to be coordinating the immune response as well
as preventing excessive immunopathology. The suppression of immune responses can turn
deleterious by allowing for further viral replication that may result in a persistent infection.
Since the outcome of many viral infections can be influenced by the effects of Tregs,
treatments that modify Treg responses, for example the Treg-depleting drug, denileukin
diftitox, may be useful therapeutic tools in treating specific infections [55].
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Th17 cells in viral infections
In viral infections, the role of Th17 cells is generally considered to be detrimental to the host
due to induction of immunopathology (Table 3). In addition, the production of IL-17 can
prevent the differentiation of Th1 cells, inhibiting the production of IL-2 and IFN-γ, which
have CTL induction and antiviral functions. The inhibition of Th1 cells by Th17 cells could
lead to viral persistence. However, in some viral infections, indirect evidence has
demonstrated that Th17 cells may be necessary to prevent disease exacerbation.

In mouse hepatitis virus (MHV) infection, Th17 cells were found to be responsible for
immunopathology in the liver [56]. Here, MHV-infected IFN-γ receptor-knockout (KO)
mice mounted enhanced Th17 responses compared with wild-type mice. The increased
production of proinflammatory cytokines resulted in more severe liver pathology. Th17 cells
have also been shown to contribute to liver damage in other viral infections, such as HCV
[57]. Furthermore, in influenza virus infection, compared with wild-type mice, IL-17A-KO
mice had reduced levels of inflammation in the lung and yet the mice were still able to clear
the virus [1]. In vitro, IL-17 was found to boost the production of the respiratory syncytial
virus-induced proinflammatory cytokines IL-6 and IL-8 [58]. This was abrogated if
components of the interferon signaling pathway were disrupted. This may explain the
immunopathology that results from Th17 cells in viral infections, where IL-17 leads to the
production of proinflammatory cytokines, such as IL-8, which results in excessive
neutrophil recruitment, causing further immunopathology. In both liver and lung
experiments, Th17 cells appear to inhibit Th1-type immune responses, preventing viral
clearance and/or causing immunopathology.

On the other hand, Th17 cells have been shown to synergize with Th1 cells, enhancing
immunopathology in HSV-1-induced corneal immunopathology [59]. In this system, Th1
cells not only cleared the virus but also caused some initial immunopathology, which was
followed by the recruitment of Th17 cells to the site of infection, resulting in increased
inflammation and immunopathology. Since the Th1 cells were HSV-1-specific and the Th17
cells were not, the Th17 cells may be activated in response to the corneal self-antigen that
became exposed due to the initial immunopathology caused by the Th1 cells (‘epitope
spreading’ from viral antigen to self-antigen). The cornea is an immunologically privileged
site where self-antigen is not seen by the immune system and thus does not induce self-
tolerance; exposure of T cells to the sequestered antigens results in the activation of the T
cells [60]. The induction of Th17 immune responses by the corneal self-antigen
(autoantigen) that is constantly being released may explain why corneal HSV-1 infection
results in chronic pathology.

In HIV infection, the role of Th17 cells is not fully understood, since some researchers have
been able to find virus-specific Th17 cells while others have not [61,62]. However, since
both the virus and Th17 cells are abundant in the mucosa, Th17 cells may play a beneficial
or detrimental role in the pathogenesis of HIV. Since Th17 cells express CD4 molecules, a
receptor of HIV, Th17 cells can be infected by HIV. Direct HIV infection may deplete Th17
cells, which would open the door for opportunistic infections of extracellular bacteria and
fungi, exacerbating AIDS [63]. The loss of Th17 cells from the gut mucosa could also
permit the natural flora of the gut to cross the gut lining, generating inflammation. In an
animal model for HIV infection, SIV infection, a depletion of Th17 cells was associated
with clinical disease [64]. In symptomatic infections of SIV, the levels of Th17 cells were
decreased, while in asymptomatic infections, the levels were unaffected. In viral infections,
the maintenance of a healthy population of Th17 cells may be necessary to prevent
secondary infections or other secondary effects of an infection, such as tumor development.
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While there are no studies that convincingly show a necessity for Th17 cells to clear a viral
infection, several reports suggest that Th17 cells or their primary cytokine, IL-17, help in the
clearance of viruses. In mice immunized against rotavirus, viral challenge upregulated
expression of IL-17 mRNA in intestinal lymphoid cells and production of IL-17 from virus-
specific T cells [65]. Although this suggests that IL-17-producing cells participate in
rotavirus immunity, immunity to rotavirus was still found in IL-17R-KO mice. A newly
discovered subtype of CTL, T cytotoxic (Tc)17 cells, which are CD8+RORγt+ IL-17-
secreting T cells, have been linked to protection from lethal influenza virus challenge [66].
Tc17 protection was perforin-independent and associated with an influx of neutrophils.
Blocking IL-17 increased weight loss and decreased survival after a lethal virus challenge in
mice. Together, these findings suggest that IL-17-secreting cells can contribute to viral
clearance.

In virus infections, the role of Th17 cells appears to vary depending on the immunologic
background of the host and the virus that is infecting the host. Th17 cells can be detrimental
to the host if they suppress Th1 immune responses, leaving viral replication uncontrolled, or
if they synergize with Th1-mediated immunopathology. These two scenarios could result in
persistent and/or inflammatory disease from viral infections that are normally nonpathogenic
in the general population.

While Th17 cells may cause immunopathology in some viral infections, Th17 cells are
necessary for host defense against some extracellular bacteria and fungi. Thus, depletion of
Th17 cells by viral infections such as HIV may exacerbate the disease caused by
extracellular microbes, including viruses. Once Th17 cells are depleted, opportunistic
infections in the gut may take hold. The opportunistic infection may itself kill the host or
alter the systemic immune responses, causing the viral infection to go unchecked [67]. In
these scenarios, the condition of the Th17 cell population may be imperative to the health of
the host and indirectly to the resolution of the viral infection.

Treg & Th17 cells in viral models of MS
MS is a chronic inflammatory disease of the CNS, characterized by demyelination and
axonal degeneration. Symptoms include visual and sensory impairment, paralysis and other
neurological deficits, such as cognitive dysfunction. Approximately 90% of MS patients
develop a relapsing–remitting disease, where relapses are associated with inflammatory
immune responses (Th1 and Th17) and remissions are associated with anti-inflammatory
immune responses (Th2 and Tregs) [68]. The possibility that MS has an infectious trigger
has been considered since the initial descriptions of the disease [69]. Many different viruses
have been associated with MS, particularly EBV. Up to 95% of the general population are
seropositive for EBV, while 99% of MS patients are seropositive [70]. Other viruses, such as
human herpes virus 6, human endogenous retrovirus, varicella zoster virus, measles virus
and canine distemper virus, have been investigated and linked to MS [71,72]. The presence
of oligoclonal IgG bands in the cerebrospinal fluid of MS patients also supports an infection
as the cause of MS [73]. Evidence of a potential viral etiology also comes from animals that
develop diseases similar to MS. For example, a MS-like disease was discovered in Japanese
macaques infected with a gamma herpesvirus [74]. Several viral models of MS are used in
mice, including canine distemper virus, MHV and Semliki forest virus infection. The most
prominent viral model for MS is Theiler’s murine encephalomyelitis virus (TMEV)-induced
demyelinating disease in mice. TMEV infection is clinically and pathologically similar to
MS, where susceptible mice develop a paralytic chronic progressive disease (Figure 2) [75].

In the MHV model of virus-induced demyelinating disease using the neurotropic strain of
MHV, adoptive transfer of Tregs was found to decrease immune-mediated demyelination
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and mortality [76,77]. In this model, demyelination has been suggested to be immune-
mediated, since RAG1-KO mice infected with MHV do not develop demyelination unless
reconstituted with MHV-immune CD4+ or CD8+ T cells. RAG1-KO mice receiving an
adoptive transfer of Tregs concomitantly with MHV-immune splenocytes had decreased T-
cell proliferation and proinflammatory cytokine production. In wild-type mice, a more
virulent strain of MHV kills 100% of infected mice; however, an adoptive transfer of Tregs
cut the case fatality rate in half. Here, Tregs play a beneficial role by blocking immune-
mediated demyelination (Figure 2).

In TMEV infection, CD4+ Th1 and CD8+ T cells and antibody have been shown to cause
immunopathology [2]. Interestingly, however, Richards et al. suggested that an expansion of
Tregs leads to susceptibility in TMEV infection [78]. An elevated Treg to effector cell ratio
was found in the spleen and CNS of TMEV-infected SJL/J (susceptible) mice compared
with C57BL/6 (resistant) mice. SJL/J mice depleted of Tregs using anti-CD25 monoclonal
antibody (mAb) exhibited more potent antiviral immune responses, lower viral loads and
decreased clinical signs compared with control mice. In contrast to the MHV model where
Tregs appear to prevent immune-mediated demyelination, Tregs blocked antiviral immune
responses, facilitating viral replication and demyelination (Figure 2). These two models
demonstrate the opposite effects that Tregs can have in viral infections that result in similar
disease.

Hou et al. studied the role of Th17 cells in TMEV infection by investigating how Th17 cells
affected viral replication and the function of CTLs [40,79]. TMEV-infected mice treated
with anti-IL-17 mAb during the acute stage of infection had lower levels of virus persistence
and demyelination compared with infected mice treated with control antibody. Anti-IL-17
mAb-treated mice also displayed enhanced antiviral CTL responses. They also found that
susceptible SJL/J mice have higher levels of Th17 cells than resistant C57BL/6 mice after
TMEV infection [40,79]. This suggests that a genetic predisposition towards different
adaptive immune responses may affect the outcome of disease. TMEV-infected SJL/J mice
have been shown to have abnormal antiviral CTL responses; the expansion of Th17 immune
responses may be a response to this abnormality, as has been observed in other viral
infections in mice deficient in CTL responses [80,81]. In addition, a bacterial endotoxin,
lipopolysaccharide, which promotes Th17 development, was capable of rendering C57BL/6
mice susceptible to persistent TMEV infection [79]. This implies that additional factors such
as adjuvants are capable of influencing the immune response against pathogens and can alter
an infection that is normally resolved to become a persistent infection. In this scenario, it
may be possible that in a situation where an individual has a polymicrobial infection where
the appropriate immune response would be a Th17-type immune response to resolve it, the
immune response against the other pathogen could be skewed toward a Th17 immune
response. This could result in immunopathology caused by Th17 cells or viral persistence if
Th17 cells suppress CTL responses. As a result, a normally benign infection could be altered
to an immune-mediated and/or persistent viral disease.

The expansion of Tregs seen by Richards et al. may be a protective response to the
expansion of Th17 cells to avoid immunopathology in the CNS, while it is unknown
whether Th17 cells can cause immunopathology as effector cells in TMEV infection [78].
On the other hand, it is also possible that Th17 cells that are expanded in response to TMEV
infection suppress Th1 responses, leading to a suppression of CTL responses. If this is the
case, since Tregs can also suppress CTL responses, Treg and Th17 cells may suppress CTL
responses synergistically (Figure 2). The combined suppressive effects of Treg and Th17
cells against CTL responses may be what cause mice to become susceptible. This scenario
would be supported if it were found that in normally TMEV-resistant mice treated with
lipopolysaccharide, to render them susceptible, the increase of Th17 immune responses was
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accompanied by an expansion of Tregs. Another possibility is that the expansion of Tregs
suppresses the initial CTL responses, leading to the expansion of Th17 cells as an attempt to
control viral replication; an expansion of Th17 cells has previously been observed in mice
with impaired CTLs [80].

In MS patients, Tregs have been observed to be present at lower levels and to have
functional defects [82–84]. This has led to the transfer of Tregs into MS patients being
proposed as a therapy. However, due to the dichotomous nature of Tregs in viral infections
and the unknown etiology of MS, one must take caution in this approach. If MS is indeed
caused by a viral infection or the patient has an ongoing viral infection, Tregs may
exacerbate this condition. If MS is solely caused by immunopathology (without the
involvement of pathogens), Tregs should act as a therapeutic agent. Since the etiology of
MS is unknown, MS may be caused by different pathogens and susceptibility is influenced
by host genetic background, as shown in TMEV and MHV models. If this is the case,
modulation of Tregs may have similar effects in patients to those seen in the mouse models,
making some worse and some better.

MS could be the result of an inappropriate Th17 immune response to a virus, since increased
Th17 immune responses have been observed during relapses in MS patients [68]. Here, a
common latent pathogen, for example EBV, could be responded to by Th17 cells causing
focal inflammatory lesions when the virus reactivates. If virus infection occurs sequentially
or simultaneously with a Th17-inducing pathogen, such as extracellular bacteria or fungi (a
‘polymicrobial infection’), it may generate Th17 cells that respond to viral antigen. When
the virus reactivates, the release of viral-antigen would result in inflammatory lesions. If the
individual had a genetically biased immune response towards Th17 cells, an individual
could generate a pathogenic Th17 immune response towards an innocuous pathogen that
normally induces protective immune responses. Additionally, a chronic inflammatory
condition could be initially caused by Th1 responses followed by Th17 responses, similar to
what was found in HSV-1- induced corneal pathology, where the Th17 responses can be
aimed at self-antigen. Here, a Th17 response would be generated towards self-antigen, and
when normally benign damage occurred in that area, the release of self-antigen would result
in inflammation, causing further damage.

Treg & Th17 cells in viral myocarditis
Myocarditis is an inflammation of the myocardium, the heart muscle. The consequences of
myocarditis are broad: myocarditis may resolve completely, or result in chest pain,
arrhythmia, heart failure or death [85,86]. Since myocarditis is often asymptomatic and only
approximately 10% of patients with clinical evidence of myocarditis are estimated to
develop symptoms, the exact incidence of myocarditis in the general population is unclear
[87]. However, the prevalence of myocarditis has been estimated at 1% in the USA by a
necropsy study of more than 12,000 victims of violent or accidental deaths. Viruses have
been proposed to contribute to myocarditis induction, such as enterovirus, adenovirus,
parvovirus B19, EBV, human herpes virus 6 and CMV [88,89]. Among viruses,
picornaviruses, such as Coxsackievirus B (CVB) and echovirus, are known as dominant
pathogens of myocarditis [87,90,91]. In North America, nearly 50% of myocarditis results
from CVB infection [90]. Coxsackieviruses generally have an infection rate with a relatively
low myocarditic potential, and a relatively small percentage of the human population
develop clinically visible viral myocarditis in a lifetime [92].

Viral myocarditis can be a triphasic disease, although the exact mechanism is unclear
(Figure 3). In phase I, since myocardial damage is caused by viral replication, antiviral
therapy with antiviral drugs is the most ideal treatment. In most cases, however, only
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symptomatic treatment is applied, since the causative viruses are not identified or treatable.
In phase II, antiviral immune and/or autoimmune responses contribute to the pathogenesis of
viral myocarditis (immunopathology). Here, Th1 cells have been proposed to activate CTLs
that kill uninfected cardiomyocytes causing immunopathology, although Th1 immune
responses have also been shown to protect against viral myocarditis by decreasing viral
replication [93–96]. At this phase, immune suppression is the most appropriate treatment,
unless virus persistence occurs [97]. As a result of phase I and II, dilated cardiomyopathy
(phase III), characterized by remodeling of cardiac structure and function, has been
suggested to progress independent of inflammation. In phase III, the pump function of the
heart is impaired and the ventricles are dilated, and some of the cases become progressive.
Regardless of the cause, once patients develop dilated cardiomyopathy, the patients are
treated with standard therapy for heart failure to improve the heart function with drugs such
as angiotensin-converting enzyme inhibitor, diuretics and β-blocker. Some progressive cases
require heart transplantation [98]. In phase I, cardiac damage is observed in the absence of
substantial host immune responses. In phase III, the progression to dilated cardiomyopathy
is determined by cardiac damage inflicted during the previous stages. Thus, Th17 cells and
Tregs mainly play roles in phase II.

Th17 cells have been proposed to play a pathogenic role in experimental autoimmune
myocarditis [99,100]. Yuan et al. demonstrated that both the frequency of Th17 cells in
peripheral blood mononuclear cells and the levels of IL-17 in the serum were higher in
patients with acute viral myocarditis (AVMC) than in healthy subjects [101]. Similar to the
disease in humans, the percentages of Th17 cells and the levels of serum IL-17 have been
reported to increase in a viral model for myocarditis: CVB3 infection of mice [102,103]. In
the CVB3 model, IL-17 neutralization with anti-IL-17 mAb injection ameliorated clinical
signs and decreased viral replication in the heart [102,104]. However, the treatment did not
completely prevent viral myocarditis. It is unclear how Th17 cells could favor CVB3
replication; however, Th17 cells may inhibit Th1 cells and CTLs, both of which play a
central role in CVB3 clearance.

Some viruses encode antigenic determinants that are similar to heart proteins, including
adenine nucleotide translocator (ANT), myosin heavy chain, β1-adrenergic receptor and M2-
cholinergic receptor [105–109]. Because of this ‘molecular mimicry’ between the virus and
heart proteins, immune responses to these viruses cannot only attack viruses, but cross-react
with heart tissue. Indeed, antiheart autoantibodies for these four proteins have frequently
been detected in the serum from patients with AVMC [107,110]. Recently, there have been
some reports that Th17 cells not only contribute to inflammation, but also promote
pathogenic autoantibody production from B cells [111,112]. Yuan et al. demonstrated that
the levels of IL-17R expression on B cells in peripheral blood mononuclear cells are higher
in patients with AVMC than in healthy subjects. Additionally, in patients with AVMC, the
activation of B cells isolated from blood was positively correlated with the levels of serum
IL-17 [101]. Similarly, in the CVB3 model, treatment with anti-IL-17 mAb ameliorated
clinical signs with decreased serum anti-ANT IgG in AVMC mice. B cells from anti-IL-17
antibody-treated mice had reduced proliferation and anti-ANT antibody production in vitro
[113]. Thus, Th17 cells may contribute to the development of viral myocarditis by the
enhancement of antiheart autoantibody production by IL-17R-expressing B cells.

Although Tregs have been proposed to control autoimmune models for myocarditis, the role
of Tregs in viral myocarditis is still controversial [114–116]. Galectin-9, one of the β-
galactoside-binding lectins, has been shown to promote the induction of Tregs and suppress
Th1 and Th17 cells. Lv et al. demonstrated that the upregulation of Tregs by galectin-9
injection ameliorated CVB3-induced myocarditis [117]. In this study, treatment with
galectin-9 increased the levels of IL-10 in the heart. The adoptive transfer of Tregs reduced
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viral replication and inflammatory cell infiltration in the heart by enhancing levels of cardiac
TGF-β in AVMC mice [118]. Similarly, TGF-β-transgenic mice developed mild CVB3-
induced myocarditis with decreased antiheart antibody production and migration of
inflammatory cells into the heart compared with wild-type mice [119]. Thus, Tregs may
suppress viral myocarditis via anti-inflammatory cytokine production.

However, Tregs may not always be beneficial in viral myocarditis. Tregs have been
proposed to play a detrimental role in some viral infections, since Tregs suppress antiviral
immune responses, which are important for viral clearance [48–50]. In the CVB3-induced
AVMC model, Xie et al. demonstrated an increased frequency of both Treg and Th17 cells
in the spleen and levels of TGF-β and IL-17A in the heart [104]. The neutralization of IL-17
by anti-IL-17 mAb injection decreased the frequency of not only Th17 cells, but also Tregs.
Anti-IL-17 antibody treatment also decreased inflammation of CVB3-infected mice and
lowered levels of viral RNA. These results suggest that both Treg and Th17 cell functions
are intimately associated with inflammation and viral replication in viral myocarditis.

Conclusion
In vitro Tregs produce anti-inflammatory cytokines and suppress T-cell proliferation, while
Th17 cells produce inflammatory cytokines. In vivo, these functions can result in different
outcomes, depending on interactions with other immune cells, pathogens and the
pathophysiological conditions (Figure 4). For example, Treg and Th17 cells play protective
and detrimental roles in autoimmunity, respectively, while Treg and Th17 cells can play the
opposite roles in tumor immunity (Table 1). In viral infections, Treg and Th17 cells can
have diverse effects on viral infections ranging from exacerbating to preventing disease.
Tregs can exacerbate disease by inhibiting CTLs and facilitating viral replication. On the
other hand, by modulating the immune response, Tregs can both facilitate viral clearance
and prevent immunopathology. Although Th17 cells are categorized as proinflammatory
cells, in many viral infections, it appears that Th17 cells promote viral replication by
inhibiting Th1 immune responses. Th17 cells also contribute to immunopathology by
enhancing the inflammatory response. In both MS and myocarditis, Th17 cells appear to
play a detrimental role by promoting inflammation, and possibly by inhibiting antiviral Th1
immune responses. In viral models for MS and myocarditis, Tregs can be beneficial by
suppressing inflammation, and there is some evidence that Tregs may enhance viral
replication and thus promote further tissue damage; this should be considered when Tregs
are suggested as a therapeutic agent in virus-induced disease.

Future perspective
Several reagents have been shown to modulate the populations of Treg and Th17 cells,
including glatiramer acetate (Copaxone®), an immunomodulatory drug composed of random
tetramers of four amino acids found in myelin basic protein, which is used for the treatment
of MS [120,121]. Modulating the populations of Treg and Th17 cells using drugs could be
applicable in virus-induced diseases (Figure 4). Here, it is imperative that the exact role of
these cell populations is elucidated in each disease, due to the different roles they may play
in disease (beneficial or detrimental), and the adverse effects that could result. Since the
stage of disease, immunologic background and other factors determine the effects of Treg
and Th17 cells, drugs that can modulate Treg and Th17 cells should be used with
consideration of these factors in individual patients (personalized medicine) (Figure 4). For
example, drugs that deplete Tregs can have adverse effects similar to what is observed in
cyclophosphamide treatment that depletes Tregs as a side effect and enhances contact
hypersensitivity [122].
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While Treg and Th17 cells appear to be novel targets for treating virus-induced disease,
there are some emerging issues of phenotypic plasticity that could complicate treatments
targeting Treg and/or Th17 cells (Figure 5). Typically, the different Th cell subsets are
considered to secrete specific cytokines and be terminally differentiated. However, it has
recently been discovered that the cytokine secretion profiles of the subsets can overlap and
that Th cell subsets can be ‘reprogrammed’ into other subsets (plasticity) [123]. Treg and
Th17 cells have been found to switch to phenotypes that resemble each other’s or a Th1
phenotype, while Th1 cells have not been found to switch to a Treg or Th17 phenotype. For
example, human Th17 cells have been shown to differentiate into Tregs at the clonal level
[123]. It is still controversial whether Tregs are also susceptible to conversion into other Th
cells [124]. This raises the possibility that the local cytokine environment can reprogram
cells and can overcome ‘predetermined’ programming. One intriguing complication to the
Treg/Th17 paradigm is the discovery of IL-17+FOXP3+CD4+ T cells [125]. These cells
suppress T-cell activation while stimulating inflammatory cytokine production from tissue.
In addition, Th cells that produce cytokines from two different Th subsets have been
reported, including Th1/Th2, Th2/Treg and Th1/Th17 cytokines. This raises the issue that
transfers of specific cell types may be ineffective and possibly detrimental to disease, if they
are converted to pathogenic subsets or to cells that secrete two opposing cytokines.

The future therapeutic strategy to treat these diseases may be with drugs that can suppress or
alter the Th subset programming of effector cells (Figure 5). For example, in autoimmunity,
drugs that can promote plasticity from Th17 cells to Tregs will be effective, while the
plasticity of cells should be suppressed in infections with extracellular pathogens to preserve
antimicrobial Th17 responses. In cases where the cell type has an overlapping phenotype
(IL-17+IFN-γ+ cells) that may play a detrimental role in autoimmunity, two therapeutic
strategies can be applied: suppression of conversion from Th17 cells to dual phenotypes
(Th1/Th17); and reprogramming drugs that redifferentiate dual phenotypes (Th1/Th17) into
a single phenotype, either Th1 or Th17. On the other hand, in cancer, IL-17+IFN-γ+ cells
can play a beneficial role, while IL-17+FOXP3+ cells may be ineffective because of their
potential immunosuppressive nature. Here, reprogramming IL-17+FOXP3+ cells into Th17
cells will be an appropriate treatment.
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Executive summary

Treg versus Th17 cells

• Tregs suppress other effector cells of the immune system.

• Th17 cells are proinflammatory effector cells that are involved in tumor
immunity and host defense against extracellular pathogens.

• Tregs and Th17 cells antagonize the development of each other.

Tregs in viral infections

• The immunosuppressive effects of Tregs may facilitate viral replication.

• Regulation of the immune response may prevent immunopathology.

Th17 cells in viral infections

• Th17 cells may inhibit cytotoxic T lymphocyte responses, preventing viral
clearance.

• Th17 cells can cause immunopathology.

Viral theory of multiple sclerosis

• Tregs can suppress immunopathology or enhance viral replication.

• Th17 cells can cause immunopathology; this may be due to abnormal immune
responses or polymicrobial infections.

Viral myocarditis

• Tregs can suppress immunopathology.

• Th17 cells can cause immunopathology and may facilitate viral replication by
inhibiting cytotoxic T lymphocyte responses.

Future perspective

• Drugs that influence the phenotype of effector T cells may be key in treating
viral diseases.

• The plasticity of T-helper subsets adds to the potential difficulty of treating
immune dysregulation in viral infections.
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Figure 1. Differentiation of T-helper subsets
T-cell subset differentiation is influenced by cytokines released from dendritic cells and
other immune cells. Th1 cells help CTL induction and are induced in the presence of IL-12
and the transcription factor T-bet. Th1 cells are also effectors in immunity against
intracellular pathogens and organ-specific autoimmunity. Th2 cells promote production of
antibody, contributing to the clearance of extracellular pathogens and systemic
autoimmunity, and are induced by IL-4 and the transcription factor, GATA3. Th1 and Th2
differentiation is inhibited by TGF-β. Both Treg and Th17 cells are induced by TGF-β: in
addition, Tregs require RA and Th17 cells require IL-6. Tregs express the transcription
factor FOXP3, and secrete the anti-inflammatory cytokines, TGF-β and IL-10, which can
suppress autoimmunity and immune responses to pathogens. Th17 cells express the
transcription factor, RORC2/RORγt (humans/mice), and are involved with defense against
extracellular pathogens, tumor immunity and autoimmunity.
†Protective role.
‡Detrimental role.
CTL: Cytotoxic T lymphocyte; RA: Retinoic acid.
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Figure 2. Animal models of virus-induced demyelination
(A) In MHV infection, Tregs prevent immunopathology caused by T effector cells. (B)
TMEV infection in resistant C57BL/6 mice induces a Th1 response that promotes CTL
responses and clearance of the virus. In susceptible SJL/J mice, Treg and Th17 cells inhibit
CTL responses, resulting in virus persistence and demyelination. CTL: Cytotoxic T
lymphocyte; MHV: Mouse hepatitis virus; TMEV: Theiler’s murine encephalomyelitis
virus.
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Figure 3. The three phases of viral myocarditis
During phase I, a virus infects and replicates in the heart and induces innate immune
responses. Myocardial damage induced by viral replication or antiviral immunity can lead to
induction of autoantibodies and autoimmune T-cell responses via epitope spreading or
molecular mimicry during phase II. Low-grade viral persistence and tissue damage during
phases I and II can lead to cardiac remodeling and contribute to dilated cardiomyopathy
during phase III.
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Figure 4. The anti-inflammatory and proinflammatory effects of Tregs and Th17 cells,
respectively, can have different outcomes in different settings
Depending on the host background (genetic, immunological, age and sex), disease stage,
pathogen (virus, bacteria or fungus) and type of disease (autoimmunity, cancer or
microbial), the effects of Treg and Th17 cells can be either beneficial or detrimental in
disease. Developing personalized medicines that takes these factors into account may be an
effective way to treat these diseases. For example, Tregs can play a beneficial role in
autoimmune diseases, in which injection of Treg-inducing drugs will be effective. On the
other hand, in infection, Tregs can play a detrimental immunosuppressive role, where Treg
depletion is the most appropriate treatment. Th17 cells can play a protective role in cancer
where Th17 cell induction may be applied, while Th17 cells can play detrimental effector
roles in autoimmunity that may be treated by a Th17 suppressive therapy.
LPS: Lipopolysaccharide.
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Figure 5. Future therapeutic strategies against phenotype plasticity and overlap in Treg and
Th17 cells
Treg and Th17 cells may switch to phenotypes that resemble each other (‘plasticity’) or that
have dual roles of two T-helper subsets (IL-17FOXP3+ cells, IL-17+IFN-γ+ cells).
Depending on the disease conditions, personalized medicines can be applied to each patient,
such as drugs that can suppress or promote the plasticity between Th17 cells and Tregs or
drugs that reprogram the cells with dual roles to redifferentiate into a single phenotype.
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Table 1

CD4+ T-helper cell subsets in diseases.

Autoimmunity Cancer Bacterial infection Viral infection

Treg Prevent immunopathology† Suppress tumor immunity‡ Suppress host defense‡ Can suppress

immunopathology† Suppress
CTL responses, promoting

viral replication‡

Th17 Cause immunopathology‡ Can promote tumor

clearance†
Can promote

angiogenesis‡

Promote bacterial clearance† May prevent secondary

complications†
Cause immunopathology
and can inhibit
CTL responses enhancing

viral replication‡

Th1 Cause organ-specific autoimmunity‡ Promote CTL killing of

tumor†
Clearance of intracellular

infections†
Promote CTL killing of

infected cells†

Th2/antibody Cause systemic autoimmunity‡

Suppress Th1 autoimmunity†
Can be used to clear some

cancers†
Clearance of extracellular

infections†
Help neutralizing antibody

production†

†
Protective role.

‡
Detrimental role.

CTL: Cytotoxic T lymphocyte.
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Table 2

Tregs in viral infections.

Virus Organism Comments Ref.

Possible detrimental role

Friend virus Mouse Suppress CTL responses enhancing viral replication [39,48–50]

TMEV Mouse Suppress CTL responses enhancing viral replication [78]

HIV Human May suppress CTL responses enhancing viral replication [52,53]

Possible protective role

WNV Mouse Suppress immunopathology [46]

HSV Mouse Modulate immune responses and prolong survival [47]

MHV Mouse Suppress immunopathology [76,77]

CVB3 Mouse Suppress immunopathology [118]

CTL: Cytotoxic T lymphocyte; CVB3: Coxsackie virus B3; MHV: Mouse hepatitis virus; TMEV: Theiler’s murine encephalitis virus; WNV: West
Nile virus.
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Table 3

Th17 cells in viral infections.

Virus Organism Comments Ref.

Possible detrimental role

Influenza virus Mouse Immunopathology and inhibit CTL responses [58]

MHV Mouse Immunopathology [56]

HCV Human Immunopathology [57]

HSV Mouse Exacerbate immunopathology caused by CTLs [59]

TMEV Mouse Inhibit CTL response, leading to a persistent viral infection [79]

CVB3 Mouse Immunopathology and possibly inhibit CTL responses [102,103]

Possible protective role

HIV Human Depletion may lead to secondary infections [61,63]

SIV PT
AGM

Depletion correlates with pathogenesis
No observable effects on Th17 cells (these monkeys develop a nonpathogenic chronic infection)

[62]

Influenza virus Mouse Tc17 cells can contribute to viral clearance [66]

AGM: African green monkey; CTL: Cytotoxic T lymphocyte; CVB3: Coxsackie virus B3; MHV: Mouse hepatitis virus; PT: Pigtailed macaque;
Tc: Cytotoxic T; TMEV: Theiler’s murine encephalitis virus; WNV: West Nile virus.
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