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Abstract

Type B coxsackievirus (CVB) is a common cause of acute and chronic myocarditis, meningi-
tis and pancreatitis, often leading to heart failure and pancreatic deficiency. The polarization
of CD4" T lymphocytes and their cytokine milieu are key factors in the outcome of CVB-
induced diseases. Thus, sensing the virus and driving the adaptive immune response are
essential for the establishment of a protective immune response. TLR3 is a crucial virus rec-
ognition receptor that confers the host with resistance to CVB infection. In the current study,
we found that TLR3 expression in dendritic cells plays a role in their activation upon CVB3
infection in vitro, as TLR3-deficient dendritic cells up-regulate CD80 and CD86 to a less
degree than WT cells. Instead, they up-regulated the inhibitory molecule PD-L1 and
secreted considerably lower levels of TNF-a and IL-10 and a higher level of IL-23. T lympho-
cyte proliferation in co-culture with CVB3-infected dendritic cells was increased by TLR3-
expressing DCs and other cells. Furthermore, in the absence of TLR3, the T lymphocyte
response was shifted toward a Th17 profile, which was previously reported to be deleterious
for the host. TLR3-deficient mice were very susceptible to CVB3 infection, with increased
pancreatic injury and extensive inflammatory infiltrate in the heart that was associated with
uncontrolled viral replication. Adoptive transfer of TLR3* dendritic cells slightly improved the
survival of TLR-deficient mice following CVB3 infection. Therefore, our findings highlight the
importance of TLR3 signaling in DCs and in other cells to induce activation and polarization
of the CD4™ T lymphocyte response toward a Th1 profile and consequently for a better out-
come of CVB3 infection. These data provide new insight into the immune-mediated mecha-
nisms by which CVBs are recognized and cleared in order to prevent the development of
myocarditis and pancreatitis and may contribute to the design of therapies for enteroviral
infections.
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Introduction

Type B coxsackieviruses (CVBs) are single-stranded (+)-sense RNA viruses that belong to the
enterovirus genus and Picornaviridae family. They are highly cytolytic and can induce a wide
range of acute and chronic diseases, such as myocarditis, meningitis and pancreatitis, with
some serotypes being associated with the development of diabetes [1-4]. With a prevalence of
45% amongst infants and adolescents with acute myocarditis or dilated cardiomyopathy, CVB
infection is considered one of the most common causes of infectious myocarditis [5-7].

The clinical course of the diseases caused by CVB varies from limited cardiac and pancre-
atic acinar damage to heart failure and pancreatic deficiency, with increasing patient morbidity
and mortality [8]. CVB persistence has been related to chronic cardiomyopathy and pancreati-
tis [9], indicating that the virus is able to evade immune surveillance in some circumstances.
Accordingly, CVB3 infection causes chronic myocarditis in some mouse strains, such as A.
BY/SnJ, A/] and SWR/J [10], whereas the virus is controlled during the acute phase in other
strains, such as 129Sv/] and C57BL/6 [10-12].

In resistant strains, CVB3-induced myocarditis and pancreatitis are abrogated by T lym-
phocyte-dependent mechanisms, despite the fact that CVB can evade CD8" T cell responses by
reducing its presentation on MHC-I (major histocompatibility complex) [13]. CD4" T cell
priming and polarization as well as the balance of adaptive cytokines are key factors in the out-
come of CVB-induced disease. Although the Th1 response contributes to some degree of tissue
damage [14], interferon (IFN)-y-producing Th1 cells are responsible for controlling CVB and
resolving the infection [15]. In contrast, a Th17-skewed immune response is harmful to the
host, as it is unable to control viral replication and contributes to tissue damage, worsening the
CVB infection scenario [16,17]. Th2 cytokines are associated with both improvement [18,19]
and aggravation [20] of CVB-induced disease. The intensity of the response and the microen-
vironment in which these cytokines are produced might influence the balance of the immune
response and the outcome of infection. Indeed, a Th1 response together with the presence of
regulatory T cells in target tissues is crucial in providing the regulation necessary for prevent-
ing tissue injury [21-23].

The priming and polarization of T lymphocyte responses depend on viral recognition by
antigen-presenting cells. Viral RNA is sensed by toll-like receptors (TLRs) and RIG-I-like
receptors (RLRs). RIG-I and MDA-5 are cytosolic helicases that detect distinct forms of
dsRNA that accumulate in the cytosol upon viral replication. Their expression is induced by
type I interferon (IFN-I) in most cell types [24]. Among the TLRs, TLR3 and TLR7/8 recognize
dsRNA and ssRNA, respectively. Viral RNA becomes accessible to these receptors in the endo-
some either upon phagocytosis of infected apoptotic cells, the internalization of immune com-
plexes with viral RNA, or by autophagy of cytoplasmic RNA. Although some stromal cells
express RNA-recognizing TLRs, these receptors are mainly expressed by antigen-presenting
cells, especially dendritic cells (DCs) and macrophages [25,26].

TLRs activate overlapping but different signaling pathways upon stimulation. The intracel-
lular adaptor protein MyD88, which is activated by all TLRs except TLR3, worsens CVB3-in-
duced cardiac injury [27]. In contrast, TLR3- and TLR4-dependent TRIF signaling is essential
for the antiviral response and has been implicated in the improvement of the disease [28,29].
TLR3-TRIF signaling results in the phosphorylation and nuclear translocation of the transcrip-
tion factors IRF3 and NF-«B, which are crucial for the production of type I IFN and proin-
flammatory cytokines, respectively [30,31].

Innate immunity against CVB is dependent on TLR3, as TLR3-deficient mice develop ful-
minant myocarditis and are unable to sustain high levels of IEN-I [11]. In addition, the polari-
zation of adaptive immunity is also affected by TLR3, as it has been shown that TLR3-deficient
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mice on the B6.129 background develop a IL-4-producing Th2 response profile during CVB3
myocarditis instead of the IFN-y-producing Th1 phenotype observed in resistant B6.129 mice
[28]. Furthermore, studies using human biopsies associate polymorphisms in tIr3 gene with
increased incidence of enteroviral myocarditis [32], indicating a role for TLR3 in the resolu-
tion of enteroviral infections.

TLR3 signaling in macrophages is important for survival following CVB4 infection [33],
though the mechanisms underlying this effect are still unclear. However, whether the expres-
sion of TLR3 by DCs plays a role in the immunity against CVB infection has yet to be deter-
mined. DCs are important cells that bridge the innate and adaptive immune responses against
viral infections. They are specialized in presenting antigen to T lymphocytes, thus promoting
their activation and polarization [34]. CVB3 infection was found to promote the generation of
DCs from bone marrow and their migration to the myocardium [35]. DCs were shown to be
activated upon CVB3-induced myocarditis, resulting in IFN-y stimulation and IL-2 produc-
tion by CD8" T lymphocytes [36]. In addition, CVB3-resistant C57BL/6 DCs secrete higher
levels of IL-6, TNF-o and IL-10 than do permissive A.BY/Sn] cells [11]. These findings indicate
that DCs play a critical role in the immune response against CVB and prompted us to question
whether the expression of TLR3 by DCs plays a role in the outcome of CVB3 infection.

We found that TLR3-deficient DCs were less efficient in activating T lymphocytes upon
CVB3 infection, as they exhibited reduced up-regulation of co-stimulatory molecules. They
up-regulated the inhibitory molecule PD-L1 and secreted less TNF-o and IL-10 and more IL-
23. The induction of T lymphocyte proliferation by CVB3-infected DCs was decreased in the
absence of TLR3, and the lymphocyte response was skewed toward a Th17 profile. TLR3-defi-
cient mice were very susceptible to CVB3 infection, with extensive inflammatory cell infiltra-
tion in the heart that was associated with uncontrolled viral replication or virus persistence.
Adoptive transfer of TLR3" DCs to TLR3-deficient mice slightly increased their survival fol-
lowing CVB3 infection. Thus, our findings show the role of TLR3-expressing DCs in the acti-
vation and polarization of the CD4" T lymphocyte response and indicate that they play a role
together with other TLR3" cells on the resolution of CVB3 infection, as these cells impair the
development of myocarditis and pancreatitis.

Results

TLR3 affects the activation of and cytokine production by CVB3-infected
dendritic cells

To investigate the role of DC-expressed TLR3 during CVB infection, we first characterized the
activation markers and cytokine production controlled by TLR signaling in bone marrow-
derived DCs infected with CVB3 in culture. Co-stimulatory and inhibitory molecules, together
with secreted cytokines, orchestrate the activation and polarization of lymphocytes toward dif-
ferent profiles.

Whereas previous reports, analyzing late points after infection, were not able to show acti-
vation by DCs upon CVB3 [13,36], our findings show that WT DCs up-regulate CD80 and
CD86 as early as 6 hours after CVB3 infection. Furthermore, TLR3 seems to affect antigen pre-
sentation and co-stimulation by DCs after CVB3 infection, as TLR3-deficient DCs exhibited
reduced expression of those markers. Moreover, in the absence of TLR3, DCs expressed higher
levels of the inhibitory molecule PD-L1 later in culture (24 hpi) (Fig 1A and S1 Fig). The pro-
duction of some cytokines by DCs infected with CVB3 was also dependent on TLR3. TLR3-de-
ficient DCs produced strikingly less TNF-o. and IL-10 and exhibited a slight increase in IL-23
secretion 12 hours after infection. The production of IL-6 and IL-12p40 was not affected by
TLR3 deficiency (Fig 1B).
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Fig 1. CVB3-induced activation and cytokine production by dendritic cells are modulated by TLR3. DCs
were differentiated in culture from bone marrow cells with 20 ng/ml GM-CSF for 7 days. Cells were infected with
CVB3 (MOI: 10) for the indicated time. (A) Expression of CD80, CD86 and PD-L1 was assessed by flow
cytometry, and (B) cytokine levels in the supernatant were measured by ELISA. MFI: Median fluorescence
intensity. Data are means of n = 3 + SE for each time point, and are representative of two independent
experiments. Two-way ANOVA followed by Bonferroni’s test was used for all comparisons. P<0.001: ***;
P<0.01:**; and P<0.05:*.

https://doi.org/10.1371/journal.pone.0185819.g001

These data show that the expression of TLR3 by DCS is important for CVB3 RNA recogni-
tion and indicate that the presentation of viral peptides and the co-stimulation of T lympho-
cytes might be impaired in the absence of TLR3. In addition, polarization of the T-cell
response might be affected by the altered cytokine production by DCs.

TLRS3 is essential for T lymphocyte proliferation and shifts their
polarization after CVBS3 infection

To test the hypothesis that TLR3-deficient DCs might affect the T lymphocyte response, we
co-cultured CVB3-infected DCs with T lymphocytes isolated from CVB3-infected mice. To
evaluate T lymphocyte activation, cells were stained with CFSE, and proliferation was assessed
by CFSE dilution after 3 days of co-culture. WT DCs induced the proliferation of both CD4"
and CD8" T lymphocytes; however, the proliferation of both CD4" and CD8" T cells was
almost completely abolished when the T cells were isolated from infected TLR3-deficient mice,
whereas proliferation of CD4" T cells was slightly decreased when DC were deficient in TLR3.
When anti-CD3 and anti-CD28 antibodies were added to the culture, T lymphocyte prolifera-
tion was restored, indicating no problem with T cell proliferative capacity and that the modu-
lation is DC and CVB3-dependent (Fig 2A and S2 Fig).
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Fig 2. TLR3 modulates the proliferation and cytokine production of CD4* and CD8* T lymphocytes after stimulation with CVB3-infected
dendritic cells. WT and TLR3 KO DCs were differentiated in culture from bone marrow cells with 20 ng/ml GM-CSF for 7 days. Cells were infected
with CVB3 (MOI: 10) or incubated with medium and co-cultured with isolated WT or TLR3 KO T lymphocytes from CVB3-infected mice (5 dpi) ata
ratio of 10 lymphocytes/1 DC. In some wells, anti-CD3 and anti-CD28 were added for the polyclonal stimulation of lymphocytes. (A) Lymphocytes
were stained with CFSE, and proliferation was assessed after 3 days of co-culture via CFSE dilution in the CD4* or CD8* populations. (B)
Intracellular cytokines were measured by flow cytometry after re-stimulation with PMA and ionomycin in the presence of Golgi Stop. DC: dendritic
cells; T: T lymphocytes. Data are means of n = 3 + SE (3 uninfected DCs and T cells from 3 infected mice) for each condition (medium, CVB3 and
anti-CD83 + anti-CD28) and are representative of two independent experiments. Two-way ANOVA followed by Bonferroni’s test was used for all
comparisons. P<0.001: ***; P<0.01:**; and P<0.05:*; NS: non-significant. All analyzed parameters in CVB3-infected condition are significantly
different between WT DC + WT T cell vs KO DC + KO T cell.

https://doi.org/10.1371/journal.pone.0185819.g002
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The cytokines produced by T lymphocytes in co-culture were also affected by TLR3. CD4"
and CD8" T lymphocytes co-cultured with TLR3-deficient DCs produced less IFN-y and
TNEF-a than those co-cultured with WT DCs. When both DCs and T lymphocytes were iso-
lated from TLR3 KO mice, the percentage (Fig 2B and S3 Fig) and total number (54 Fig) of
cells producing these cytokines was even lower. Although there was no difference in IL-17 pro-
duction by T lymphocytes when they were co-cultured with TLR3-deficient DCs, TLR3-defi-
cient lymphocytes produced higher levels of IL-17 than WT lymphocytes. This phenomenon
was observed for both CD4" and CD8" T lymphocytes. These cytokine changes also occurred
when anti-CD3 and anti-CD28 antibodies were added to the culture (Fig 2B and S3 and S4
Figs).

Taken together, these data show that TLR3-expressing DCs, together with other TLR3-ex-
pressing cells, play a role on polarization toward a Thl profile. Interestingly, TLR3 diminishes
the development of a Th17 response in a DCs-independent way. Because all these changes in
proliferation and cytokines production by T lymphocytes were observed when T lymphocytes
were isolated from infected TLR3 KO mice, cells other than DCs might be responsible for the
effects.

TLRS3 affects dendritic cell activation and T lymphocyte polarization after
in vivo infection with CVB3

We next investigated whether the phenomenon described in vitro is reproduced in vivo. For
this purpose, WT and TLR3 KO mice were intraperitoneally (i.p.) infected with 10° CVB3 for
3 or 7 days, after which DC activation markers in the spleen and the mediastinal and pancre-
atic lymph nodes were observed, as CVB has been shown to infect and replicate in the heart
and pancreas of humans and mice. Cytokine production by T lymphocytes was also investi-
gated after 3, 7 and 12 days of infection.

In accordance with the in vitro data, DCs from the spleen and mediastinal lymph nodes of
infected TLR3 KO mice exhibited increased expression of PD-L1, although no change was
seen in CD86 expression. There was no change in the expression of these molecules in DCs
from pancreatic lymph nodes (Fig 3 and S5 Fig). Furthermore, TLR3 KO mice have lower per-
centage and absolute number of IFN-y and TNF-o-producing CD4" and CD8" T lymphocytes
than WT mice in the spleen, whereas the IL-17-producing T cells were higher. (Fig 4 and S6
Fig). These data corroborate the findings from the in vitro experiments and suggest that TLR3
is important for the development of a Th1 response and the inhibition of a Th17 response after
infection with CVB3.

It has been previously demonstrated that a Th1 response is important for the clearance of
CVB infection [15], whereas a Th17-biased profile of immune response is detrimental to the
host, as it exacerbates inflammation that is not capable of eliminating the virus, thus
compromising tissue function [16]. Corroborating these findings, IL-17 KO mice survived
infection with 10° CVB3, similar to WT mice (Fig 5A). The pancreases of IL-17 KO mice
exhibited inflammatory infiltrate and edema similar to those in WT mice, whereas the hearts
of neither mouse strain were affected by the virus after 12 days of infection (Fig 5B and S7 Fig).
The cytokine IL-23 has been shown to be important for maintenance of Th17 lymphocytes.
Since, TLR3-deficient DCs produced more IL-23 upon CVB3 infection in vitro, we wondered
whether it could be responsible for the shift on T cell response. Mice deficient in the IL-23
receptor, nonetheless, were extremely susceptible to infection, as some of them died as early as
3 days after infection with 10° CVB3 (Fig 5A). These data suggest that IL-23 might play an
important role in CVB infection, other than its function in promoting and maintaining the
development of Th17 cells.
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Fig 3. Dendritic cell activation after in vivo CVB3 infection is altered by TLR3. WT and TLR3 KO mice
were i.p. infected with 10° CVB3. Cells from the spleen and the mediastinal (MLN) and pancreatic (PLN)
lymph nodes were isolated at the indicated times, and activation markers were evaluated by flow cytometry.
MFI: Median fluorescence intensity. The MFI was measured in the CD11c" population. Data are means of
n = 3-5 + SE for each group and each time point, and are representative of three independent experiments.
Two-way ANOVA followed by Bonferroni’s test was used for all comparisons. P<0.05:*.

https://doi.org/10.1371/journal.pone.0185819.9003

The results show that TLR3 is an important receptor in the recognition of CVB3 in vivo.
The absence of TLR3 impairs DC activation and the differentiation of T lymphocytes towards
Th1 cells, increasing the differentiation of Th17 lymphocytes. The lack of IL-17, in turn, does
not induce susceptibility to CVB3 infection.

TLR3-expressing cells confer resistance to CVB3 infection

With the purpose of verifying the role of TLR3 in resistance to infection, we infected WT and
TLR3 KO mice with CVB3 and monitored their survival. In accordance with previous data
[37], WT mice were extremely resistant to infection with CVB3, as they survived inoculation
with 10® viruses. In contrast, TLR3 KO mice succumbed to infection with 10® viruses in less
than 8 days. The susceptibility of TLR3 KO mice was so extreme that only 35% of mice sur-
vived more than 13 days of infection with a 100-fold lower viral load (10%) (Fig 6A).

Although the heart weights of WT and TLR3 KO mice were similar after CVB3 infection,
the hearts of TLR3 KO mice exhibited considerable inflammatory infiltrate 12 days post-infec-
tion that was not observed in hearts from WT mice (Fig 6B and 6C and S7 Fig). CVB3 infec-
tion also induced inflammation in the pancreases of both WT and KO mice. However,
pancreases from TLR3 KO mice exhibited more severe edema and tissue damage, while pan-
creases from WT mice had some intact acinar structures 12 days post-infection (Fig 6C and S7
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Fig 4. TLR3 skews the T lymphocyte response towards Th1 and inhibits the Th17 profile after CVB3 infection. WT
and TLR3 KO mice were i.p. infected with 10° CVB3. Spleen cells were isolated at the indicated times and stimulated with
PMA and ionomycin in the presence of Golgi Stop for 6 h. Intracellular cytokines were measured by flow cytometry. (A)
Percentage and (B) Total number of cytokines-producing T cells/spleen. Data are means of n = 4-5 + SE for each group
and each time point, and are representative of three independent experiments. Two-way ANOVA followed by Bonferroni’s
test was used for all comparisons. P<0.001:***; P<0.01:**; and P<0.05:*.

https://doi.org/10.1371/journal.pone.0185819.g004

Fig). As a consequence, the pancreatic weights of TLR3 KO mice were significantly reduced at
this time point (Fig 6B). After infection, a great amount of virus was found in the hearts and
pancreases of both strains of mice. Although the viral load in the pancreas remained high after
12 days of infection, it progressively decreased over time in a similar manner in WT and TLR3
KO mice (Fig 6D), suggesting that differences on pancreas injury cannot be attributed to a
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https://doi.org/10.1371/journal.pone.0185819.g005

difference on either virus replication or virus genome persistence in the tissue. The viral load
in the hearts of WT mice was barely detected 12 days after infection. In contrast, the viral load
in the hearts of TLR3 KO mice remained very high (Fig 6D), showing that TLR3 is necessary
for controlling the virus replication or persistence in the heart.

Studies have indicated the role of DCs in the adaptive anti-viral response during CVB infec-
tion [38]. In addition, TLR3-expressing DCs are correlated with resistance to CVB-induced
myocarditis [11]. To investigate the role of TLR3* DCs in resistance to CVB3 infection, we dif-
ferentiated DCs in culture from bone marrow cells of WT mice and adoptively transferred
them to TLR3 KO mice 1 day after infection with either 10" CVB3 (a viral load that kills all
TLR3 KO mice) or 10° CVB3 (a viral load that kills approximately 60% of TLR3 KO mice).
Although the adoptive transfer of DCs did not change the production of IFN-y and IL-17 by T
lymphocytes, it did restore the percentage of TNF-c-producing CD4" and CD8" T lympho-
cytes, without changing the absolute number of cells (Fig 7A and S8 and S9 Figs). Moreover,
their transfer slightly increased the survival of mice infected with either viral load (Fig 7B),
indicating that TLR3" cells other than DCs may play a major role on survival upon CVB3
infection. The increased survival after DCs transfer can also be due the increased number of
DCs regardless of TLR3 expression.

Altogether, our data show that TLR3 is important for modulating DC activation and cyto-
kine production during CVB3 infection in vitro. In vivo, the expression of TLR3 by other cell
types, besides DCs may be responsible for inducing the proliferation and polarization of spe-
cific T lymphocytes toward the protective Th1 profile and for inhibiting the harmful Th17
response. As a consequence, TLR3 is essential for elimination of the virus in the heart and for
tissue preservation.

Discussion

Infection by CVB induces myocarditis and acute pancreatitis in humans and mice. CVB is a
single-stranded RNA virus with positive polarity; thus, its genome acts as mRNA inside the
cell and is translated by the cellular machinery. A double-stranded RNA intermediate is likely
synthesized throughout viral replication, causing the viral genome to be recognized by TLR3
in the endosome and stimulate TRIF signaling [39-41]. Although it has previously been shown
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Fig 6. TLR3 is essential for controlling tissue inflammation and viral load after CVB3 infection. WT and TLR3 KO mice were i.p. infected with 10 or
10° CVBS3. (A) Survival was monitored for 25 days. After infection with 106 CVB3, (B) the weights of the heart and pancreas at 12 dpi are shown as a
percentage of body weight; (C) heart (top panel) and pancreas (bottom panel) sections were stained with hematoxylin and eosin; and (D) viral load was
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was used for all comparisons of viral load. P<0.01:**; and P<0.05:*. Gehan-Breslow-Wilcoxon test was used to compare survival curves, which showed

p = 0.0006 for WT vs TLR3 KO (108), and p = 0.03 for WT vs TLR3 KO (106).

https://doi.org/10.1371/journal.pone.0185819.9006

that CVB3 does not infect or replicate efficiently in DCs, positive and negative strand viral
RNAs have been found in these cells [11], indicating that DCs might be directly activated by
the virus. We confirmed that hypothesis in the present study, as we found that DCs up-regu-
lated the co-stimulatory molecules CD80 and CD86, which contribute to the priming of naive
T cells, upon CVB3 infection. Although in vitro generation of CD11c* DCs with GM-CSF
from bone marrow is likely to contain other cell types, which might contribute to altered func-
tion, the data indicate that the expression of TLR3 by DCs contributed to their activation, as
TLR3-deficient DCs show a less pronounced activated phenotype after CVB3 infection com-
pared to WT DCs. Instead, they up-regulated the inhibitory molecule PD-L1, which inhibit T
lymphocyte activation and proliferation by binding to PD-1.

In vivo, infecting TLR3 KO mice with CVB3 confirmed these data, as DCs from the spleen
and mediastinal lymph nodes presented an inhibitory phenotype compared to WT cells, we
speculate that viral dsSRNA formed after CVB3 replication is recognized by TLR3 and, through
TRIF signaling, results in changes on expression of antigen-presenting molecules, although we
cannot exclude the possibilities that CVB3 differently infect TLR3 KO DCs and that infection

PLOS ONE | https://doi.org/10.1371/journal.pone.0185819  October 3, 2017 10/20


https://doi.org/10.1371/journal.pone.0185819.g006
https://doi.org/10.1371/journal.pone.0185819

o ®
@ : PLOS | ONE The role of TLR3-expressing dendritic cells in Coxsackievirus B3 infection

A B
107 CVB3
7 251 ~ 04 —
By y o * 100——mm,
S + O T = 3 = = 80
to+ 20 ~+ %% 3O 701 S h
S se) - ™ L = p
ZQ 40 L] Z Q0 S 60
L O S0 02 O 60 S
> > X N 404
S § 15 c c p
o " O 4 O 4l >
L L o) 20
© © ©
= o = oo 2 o % 0 20 30
Fo 4 5 1.57 o
o H & 80 * .
o o + 0O * 10" CVB3
+ _'(_) 3 T\ -9 5. 9 704 T 100-
>t - 8 1.0 'I' % 8
Z0O - — i
Lo ? 30 SO oo g 80
X 5 S o5 e g S 60-
o o U o
1 50- >
Q 2 O
© © w 9D 40-
2 2,0l 2 L0l B 20, -~ TLR3KO
N &4_0 cﬁ\(\ $ o Oé\ $ O o*(\ . O TLR3KO+DCWT
Q J Q : r .
Y Yo o 0 10 20 30
> n;’“ 'b{- . .
& Ky & Days post-infection

Fig 7. Adoptive transfer of TLR3* dendritic cells increases TNF-a production by T lymphocytes and slightly improves the survival of
CVB3-infected mice. WT and TLR3 KO mice were i.p. infected with either 107 or 10° CVB3. WT bone marrow-derived DCs (2 x 10°) were adoptively
transferred i.v. to TLR3 KO mice 1 day post-infection. (A) At 12 dpi with 10° CVB3, spleen cells were isolated and stimulated with PMA and ionomycin
in the presence of Golgi Stop for 6 h. Intracellular cytokines were measured by flow cytometry. (B) Survival was monitored. Data are means of n = 3—6
+ SE for each group, and are representative of three independent experiments. One-way ANOVA followed by Bonferroni’s test was used to compare
the three groups in (A). *: p<0.05. Gehan-Breslow-Wilcoxon test showed no significant difference between the survival curves in (B).

https://doi.org/10.1371/journal.pone.0185819.9007

of the host may also indirectly affect the functions of DCs. The phagocytosis of infected debris
containing dsRNA and its internalization into DC endosomes might permit TLR3 stimulation
in this scenario, as previously demonstrated [42].

The secretion of IP-10 and RANTES by CD4 CD8" DCs, which express 10-fold more
TLR3, is important in conferring resistance to CVB infection [11]. Our data show that TLR3
expression by DCs is important not only for chemokine secretion but also for other cytokines
such as TNF-o and IL-10, which are produced at considerably lower levels in TLR3-deficient
DCs, and IL-23, which was increased in these cells. Although TNF-o. is associated with the
aggravation of CVB3-induced myocarditis [12], it supports IFN signaling during viral infec-
tion [43], which is important for controlling viral replication. Thus, certain levels of this cyto-
kine might contribute to defense against virus, causing minimal damage. IL-10 was previously
shown to be cardioprotective due to its prevention of excessive inflammation [44]. Accord-
ingly, regulatory T cells, which produce IL-10, attenuate CVB5-induced pancreatitis [23].
Thus, DC-derived IL-10 might contribute to the outcome of CVB-associated disease by pre-
venting inflammation-induced tissue injury and necrosis. IL-23, on the other hand, is known
to maintain the Th17 lymphocyte population [45], which contributes to the exacerbation of
CVB-induced tissue injury [16].

When we investigated the ability of DCs to stimulate T lymphocytes, we found that
TLR3-deficient DCs barely altered CD4" T lymphocyte proliferation. When T lymphocytes
were isolated from TLR3 KO mice, however, they were completely unable to proliferate in the
presence of DCs and CVB3, which show that TLR3-expressing cells, other than DCs, play the
role on stimulation of T cell proliferation. The levels of IFN-y and TNF-a produced by
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lymphocytes, however, were reduced after stimulation with TLR3-deficient DCs and in TLR3
KO mice. The IL-17-producing lymphocyte population, on the other hand, was considerably
higher in TLR3 KO-infected mice. Although TLR3-deficient DCs were not able to directly
drive lymphocytes from WT mice to a Th17 profile in co-culture, the T lymphocytes isolated
from TLR3 KO-infected mice produced higher levels of IL-17. Our co-culture experiments
revealed that T cells isolated from infected TLR3 KO mice affected T cell proliferation and
cytokines production even more than isolated TLR3 KO DCs did. Those T cells were primed
by DCs in vivo. Besides, other TLR3-deficient-cells might play a role in this scenario, including
T cells themselves. We speculate that DCs might act together with other cells to affect T cells
response in TLR3 KO mice in vivo or that CVB3 might affect DCs both directly and indirectly.
Indeed, TLR3 can recognize dsRNA in other hematopoietic cells or even stromal cells, induc-
ing a rise in systemic IFN-I, which can activate DCs, thus improving their ability to prime and
drive T lymphocyte responses [46].

Previous reports have found that IFN-v is a crucial factor in preventing severe dilated car-
diomyopathy and heart failure after CVB3 infection [47], and IFN-y-producing CD8" T cells
are required to impair the development of chronic myocarditis [48]. The evidence generated
thus far suggests that DCs play a role in this scenario, as they were shown to be activated in
CVB3-induced myocarditis, resulting in the stimulation of IFN-y and IL-2 production by
CD8" T lymphocytes [36]. We show in the current study that DCs are indeed directly involved
in priming and driving T lymphocytes to become IFN-y- and TNF-o.-producing cells upon
CVB3 infection and that the shift in T lymphocyte response is dependent on TLR3 expression
in DCs. These data corroborate the results of some studies that have shown reduced produc-
tion of IFN-y after CVB3 infection in the absence of TLR3 and TRIF [28,29,37].

The susceptible A.BY/Sn] mouse strain exhibits a Th2-biased response with impaired IFN-
v production [11], indicating that a humoral immune response may predominate over a cellu-
lar response in susceptible animals. TLR3 deficiency has been shown to shift the T cell
response toward a Th2 profile during CVB3 infection [28]. IL-4 production was associated
with the induction of chronic inflammatory cardiomyopathy in TLR3 KO mice [20]. TRIF-
deficient mice also develop a Th2-biased response with high production of IL-33 [28], which is
nonetheless different from the response in TLR3-deficient mice, indicating that TLR3 acts
together with TLR4, the other TLR that activates TRIF signaling, in the impairment of
CVB3-induced disease. We found, for the first time, that there is a shift in T cell response to a
Th17 profile in the lack of TLR3. In addition, our findings corroborate previous reports indi-
cating that IL-17 is dispensable for the host following CVB3 infection [16,49,50], as IL-17 KO
mice were resistant to infection and exhibited slightly reduced pancreatic injury compared
with WT mice. However, IL-23R KO mice were strongly susceptible to CVB3 infection, sug-
gesting that this cytokine plays an important role in preventing lethal CVB3-induced injury
through mechanisms that are still unclear.

TLR3 has been shown to be dispensable or even harmful in several viral infections, such as
infection with reovirus [51], influenza A [52], rabies virus [53], and West Nile virus (WNYV)
[54]. TLR3 seems to mediate the neuroinvasiveness of rabies virus and WNV, contributing to
the lethal progression of these diseases. For other viruses, including picornaviruses such as
encephalomyocarditis virus (EMCV) [55], poliovirus [56], and type B Coxsackievirus (CVB)
[11,28,33,57], TLR3 is associated with the impairment of viral replication and control of tissue
damage, resulting in a better outcome of the virus-induced diseases. In agreement with these
findings, we observed that TLR3 KO mice are extremely susceptible to CVB3 infection, as they
died even after infection with a viral concentration at least 2 logs lower than the concentration
that C57BL/6 mice are able to resist. TLR3 KO mice were unable to control viral replication in
the heart, and this effect was correlated with increased inflammatory infiltrate, suggesting that
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the presence of the virus continuously induces the migration of leukocytes to the tissue and
that these cells mount an inappropriate response that is unable to kill the virus. TLR3 KO mice
also exhibited greater necrosis in the pancreas, resulting in a decrease in pancreas weight.

TLRs are ubiquitously expressed in human and murine cells; however, they are expressed at
the highest levels in immune cells, especially antigen-presenting cells [58]. The expression of
TLR3 by macrophages is important in the resolution of CVB4 infection [33]. We now show
the role of TLR3-expressing DCs in anti-CVB3 immune response, and indicate that other cells
expressing TLR3 are also required to adaptive immune response against the virus and to
improve the outcome of CVB3 infection.

DCs comprise different subsets of cells with some shared and other different functions. The
subset that is responsible for TLR3-dependent recognition of CVB3 and priming of T lympho-
cytes remains unclear. Although plasmacytoid DCs are important cells in the response to viral
infection [59], they do not express TLR3. CD80." conventional DCs are good candidates, as
they are the cells that express more TLR3 among the distinct subsets [60]. On the other hand,
the CD8ar” subset is more specialized in presenting antigen through MHC-II to CD4" T cells
[61] and could also be responsible for the TLR3-dependent skewing of the adaptive response
towards Th1 that is observed during CVB3 infection.

CVB3 induces changes in the relative proportions of DC subsets and reduces the overall
number of DCs. Inhibition of the CD8" T cell response is associated with reduced numbers of
CD8a." DCs during CVB3 infection [38]. In addition, the resistant C57BL/6 mouse strain has a
more rapid expansion and greater number of CD80" DCs in the spleen than the susceptible A.
BY/Sn]J strain upon CVB3 infection [11]. A recent study demonstrated that TLR3-mediated
CD8o." DC activation contributes to the antiviral state [62]. Whether CD8a." DC is the subtype
involved on impairment of CVB3 infection has yet to be determined.

In summary, the present study identified the role of TLR3-expressing DCs in driving the
adaptive immune response toward a Th1 profile after CVB3 infection. This highlights the com-
plexity of the host response to viral pathogens and the mechanism by which some receptors
and adaptor molecules act in the balance of immunity. Our findings provide insight into the
protective immune response during CVB3-induced myocarditis and pancreatitis and may
contribute to the design of therapies against enteroviral infections.

Materials and methods
Mice and viral infection

CVB3 (Nancy strain—ATCC) was propagated in a Vero-cell monolayer in MEM (Life Tech-
nologies) supplemented with 2% FBS and antibiotics at 37°C. Titration was performed with
limiting dilutions to determine the 50% cytopathic effect on the cellular monolayer (TCIDs).
Male C57BL/6, TLR3 KO, IL-17 KO and IL-23R KO mice (all in C57BL/6 background) were i.
p. infected with 10°%, 107 or 10* TCIDs, CVB3 at age 5-7 weeks-old. Survival was monitored
daily. The heart and pancreas were harvested on day 12, weighed, fixed in 10% formalin and
embedded in paraffin. Slides of the tissues were stained with hematoxylin and eosin for exami-
nation with a light microscope. Lymph nodes and spleen were harvested on days 3, 7 and 12
for flow cytometry analysis.

Ethics statement

This study was approved by the Ethical Commission of Ethics in Animal Research of School of
Medicine of Ribeirdo Preto, University of Sdo Paulo, (protocol no. 029/2011). This commis-
sion is part of the National Brazilian College of Animal Experimentation. Anesthesia was per-
formed with i.p injection of ketamine and xylazine before i.v. DCs transferring, and euthanasia
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was performed with the use of CO, chamber. In animal survival experiments, we monitored
mice survival daily and mice were euthanized with the use of CO, chamber when they show
any sign of suffering.

Culture of bone marrow-derived dendritic cells

DCs were differentiated from bone marrow cells in culture by incubation in RPMI
(Gibco BRL) supplemented with glutamine, penicillin, streptomycin and 5% fetal bovine
serum, and containing 20 ng/ml GM-CSF (PeproTech) for 7 days. The medium was
replenished on the third day. Differentiated DCs were infected with CVB3 (MOI: 10) for
1 hour, washed and incubated for 3, 6, 12 and 24 hours. The cells were analyzed by flow
cytometry, and the cytokine levels in the supernatant were quantified. In some experi-
ments, cells (2 x 10°) were adoptively transferred intravenously (i.v.) to mice after 1 day
of CVB3 infection.

Lymphocyte isolation and co-culture

Spleens from CVB3-infected mice (5 dpi) were harvested and minced to obtain a single-cell
suspension. Red blood cells were lysed with lysis buffer (8.26 g/L NH,CI; 1 g/L KHCO3; 0.037
g/L EDTA) for 5 min at room temperature. CD4" and CD8" T lymphocytes were sorted using
anti-CD4 and anti-CD8 antibodies coupled to magnetic beads (Miltenyi Biotec) as described
in the manufacturer’s instructions.

Isolated lymphocytes were co-cultured with either CVB3-infected bone marrow-derived
DCs (10:1) or anti-CD3 (1 pug/ml) and anti-CD28 (2 pg/ml) antibodies for 24 h. Cells were
re-stimulated with PMA (500 pug/ml) and ionomycin (50 pg/ml) in the presence of Golgi
Stop (BD Biosciences) for 6 h, and cytokine production was evaluated by flow cytometry.
To measure cell proliferation, sorted lymphocytes were stained with 2.5 uM CFSE for 5
min at room temperature. After being washed, the cells were co-cultured in 96-well plates
with either CVB3-infected bone marrow-derived DCs or with anti-CD3 (1 ug/ml) and
anti-CD28 (2 ug/ml) antibodies for 72 h. Lymphocyte proliferation was evaluated by flow
cytometry based on CFSE dilution in the CD4 or CD8 gates. Percentage of proliferation
was represented by the last rounds of proliferation based on anti-CD3/CD28 stimulation
(S2A Fig).

Flow cytometry

Bone marrow-derived DCs and single cell suspensions from the spleen and the mediastinal
and pancreatic lymph nodes were evaluated for the expression of phenotypic markers. For
this, cells were incubated with Fc block for 45 min to block Fc receptors. Monoclonal antibod-
ies conjugated to PE, PE-Cy7, FITC, APC, APC-Cy7, Alexa Fluor-700 or PerCP were added
and incubated for 30 min at 4°C. Antibodies against CD11c, CD80, CD86, and PD-L1 (BD
Biosciences) were used to stain DCs. Cells were washed and evaluated by flow cytometry
(FACSCanto BD).

To evaluate intracellular cytokines in lymphocytes, surface marker staining was performed
as described above with antibodies against CD3, CD4 and CD8. Cells were washed, fixed and
permeabilized using a Cytofix/Cytoperm kit (BD Biosciences) according to the manufacturer’s
instructions. Cells were incubated with monoclonal antibodies against IFN-y, TNF-o or IL-17
for 30 min at 4°C and evaluated by flow cytometry (FACSCanto BD). Data were analyzed
using Flow]Jo (Tree Star).
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Detection of cytokines

The IL-12p40, IL-23, TNF-a, IL-6 and IL-10 levels in the DC culture supernatants were mea-
sured with an ELISA (BD Biosciences) according to the manufacturer’s instructions.

Real time PCR

Total RNA was extracted from heart and pancreas using SV RNA isolation system (Promega).
cDNAs were synthetized from RNA samples using High Capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems). Viral quantification was performed with Tagman PCR master
mix and the following primers and probe for human enterovirus: HEV-F: 5/ ~-GCGGAACCG
ACTACTTTGGG-3',HEV-R: 5/ -CTCAATTGTCACCATAAGCAGCC-3’,HEV-probe: Fam-
TCCGTGTTTCCTTTTATTCTTATA-MGB (Applied Biosystems). For viral genome quantifica-
tion, a 200-nt fragment from the 5’ untranslated region of CVB3 genome were cloned in a plas-
mid (PGEM®-T easy vector—Promega). The copy number of CVB3 genome was calculated
based on a standard curve using a10-fold dilutions of this pGEM-HEV from 10> to 10° copies
per reaction. Viral loads were determined as the copy number of viral genomes per ug of total
RNA. The limit of detection of this assay was 2 copies of viral genome per reaction.

Statistical analysis

Student ¢ test was used for comparison of two experimental groups, and variance analysis
(ANOVA) followed by Bonferroni’s test were used to determine differences among more than
two groups. P value <0.05 was considered statistically significant. All error bars indicate stan-
dard error (SE).

Supporting information

S1 Fig. Activation of TLR3 KO DCs after in vitro infection with CVB3. Representative his-
tograms from data presented on Fig 1A of CD80, CD86 and PD-L1 expression by DCs 0, 6, 12
and 24 hours post-infection with CVB3.

(TTF)

S2 Fig. Proliferation of T lymphocytes stimulated with TLR3 KO DCs. (A) Representative
histogram of proliferation of T lymphocytes stimulated with anti-CD3/CD28. Bars indicate
different rounds of cell division. The last rounds of division represented percentage of prolifer-
ation. (B) Representative histograms from data presented on Fig 2A of CD4" (top panel) and
CD8" (bottom panel) T lymphocytes proliferation stimulated with DCs in the presence of
medium (left), CVB3 (center), or anti-CD3/CD28 (right).

(TIF)

S3 Fig. Production of cytokines by T lymphocytes stimulated with TLR3 KO DCs. Repre-
sentative dot plots from data presented on Fig 2B of production of IFN-y (top panels), TNF-o
(center panels), and IL-17 (bottom panels) by CD4" and CD8" T lymphocytes stimulated with
DC in the presence of CVB3.

(TTF)

S$4 Fig. Number of IFN-y-, TNF-a- and IL-17-producing T lymphocytes stimulated with
TLR3 KO DCs. Absolute number of CD4" and CD8" T lymphocytes producing IFN-y (left
panels), TNF-o (center panels), and IL-17 (right panels) after stimulation with DC in the pres-
ence of medium, CVB3 or anti-CD3/CD28. All analyzed parameters in CVB3-infected condi-
tion are significantly different between WT DC + WT T cell vs KO DC + KO T cell.

(TIF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0185819  October 3, 2017 15/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0185819.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0185819.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0185819.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0185819.s004
https://doi.org/10.1371/journal.pone.0185819

@° PLOS | ONE

The role of TLR3-expressing dendritic cells in Coxsackievirus B3 infection

S5 Fig. Activation of TLR3 KO DCs after in vivo infection with CVB3. Representative histo-
grams from data presented on Fig 3 of CD86 and PD-L1 expression by DCs on spleen, medias-
tinal (MLN) and pancreatic (PLN) lymph nodes 3 and 7 days post-infection with CVB3.

(TTF)

S6 Fig. Production of cytokines by T lymphocytes from TLR3 KO mice. Representative dot
plots from data presented on Fig 4A of production of IFN-y (top panels), TNF-o (center pan-
els), and IL-17 (bottom panels) by CD4" and CD8" T lymphocytes 3, 7 and 12 days post-infec-
tion with CVB3.

(TTF)

S7 Fig. Heart and pancreas morphologies are not affected by deficiency on TLR3 or IL-17.
Heart (top panel) and pancreas (bottom panel) sections from uninfected C57BL/6 (WT),
TLR3 KO and IL-17 KO mice stained with hematoxylin and eosin.

(TIF)

S8 Fig. Production of cytokines by T lymphocytes from TLR3 KO mice after CVB3 infec-
tion and DCs transfer. Representative dot plots from data presented on Fig 7A of production
of IFN-y (left panels), TNF-a. (right panels), and IL-17 (bottom panels) by CD4" and CD8" T
lymphocytes after infection with CVB3 from WT, TLR3 KO mice, or TLR3 KO mice trans-
terred with DCs.

(TIF)

S9 Fig. Production of cytokines by T lymphocytes from TLR3 KO mice after CVB3 infec-
tion and DCs transfer. Absolute number of CD4" and CD8" T lymphocytes producing IFN-y
(left panels), IL-17 (center panels), and TNF-o. (right panels) after CVB3 infection from WT,
TLR3 KO mice, or TLR3 KO mice transferred with DCs.

(TIF)

Acknowledgments

We thank Cristiane M. Milanezi and Wander C.R. da Silva for technical support. The research
leading to these results received funding from the Sao Paulo Research Foundation (FAPESP)
under grants agreements n.” 2012/20786-6 and n.” 2013/08216-2 (Center for Research in
Inflammatory Disease), from the University of Sdo Paulo NAP-DIN under grant agreement n.
°11.1.21625.01.0. http://www.fapesp.br/en/. This study was also funded by CNPq, process
number 445271/2014-0. http://www.cnpq.br.

Author Contributions
Conceptualization: Renata Sesti-Costa, Jodo Santana Silva.

Data curation: Renata Sesti-Costa, Marcela Cristina Santiago Franc¢ozo, Grace Kelly Silva,
José Luiz Proenca-Modena.

Formal analysis: Renata Sesti-Costa, Marcela Cristina Santiago Francozo, Grace Kelly Silva,
José Luiz Proenca-Modena.

Funding acquisition: Renata Sesti-Costa, Jodo Santana Silva.

Investigation: Renata Sesti-Costa, Marcela Cristina Santiago Fran¢ozo, Grace Kelly Silva, José
Luiz Proenca-Modena.

Methodology: Renata Sesti-Costa, Marcela Cristina Santiago Frangozo.

PLOS ONE | https://doi.org/10.1371/journal.pone.0185819  October 3, 2017 16/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0185819.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0185819.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0185819.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0185819.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0185819.s009
http://www.fapesp.br/en/
http://www.cnpq.br/
https://doi.org/10.1371/journal.pone.0185819

@° PLOS | ONE

The role of TLR3-expressing dendritic cells in Coxsackievirus B3 infection

Project administration: Renata Sesti-Costa, Jodo Santana Silva.

Resources: Renata Sesti-Costa, Jodo Santana Silva.

Supervision: Jodo Santana Silva.

Validation: Renata Sesti-Costa, Marcela Cristina Santiago Fran¢ozo.

Visualization: Renata Sesti-Costa, Marcela Cristina Santiago Fran¢ozo, Joao Santana Silva.

Writing - original draft: Renata Sesti-Costa.

Writing - review & editing: Renata Sesti-Costa, Marcela Cristina Santiago Frangozo, José

Luiz Proenca-Modena, Jodo Santana Silva.

References

1.

10.

1.

12

13.

14.

Cooper LT Jr. Myocarditis. The New England journal of medicine. 2009; 360(15):1526—38. https://doi.
org/10.1056/NEJMra0800028 PMID: 19357408.

Gupta S, Markham DW, Drazner MH, Mammen PP. Fulminant myocarditis. Nature clinical practice Car-
diovascular medicine. 2008; 5(11):693-706. https://doi.org/10.1038/ncpcardio1331 PMID: 18797433.

Huber S, Ramsingh Al. Coxsackievirus-induced pancreatitis. Viral immunology. 2004; 17(3):358—69.
https://doi.org/10.1089/vim.2004.17.358 PMID: 15357902.

Whitton JL, Cornell CT, Feuer R. Host and virus determinants of picornavirus pathogenesis and tro-
pism. Nature reviews Microbiology. 2005; 3(10):765—76. https://doi.org/10.1038/nrmicro1284 PMID:
16205710.

Leonard EG. Viral myocarditis. The Pediatric infectious disease journal. 2004; 23(7):665-6. PMID:
15247607.

World Health Organization. Enterovirus non-polio. http://wwwwhoint/mediacentre/factsheets/fs174/en/
printhtml

Pankuweit S, Klingel K. Viral myocarditis: from experimental models to molecular diagnosis in patients.
Heart failure reviews. 2013; 18(6):683—-702. https://doi.org/10.1007/s10741-012-9357-4 PMID:
23070541.

Rosamond W, Flegal K, Furie K, Go A, Greenlund K, Haase N, et al. Heart disease and stroke statistics
—2008 update: a report from the American Heart Association Statistics Committee and Stroke Statis-
tics Subcommittee. Circulation. 2008; 117(4):e25-146. https://doi.org/10.1161/CIRCULATIONAHA.
107.187998 PMID: 18086926.

Kandolf R, Sauter M, Aepinus C, Schnorr JJ, Selinka HC, Klingel K. Mechanisms and consequences of
enterovirus persistence in cardiac myocytes and cells of the immune system. Virus research. 1999; 62
(2):149-58. PMID: 10507324.

Klingel K, Hohenadl C, Canu A, Albrecht M, Seemann M, Mall G, et al. Ongoing enterovirus-induced
myocarditis is associated with persistent heart muscle infection: quantitative analysis of virus replica-
tion, tissue damage, and inflammation. Proceedings of the National Academy of Sciences of the United
States of America. 1992; 89(1):314-8. PMID: 1309611; PubMed Central PMCID: PMC48227.

Weinzierl AO, Szalay G, Wolburg H, Sauter M, Rammensee HG, Kandolf R, et al. Effective chemokine
secretion by dendritic cells and expansion of cross-presenting CD4-/CD8+ dendritic cells define a pro-
tective phenotype in the mouse model of coxsackievirus myocarditis. Journal of virology. 2008; 82
(16):8149-60. https://doi.org/10.1128/JVI.00047-08 PMID: 18550677; PubMed Central PMCID:
PMC2519575.

Huber SA, Sartini D. Roles of tumor necrosis factor alpha (TNF-alpha) and the p55 TNF receptor in
CD1d induction and coxsackievirus B3-induced myocarditis. Journal of virology. 2005; 79(5):2659-65.
https://doi.org/10.1128/JV1.79.5.2659-2665.2005 PMID: 15708985; PubMed Central PMCID:
PMC548425.

Kemball CC, Harkins S, Whitmire JK, Flynn CT, Feuer R, Whitton JL. Coxsackievirus B3 inhibits antigen
presentation in vivo, exerting a profound and selective effect on the MHC class | pathway. PLoS patho-
gens. 2009; 5(10):e1000618. https://doi.org/10.1371/journal.ppat. 1000618 PMID: 19834548; PubMed
Central PMCID: PMC2757675.

LiK, XuW, Guo Q, Jiang Z, Wang P, Yue Y, et al. Differential macrophage polarization in male and
female BALB/c mice infected with coxsackievirus B3 defines susceptibility to viral myocarditis.

PLOS ONE | https://doi.org/10.1371/journal.pone.0185819  October 3, 2017 17/20


https://doi.org/10.1056/NEJMra0800028
https://doi.org/10.1056/NEJMra0800028
http://www.ncbi.nlm.nih.gov/pubmed/19357408
https://doi.org/10.1038/ncpcardio1331
http://www.ncbi.nlm.nih.gov/pubmed/18797433
https://doi.org/10.1089/vim.2004.17.358
http://www.ncbi.nlm.nih.gov/pubmed/15357902
https://doi.org/10.1038/nrmicro1284
http://www.ncbi.nlm.nih.gov/pubmed/16205710
http://www.ncbi.nlm.nih.gov/pubmed/15247607
http://wwwwhoint/mediacentre/factsheets/fs174/en/printhtml
http://wwwwhoint/mediacentre/factsheets/fs174/en/printhtml
https://doi.org/10.1007/s10741-012-9357-4
http://www.ncbi.nlm.nih.gov/pubmed/23070541
https://doi.org/10.1161/CIRCULATIONAHA.107.187998
https://doi.org/10.1161/CIRCULATIONAHA.107.187998
http://www.ncbi.nlm.nih.gov/pubmed/18086926
http://www.ncbi.nlm.nih.gov/pubmed/10507324
http://www.ncbi.nlm.nih.gov/pubmed/1309611
https://doi.org/10.1128/JVI.00047-08
http://www.ncbi.nlm.nih.gov/pubmed/18550677
https://doi.org/10.1128/JVI.79.5.2659-2665.2005
http://www.ncbi.nlm.nih.gov/pubmed/15708985
https://doi.org/10.1371/journal.ppat.1000618
http://www.ncbi.nlm.nih.gov/pubmed/19834548
https://doi.org/10.1371/journal.pone.0185819

@° PLOS | ONE

The role of TLR3-expressing dendritic cells in Coxsackievirus B3 infection

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Circulation research. 2009; 105(4):353-64. https://doi.org/10.1161/CIRCRESAHA.109.195230 PMID:
19608981.

Fairweather D, Frisancho-Kiss S, Yusung SA, Barrett MA, Davis SE, Steele RA, et al. IL-12 protects
against coxsackievirus B3-induced myocarditis by increasing IFN-gamma and macrophage and neutro-
phil populations in the heart. Journal of immunology. 2005; 174(1):261-9. PMID: 15611248.

Yuan J, Cao AL, Yu M, Lin QW, Yu X, Zhang JH, et al. Th17 cells facilitate the humoral immune
response in patients with acute viral myocarditis. Journal of clinical immunology. 2010; 30(2):226-34.
https://doi.org/10.1007/s10875-009-9355-z PMID: 20012175.

YuanJ, YuM, Lin QW, Cao AL, Yu X, Dong JH, et al. Th17 cells contribute to viral replication in cox-
sackievirus B3-induced acute viral myocarditis. Journal of immunology. 2010; 185(7):4004—-10. https://
doi.org/10.4049/jimmunol.1001718 PMID: 20802148.

Cihakova D, Barin JG, Afanasyeva M, Kimura M, Fairweather D, Berg M, et al. Interleukin-13 protects
against experimental autoimmune myocarditis by regulating macrophage differentiation. The American
journal of pathology. 2008; 172(5):1195—-208. https://doi.org/10.2353/ajpath.2008.070207 PMID:
18403598; PubMed Central PMCID: PMC2329830.

Frisancho-Kiss S, Coronado MJ, Frisancho JA, Lau VM, Rose NR, Klein SL, et al. Gonadectomy of
male BALB/c mice increases Tim-3(+) alternatively activated M2 macrophages, Tim-3(+) T cells, Th2
cells and Treg in the heart during acute coxsackievirus-induced myocarditis. Brain, behavior, and immu-
nity. 2009; 23(5):649-57. https://doi.org/10.1016/j.bbi.2008.12.002 PMID: 19126426; PubMed Central
PMCID: PMC3148833.

Abston ED, Coronado MJ, Bucek A, Onyimba JA, Brandt JE, Frisancho JA, et al. TLR3 deficiency
induces chronic inflammatory cardiomyopathy in resistant mice following coxsackievirus B3 infection:
role for IL-4. American journal of physiology Regulatory, integrative and comparative physiology. 2013;
304(4):R267-77. https://doi.org/10.1152/ajpregu.00516.2011 PMID: 23255589; PubMed Central
PMCID: PMC3567355.

Huber SA, Feldman AM, Sartini D. Coxsackievirus B3 induces T regulatory cells, which inhibit cardio-
myopathy in tumor necrosis factor-alpha transgenic mice. Circulation research. 2006; 99(10):1109-16.
https://doi.org/10.1161/01.RES.0000249405.13536.49 PMID: 17038643.

Shi'Y, Fukuoka M, Li G, Liu Y, Chen M, Konviser M, et al. Regulatory T cells protect mice against cox-
sackievirus-induced myocarditis through the transforming growth factor beta-coxsackie-adenovirus
receptor pathway. Circulation. 2010; 121(24):2624—34. https://doi.org/10.1161/CIRCULATIONAHA.
109.893248 PMID: 20530002.

Sesti-Costa R, Silva GK, Proenca-Modena JL, Carlos D, Silva ML, Alves-Filho JC, et al. The IL-33/ST2
pathway controls coxsackievirus B5-induced experimental pancreatitis. Journal of immunology. 2013;
191(1):283-92. https://doi.org/10.4049/jimmunol.1202806 PMID: 23733876.

Wilkins C, Gale M Jr. Recognition of viruses by cytoplasmic sensors. Current opinion in immunology.
2010; 22(1):41-7. https://doi.org/10.1016/}.c0i.2009.12.003 PMID: 20061127; PubMed Central PMCID:
PMC3172156.

Kawai T, Akira S. The role of pattern-recognition receptors in innate immunity: update on Toll-like recep-
tors. Nature immunology. 2010; 11(5):373-84. https://doi.org/10.1038/ni.1863 PMID: 20404851.

Lee HK, Lund JM, Ramanathan B, Mizushima N, Iwasaki A. Autophagy-dependent viral recognition by
plasmacytoid dendritic cells. Science. 2007; 315(5817):1398-401. https://doi.org/10.1126/science.
1136880 PMID: 17272685.

Fuse K, Chan G, Liu Y, Gudgeon P, Husain M, Chen M, et al. Myeloid differentiation factor-88 plays a
crucial role in the pathogenesis of Coxsackievirus B3-induced myocarditis and influences type | inter-
feron production. Circulation. 2005; 112(15):2276-85. https://doi.org/10.1161/CIRCULATIONAHA.105.
536433 PMID: 16216974,

Abston ED, Coronado MJ, Bucek A, Bedja D, Shin J, Kim JB, et al. Th2 regulation of viral myocarditis in
mice: different roles for TLR3 versus TRIF in progression to chronic disease. Clinical & developmental
immunology. 2012; 2012:129486. https://doi.org/10.1155/2012/129486 PMID: 22013485; PubMed
Central PMCID: PMC3195533.

Riad A, Westermann D, Zietsch C, Savvatis K, Becher PM, Bereswill S, et al. TRIF is a critical survival
factor in viral cardiomyopathy. Journal of immunology. 2011; 186(4):2561-70. https://doi.org/10.4049/
jimmunol.1002029 PMID: 21239721.

Yamamoto M, Sato S, Mori K, Hoshino K, Takeuchi O, Takeda K, et al. Cutting edge: a novel Toll/IL-1
receptor domain-containing adapter that preferentially activates the IFN-beta promoter in the Toll-like
receptor signaling. Journal of immunology. 2002; 169(12):6668—72. PMID: 12471095.

Alexopoulou L, Holt AC, Medzhitov R, Flavell RA. Recognition of double-stranded RNA and activation
of NF-kappaB by Toll-like receptor 3. Nature. 2001; 413(6857):732-8. https://doi.org/10.1038/
35099560 PMID: 11607032.

PLOS ONE | https://doi.org/10.1371/journal.pone.0185819  October 3, 2017 18/20


https://doi.org/10.1161/CIRCRESAHA.109.195230
http://www.ncbi.nlm.nih.gov/pubmed/19608981
http://www.ncbi.nlm.nih.gov/pubmed/15611248
https://doi.org/10.1007/s10875-009-9355-z
http://www.ncbi.nlm.nih.gov/pubmed/20012175
https://doi.org/10.4049/jimmunol.1001718
https://doi.org/10.4049/jimmunol.1001718
http://www.ncbi.nlm.nih.gov/pubmed/20802148
https://doi.org/10.2353/ajpath.2008.070207
http://www.ncbi.nlm.nih.gov/pubmed/18403598
https://doi.org/10.1016/j.bbi.2008.12.002
http://www.ncbi.nlm.nih.gov/pubmed/19126426
https://doi.org/10.1152/ajpregu.00516.2011
http://www.ncbi.nlm.nih.gov/pubmed/23255589
https://doi.org/10.1161/01.RES.0000249405.13536.49
http://www.ncbi.nlm.nih.gov/pubmed/17038643
https://doi.org/10.1161/CIRCULATIONAHA.109.893248
https://doi.org/10.1161/CIRCULATIONAHA.109.893248
http://www.ncbi.nlm.nih.gov/pubmed/20530002
https://doi.org/10.4049/jimmunol.1202806
http://www.ncbi.nlm.nih.gov/pubmed/23733876
https://doi.org/10.1016/j.coi.2009.12.003
http://www.ncbi.nlm.nih.gov/pubmed/20061127
https://doi.org/10.1038/ni.1863
http://www.ncbi.nlm.nih.gov/pubmed/20404851
https://doi.org/10.1126/science.1136880
https://doi.org/10.1126/science.1136880
http://www.ncbi.nlm.nih.gov/pubmed/17272685
https://doi.org/10.1161/CIRCULATIONAHA.105.536433
https://doi.org/10.1161/CIRCULATIONAHA.105.536433
http://www.ncbi.nlm.nih.gov/pubmed/16216974
https://doi.org/10.1155/2012/129486
http://www.ncbi.nlm.nih.gov/pubmed/22013485
https://doi.org/10.4049/jimmunol.1002029
https://doi.org/10.4049/jimmunol.1002029
http://www.ncbi.nlm.nih.gov/pubmed/21239721
http://www.ncbi.nlm.nih.gov/pubmed/12471095
https://doi.org/10.1038/35099560
https://doi.org/10.1038/35099560
http://www.ncbi.nlm.nih.gov/pubmed/11607032
https://doi.org/10.1371/journal.pone.0185819

@° PLOS | ONE

The role of TLR3-expressing dendritic cells in Coxsackievirus B3 infection

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

Gorbea C, Makar KA, Pauschinger M, Pratt G, Bersola JL, Varela J, et al. A role for Toll-like receptor 3
variants in host susceptibility to enteroviral myocarditis and dilated cardiomyopathy. The Journal of bio-
logical chemistry. 2010; 285(30):23208-23. https://doi.org/10.1074/jbc.M109.047464 PMID: 20472559;
PubMed Central PMCID: PMC2906314.

Richer MJ, Lavallee DJ, Shanina I, Horwitz MS. Toll-like receptor 3 signaling on macrophages is
required for survival following coxsackievirus B4 infection. PloS one. 2009; 4(1):e4127. https://doi.org/
10.1371/journal.pone.0004127 PMID: 19122812; PubMed Central PMCID: PMC2606033.

Lee HK, lwasaki A. Innate control of adaptive immunity: dendritic cells and beyond. Seminars in immu-
nology. 2007; 19(1):48-55. https://doi.org/10.1016/j.smim.2006.12.001 PMID: 17276695.

ChenP,ChenR, YangY, YuY, Xie Y, Zou Y, et al. Coxsackievirus B3 infection promotes generation of
myeloid dendritic cells from bone marrow and accumulation in the myocardium. International immuno-
pharmacology. 2009; 9(11):1304—12. https://doi.org/10.1016/j.intimp.2009.07.014 PMID: 19664723.

Rahnefeld A, Ebstein F, Albrecht N, Opitz E, Kuckelkorn U, Stangl K, et al. Antigen-presentation capac-
ity of dendritic cells is impaired in ongoing enterovirus myocarditis. European journal of immunology.
2011; 41(9):2774-81. https://doi.org/10.1002/eji.201041039 PMID: 21630249.

Negishi H, Osawa T, Ogami K, Ouyang X, Sakaguchi S, Koshiba R, et al. A critical link between Toll-like
receptor 3 and type |l interferon signaling pathways in antiviral innate immunity. Proceedings of the
National Academy of Sciences of the United States of America. 2008; 105(51):20446—51. https://doi.
org/10.1073/pnas.0810372105 PMID: 19074283; PubMed Central PMCID: PMC2629334.

Kemball CC, Flynn CT, Hosking MP, Botten J, Whitton JL. Wild-type coxsackievirus infection dramati-
cally alters the abundance, heterogeneity, and immunostimulatory capacity of conventional dendritic
cells in vivo. Virology. 2012; 429(1):74-90. https://doi.org/10.1016/j.virol.2012.04.005 PMID:
22551767; PubMed Central PMCID: PMC3358485.

Gauntt C, Huber S. Coxsackievirus experimental heart diseases. Frontiers in bioscience: a journal and
virtual library. 2003; 8:23-35. PMID: 12456330.

Tracy S, Hofling K, Pirruccello S, Lane PH, Reyna SM, Gauntt CJ. Group B coxsackievirus myocarditis
and pancreatitis: connection between viral virulence phenotypes in mice. Journal of medical virology.
2000; 62(1):70-81. PMID: 10935991.

Yanagawa B, Spiller OB, Proctor DG, Choy J, Luo H, Zhang HM, et al. Soluble recombinant coxsackie-
virus and adenovirus receptor abrogates coxsackievirus b3-mediated pancreatitis and myocarditis in
mice. The Journal of infectious diseases. 2004; 189(8):1431-9. https://doi.org/10.1086/382598 PMID:
15073680.

Schulz O, Diebold SS, Chen M, Naslund Tl, Nolte MA, Alexopoulou L, et al. Toll-like receptor 3 pro-
motes cross-priming to virus-infected cells. Nature. 2005; 433(7028):887-92. https://doi.org/10.1038/
nature03326 PMID: 15711573.

Lee J, Tian Y, Chan ST, Kim JY, Cho C, Ou JH. TNF-alpha Induced by Hepatitis C Virus via TLR7 and
TLR8 in Hepatocytes Supports Interferon Signaling via an Autocrine Mechanism. PLoS pathogens.
2015; 11(5):€1004937. https://doi.org/10.1371/journal.ppat. 1004937 PMID: 26023919; PubMed Cen-
tral PMCID: PMC4449221.

Kaya Z, Dohmen KM, Wang Y, Schlichting J, Afanasyeva M, Leuschner F, et al. Cutting edge: a critical
role for IL-10 in induction of nasal tolerance in experimental autoimmune myocarditis. Journal of immu-
nology. 2002; 168(4):1552—6. PMID: 11823481.

McGeachy MJ, Cua DJ. Th17 cell differentiation: the long and winding road. Immunity. 2008; 28
(4):445-53. https://doi.org/10.1016/j.immuni.2008.03.001 PMID: 18400187.

Longhi MP, Trumpfheller C, Idoyaga J, Caskey M, Matos |, Kluger C, et al. Dendritic cells require a sys-
temic type | interferon response to mature and induce CD4+ Th1 immunity with poly IC as adjuvant. The
Journal of experimental medicine. 2009; 206(7):1589-602. https://doi.org/10.1084/jem.20090247
PMID: 19564349; PubMed Central PMCID: PMC2715098.

Fairweather D, Frisancho-Kiss S, Yusung SA, Barrett MA, Davis SE, Gatewood SJ, et al. Interferon-
gamma protects against chronic viral myocarditis by reducing mast cell degranulation, fibrosis, and the
profibrotic cytokines transforming growth factor-beta 1, interleukin-1 beta, and interleukin-4 in the heart.
The American journal of pathology. 2004; 165(6):1883-94. PMID: 15579433; PubMed Central PMCID:
PMC1618717.

Klingel K, Schnorr JJ, Sauter M, Szalay G, Kandolf R. beta2-microglobulin-associated regulation of
interferon-gamma and virus-specific immunoglobulin G confer resistance against the development of
chronic coxsackievirus myocarditis. The American journal of pathology. 2003; 162(5):1709-20. PMID:
12707055; PubMed Central PMCID: PMC1851178.

FanY, Weifeng W, Yuluan Y, Qing K, Yu P, Yanlan H. Treatment with a neutralizing anti-murine inter-
leukin-17 antibody after the onset of coxsackievirus b3-induced viral myocarditis reduces myocardium

PLOS ONE | https://doi.org/10.1371/journal.pone.0185819  October 3, 2017 19/20


https://doi.org/10.1074/jbc.M109.047464
http://www.ncbi.nlm.nih.gov/pubmed/20472559
https://doi.org/10.1371/journal.pone.0004127
https://doi.org/10.1371/journal.pone.0004127
http://www.ncbi.nlm.nih.gov/pubmed/19122812
https://doi.org/10.1016/j.smim.2006.12.001
http://www.ncbi.nlm.nih.gov/pubmed/17276695
https://doi.org/10.1016/j.intimp.2009.07.014
http://www.ncbi.nlm.nih.gov/pubmed/19664723
https://doi.org/10.1002/eji.201041039
http://www.ncbi.nlm.nih.gov/pubmed/21630249
https://doi.org/10.1073/pnas.0810372105
https://doi.org/10.1073/pnas.0810372105
http://www.ncbi.nlm.nih.gov/pubmed/19074283
https://doi.org/10.1016/j.virol.2012.04.005
http://www.ncbi.nlm.nih.gov/pubmed/22551767
http://www.ncbi.nlm.nih.gov/pubmed/12456330
http://www.ncbi.nlm.nih.gov/pubmed/10935991
https://doi.org/10.1086/382598
http://www.ncbi.nlm.nih.gov/pubmed/15073680
https://doi.org/10.1038/nature03326
https://doi.org/10.1038/nature03326
http://www.ncbi.nlm.nih.gov/pubmed/15711573
https://doi.org/10.1371/journal.ppat.1004937
http://www.ncbi.nlm.nih.gov/pubmed/26023919
http://www.ncbi.nlm.nih.gov/pubmed/11823481
https://doi.org/10.1016/j.immuni.2008.03.001
http://www.ncbi.nlm.nih.gov/pubmed/18400187
https://doi.org/10.1084/jem.20090247
http://www.ncbi.nlm.nih.gov/pubmed/19564349
http://www.ncbi.nlm.nih.gov/pubmed/15579433
http://www.ncbi.nlm.nih.gov/pubmed/12707055
https://doi.org/10.1371/journal.pone.0185819

@° PLOS | ONE

The role of TLR3-expressing dendritic cells in Coxsackievirus B3 infection

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

inflammation. Virology journal. 2011; 8:17. https://doi.org/10.1186/1743-422X-8-17 PMID: 21235788;
PubMed Central PMCID: PMC3032710.

Xie Y, Chen R, Zhang X, Chen P, Liu X, Xie Y, et al. The role of Th17 cells and regulatory T cells in Cox-
sackievirus B3-induced myocarditis. Virology. 2011; 421(1):78-84. https://doi.org/10.1016/j.virol.2011.
09.006 PMID: 21993400.

Edelmann KH, Richardson-Burns S, Alexopoulou L, Tyler KL, Flavell RA, Oldstone MB. Does Toll-like
receptor 3 play a biological role in virus infections? Virology. 2004; 322(2):231-8. https://doi.org/10.
1016/j.virol.2004.01.033 PMID: 15110521.

Le Goffic R, Balloy V, Lagranderie M, Alexopoulou L, Escriou N, Flavell R, et al. Detrimental contribution
of the Toll-like receptor (TLR)3 to influenza A virus-induced acute pneumonia. PLoS pathogens. 2006;
2(6):e58. https://doi.org/10.1371/journal.ppat.0020053 PMID: 16789835; PubMed Central PMCID:
PMC1475659.

Menager P, Roux P, Megret F, Bourgeois JP, Le Sourd AM, Danckaert A, et al. Toll-like receptor 3
(TLRS3) plays a major role in the formation of rabies virus Negri Bodies. PLoS pathogens. 2009; 5(2):
€1000315. https://doi.org/10.1371/journal.ppat. 1000315 PMID: 19247444; PubMed Central PMCID:
PMC2642728.

Wang T, Town T, Alexopoulou L, Anderson JF, Fikrig E, Flavell RA. Toll-like receptor 3 mediates West
Nile virus entry into the brain causing lethal encephalitis. Nature medicine. 2004; 10(12):1366—73.
https://doi.org/10.1038/nm1140 PMID: 15558055.

Hardarson HS, Baker JS, Yang Z, Purevjav E, Huang CH, Alexopoulou L, et al. Toll-like receptor 3 is an
essential component of the innate stress response in virus-induced cardiac injury. American journal of
physiology Heart and circulatory physiology. 2007; 292(1):H251-8. https://doi.org/10.1152/ajpheart.
00398.2006 PMID: 16936008.

Oshiumi H, Okamoto M, Fujii K, Kawanishi T, Matsumoto M, Koike S, et al. The TLR3/TICAM-1 path-
way is mandatory for innate immune responses to poliovirus infection. Journal of immunology. 2011;
187(10):5320-7. https://doi.org/10.4049/jimmunol. 1101503 PMID: 21998457.

McCall KD, Thuma JR, Courreges MC, Benencia F, James CB, Malgor R, et al. Toll-like receptor 3 is
critical for coxsackievirus B4-induced type 1 diabetes in female NOD mice. Endocrinology. 2015; 156
(2):453-61. https://doi.org/10.1210/en.2013-2006 PMID: 25422874; PubMed Central PMCID:
PMC4298321.

O’Neill LA. When signaling pathways collide: positive and negative regulation of toll-like receptor signal
transduction. Immunity. 2008; 29(1):12—-20. https://doi.org/10.1016/j.immuni.2008.06.004 PMID:
18631453.

Swiecki M, Colonna M. The multifaceted biology of plasmacytoid dendritic cells. Nature reviews Immu-
nology. 2015; 15(8):471-85. https://doi.org/10.1038/nri3865 PMID: 26160613; PubMed Central
PMCID: PMC4808588.

Edelson BT, Kc W, Juang R, Kohyama M, Benoit LA, Klekotka PA, et al. Peripheral CD103+ dendritic
cells form a unified subset developmentally related to CD8alpha+ conventional dendritic cells. The Jour-
nal of experimental medicine. 2010; 207(4):823-36. https://doi.org/10.1084/jem.20091627 PMID:
20351058; PubMed Central PMCID: PMC2856032.

Proietto Al, O’Keeffe M, Gartlan K, Wright MD, Shortman K, Wu L, et al. Differential production of

inflammatory chemokines by murine dendritic cell subsets. Immunobiology. 2004; 209(1-2):163-72.
https://doi.org/10.1016/j.imbio.2004.03.002 PMID: 15481150.

Szeles L, Meissner F, Dunand-Sauthier I, Thelemann C, Hersch M, Singovski S, et al. TLR3-Mediated
CD8+ Dendritic Cell Activation Is Coupled with Establishment of a Cell-Intrinsic Antiviral State. Journal
of immunology. 2015; 195(3):1025-33. https://doi.org/10.4049/jimmunol. 1402033 PMID: 26101320.

PLOS ONE | https://doi.org/10.1371/journal.pone.0185819  October 3, 2017 20/20


https://doi.org/10.1186/1743-422X-8-17
http://www.ncbi.nlm.nih.gov/pubmed/21235788
https://doi.org/10.1016/j.virol.2011.09.006
https://doi.org/10.1016/j.virol.2011.09.006
http://www.ncbi.nlm.nih.gov/pubmed/21993400
https://doi.org/10.1016/j.virol.2004.01.033
https://doi.org/10.1016/j.virol.2004.01.033
http://www.ncbi.nlm.nih.gov/pubmed/15110521
https://doi.org/10.1371/journal.ppat.0020053
http://www.ncbi.nlm.nih.gov/pubmed/16789835
https://doi.org/10.1371/journal.ppat.1000315
http://www.ncbi.nlm.nih.gov/pubmed/19247444
https://doi.org/10.1038/nm1140
http://www.ncbi.nlm.nih.gov/pubmed/15558055
https://doi.org/10.1152/ajpheart.00398.2006
https://doi.org/10.1152/ajpheart.00398.2006
http://www.ncbi.nlm.nih.gov/pubmed/16936008
https://doi.org/10.4049/jimmunol.1101503
http://www.ncbi.nlm.nih.gov/pubmed/21998457
https://doi.org/10.1210/en.2013-2006
http://www.ncbi.nlm.nih.gov/pubmed/25422874
https://doi.org/10.1016/j.immuni.2008.06.004
http://www.ncbi.nlm.nih.gov/pubmed/18631453
https://doi.org/10.1038/nri3865
http://www.ncbi.nlm.nih.gov/pubmed/26160613
https://doi.org/10.1084/jem.20091627
http://www.ncbi.nlm.nih.gov/pubmed/20351058
https://doi.org/10.1016/j.imbio.2004.03.002
http://www.ncbi.nlm.nih.gov/pubmed/15481150
https://doi.org/10.4049/jimmunol.1402033
http://www.ncbi.nlm.nih.gov/pubmed/26101320
https://doi.org/10.1371/journal.pone.0185819

