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Dengue infection causes dengue fever (DF) and dengue hemorrhagic fever/dengue shock
syndrome (DHF/DSS). CD4+Foxp3+ Tregs are expanded in patients during dengue infec-
tion, and appear to be associated with clinical severity. However, molecular pathways
involved in Treg proliferation and the reason for their insufficient control of severe
diseases are poorly understood. Here, dengue infection induced the proliferation of func-
tional CD4+Foxp3+ Tregs via TLR2/MyD88 pathway. Surface TLR2 on Tregs was respon-
sible for their proliferation, and dengue-expanded Tregs subverted in vivo differentiation
of effector CD8+ T cells. An additional interesting finding was that dengue-infected hosts
displayed changed levels of susceptibility to other diseases in TLR2-dependent man-
ner. This change included enhanced susceptibility to tumors and bacterial infection, but
highly enhanced resistance to viral infection. Further, the transfer of dengue-proliferated
Tregs protected the recipients from dengue-induced DHF/DSS and LPS-induced sepsis. In
contrast, dengue-infected hosts were more susceptible to sepsis, an effect attributable to
early TLR2-dependent production of proinflammatory cytokines. These facts may explain
the reason why in some patients, dengue-proliferated Tregs is insufficient to control DF
and DHF/DSS. Also, our observations lead to new insights into Treg responses activated
by dengue infection in a TLR2-dependent manner, which could differentially act on sub-
sequent exposure to other disease-producing situations.
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Introduction

Dengue virus (DenV) is a major, publicly and hygienically danger-
ous virus that is spread by mosquitoes around the world. DenV is
an enveloped, single-stranded, and positively polarity RNA virus of
the Flaviviridae family, and exists as four closely related serotypes
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(DenV1, DenV2, DenV3, and DenV4). In general, 3.97 billion
people are at risk of infection by this virus, and approximately
390 million people are infected each year [1, 2]. DenV infection
has occurred in 70% of Asian populations, and the current vaccine
against DenV infection has been approved, but has had little effect
on some serotypes. Due to safety concerns, the WHO does not
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recommend vaccination for children <9 years old [3]. Therefore,
it is necessary to understand the immune response induced by
DenV infection, in order to develop a safer and more effective
vaccine.

DenV infection causes diseases of varying degrees of severity in
humans, from mild dengue fever (DF) to life-threatening dengue
hemorrhagic fever (DHF) or dengue shock syndrome (DSS) [4].
About 500,000 cases of DHF and 12,000 deaths, particularly in
infants, occur in about 50–100 million DF patients every year
worldwide [5]. Infection with one DenV serotype confers life-
long immunity against homotypic reinfection, while heterotypic
re-infection is prone to developing severe disease, like DHF/DSS
[6]. Currently, two main hypotheses have been drawn to explain
the serious illness caused by re-infection with heterotypic virus.
According to the hypothesis for antibody-dependent enhancement
of infection (ADE), Fcγ receptor (FcγR) is thought to be involved
in enhancing re-infection with heterotypic virus through non-
neutralizing or partially neutralizing antibodies formed by primary
DenV infection [7, 8]. In contrast to ADE theory, the “original T cell
antigenic sin” hypothesis focuses on T-cell responses established
by primary DenV infection [9, 10]. Memory cross-reactive T cells
formed by primary DenV infection are preferentially activated dur-
ing secondary DenV infection, and eventually result in ineffective
control of the infecting serotype and impairment of viral clearance
[11, 12]. However, despite the in-depth study of T-cell response
to DenV infection, the role of cross-reactive T-cells in severe form
of diseases caused by DenV infection still remains controversial,
due to the lack of direct evidence. In contrast, increasing number
of studies using mouse models have postulated a protective role
of DenV-specific T cells against DenV infection [13–17]. The pres-
ence of highly polyfunctional T-cells directed against protective
human leukocyte antigen (HLA) has been shown to be associated
with milder clinical manifestations in DenV-infected hosts [18,
19]. In addition, no differences in the frequency and functionality
of cross-reactive T-cells were observed in DenV-infected people
who had asymptomatic or severe clinical disease [20]. In acute
DenV infection, DenV-specific T cells were detected at higher lev-
els in patients showing mild symptoms than in patients showing
severe form of diseases [21], which supports the protective role of
DenV-specific T cells. Also, DenV-specific T cells were detected at
very low frequency in DenV-infected people, but have been shown
to be highly activated [22–24].

CD25hiCD4+ regulatory T cells (Treg) are expanded during
acute DenV infection, and have been reported to suppress the
proliferative capacity of DenV-specific T cells [25–27]. Therefore,
it was thought that the proliferation of CD25hiCD4+ Tregs by
acute DenV infection would counteract immunopathological dis-
eases induced by cross-reactive T cells. In a more recent study,
which characterized Treg on the basis of the expression of fork-
head box protein 3 (Foxp3), it was reported that CD4+Foxp3+

Treg cells were more expanded in patients with less clinical symp-
toms following acute DenV infection, compared to patients with
severe form of diseases [27]. In support, CD4+Foxp3+ Tregs were
found to be associated with a beneficial outcome in flavivirus infec-
tion, including DenV and West Nile virus (WNV) [25, 27, 28].

However, the detection frequency of Tregs in cases of pri-
mary DenV infection was found to be significantly greater than
those experiencing secondary DenV infection [27]. As no cross-
reactive T cells are present in those with primary DenV infection,
CD4+Foxp3+ Tregs proliferated by primary DenV infection are
unlikely to inhibit DenV-specific cross-reactive T cells. Nonethe-
less, identifying key host factors that can induce the proliferation
of CD4+Foxp3+ Treg cells by primary DenV infection is consid-
ered to be essential to understanding the serious diseases induced
by DenV infection. In addition, considering the high risk of DenV
infection worldwide, investigating the role of CD4+Foxp3+ Tregs
expanded by acute DenV infection in a variety of other infectious
diseases will be of great help in understanding the progress and
impact of infectious diseases caused by heterogenous pathogens.

TLRs are critical sensor for microbial products that are derived
from infectious pathogens, and play an essential role in the activa-
tion of innate immune cells, such as macrophages, dendritic cells
(DCs), and NK cells. At present, accumulated profiling studies
have revealed that certain TLRs are expressed not only in innate
immune cells, but also in various adaptive immune cells, such as
B cells [29], CD4+ and CD8+ T cells [30], γδ T cells [31], and
CD4+Foxp3+ Treg cells [32]. Furthermore, stimulation of TLRs
expressed on T cells was found to directly modulate T cell func-
tion [33]. Notably, great attention has been drawn to the expres-
sion of TLRs on CD4+Foxp3+ Tregs. Although TLR1, 2, 4, 5, 6, 7,
and 8 mRNA are expressed in mouse Tregs [34], only a few TLRs
have been found to be involved in the proliferation and functional
regulation of Tregs. For example, engagement of TLR4 or TLR5
increased the suppressive function of Treg cells [35, 36], while
TLR2 stimulation of mouse Tregs and TLR8 stimulation of human
Tregs were found to reverse their suppressive function [37–39]. In
contrast, CD4+Foxp3+ Treg cells are reported to proliferate and
maintain Foxp3 expression, following treatment with synthetic
TLR2 ligand, Pam3CSK4 [40]. Thus, engagement of TLR2 does
not reverse the suppressive function of mouse CD4+Foxp3+ Treg
cells, but is found to promote their survival [40]. These studies
suggest that TLR stimulation of CD4+Foxp3+ Treg cells plays a
role in the functional regulation and proliferation of Treg cells.

In the previous study, we demonstrated that TLR2 was involved
in regulating DC function following DenV infection, thereby
facilitating Th2-biased immune responses [41]. TLR2/MyD88-
mediated Th2-biased immune responses to primary DenV infec-
tion via regulating DC function are suggested to increase the
infectivity of secondary homotypic or heterotypic DenV via ADE
[41]. Because TLR2 molecule is expressed in CD4+Foxp3+ Treg
cells, we are interested in whether TLR2 expressed on the cell
surface of CD4+Foxp3+ Tregs is involved in Treg expansion dur-
ing DenV infection. In addition, we investigated the impact of
DenV-amplified CD4+Foxp3+ Treg cells on other infectious dis-
eases. Acute DenV infection induced the proliferation of fully
functional CD4+Foxp3+ Treg cells, with the effect dependent on
the TLR2/MyD88 pathway. Of more interest, our results revealed
double-faced control of subsequent infectious diseases by the
consequences of DenV-expanded Treg responses, which indicate
that this may negatively impact on bacterial infection as well as
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tumor induction, but can enhance resistance to another viral infec-
tion. Further, DenV-expanded Tregs are found to attenuate DF
and DHF/DSS progression, and provide better survival in sep-
tic shock. Therefore, our study affords new insights into the role
of CD4+Foxp3+ Tregs expanded by acute DenV infection, which
could differentially act on subsequent pathogenic diseases.

Results

DenV induces the proliferation of CD4+Foxp3+ Tregs
in a TLR2/MyD88-dependent manner

In order to define the molecular mechanisms of Treg prolifera-
tion and the effects of their proliferation on immunopathologi-
cal diseases caused by DenV infection, we ascertained whether
DenV induces the proliferation of CD4+CD25+Foxp3+ Treg cells
in a murine model. We infected C57BL/6 mice with a sub-
lethal dose of DenV (2 × 106 ffu), and the number and per-
centage of CD4+CD25+Foxp3+ Tregs in spleen and blood were
quantified. Figure 1A shows that acute DenV infection induced
an increased number and percentage of CD4+CD25+Foxp3+

Tregs in both the spleen and blood. Notably, the number of
CD4+CD25+Foxp3+ Tregs was observed to peak in both the spleen
and blood at the 10th dpi, and rapidly declined thereafter. Sev-
eral factors have been implicated to induce the proliferation of
CD4+Foxp3+ Tregs, and accumulated evidence has demonstrated
that CD4+Foxp3+ Treg cells can sense pathogens, and modify
their behavior through TLRs [33]. To define TLR molecules that
sense DenV infection, we previously examined the production of
pro-inflammatory cytokines (IL-6 and TNF-α) by dendritic cells
(DCs) and macrophages derived from TLR molecule-deficient
mice (TLR 2, 3, 4, 9, and MyD88) after DenV infection [41].
As shown in our previous study, DCs and macrophages derived
from TLR2 and MyD88-deficient mice showed diminished pro-
duction of IL-6 and TNF-α following DenV infection, which indi-
cates that DenV infection can be recognized by TLR2/MyD88
signal pathway (Supporting Information Fig. 1). Stimulation of
TLR2 molecule by agonists including Pam3CSK4 had been demon-
strated to cause the proliferation of CD4+CD25+Foxp3+ Treg,
although, in some studies, the suppressor functions of individ-
ual cells may be temporarily diminished in the presence of TLR2
agonists [37, 38]. On the basis of these facts, it was assumed
that TLR2 might be responsible for the in vivo expansion of
CD4+CD25+Foxp3+ Tregs by DenV infection. To substantiate this
notion, TLR2 KO or MyD88 KO mice were infected with DenV,
and the number and percentage of CD4+CD25+Foxp3+ Tregs in
the spleen were estimated. TLR2 and MyD88 KO mice showed no
increases in the percentages and numbers of CD4+CD25+Foxp3+

Tregs following DenV infection (Fig. 1B and C). Specifically,
DenV-infected BL/6 mice showed an enhanced percentage of
CD4+CD25+Foxp3+ Tregs (�18%), compared to mock-infected
mice (�11%). Such DenV-induced enhancement (number and
percentage) of CD4+CD25+Foxp3+ Tregs was abrogated in TLR2
KO and MyD88 KO mice, which suggests that the TLR2/MyD88

pathway is essential for DenV-induced Treg proliferation. Because
acute viral infection is widely believed to modulate the num-
ber and function of CD4+Foxp3+ Treg cells for maintaining
immune homeostasis, we questioned whether other viral infec-
tion could alter the number of CD4+Foxp3+ Treg cells. Therefore,
we explored the number and frequency of CD4+Foxp3+ Treg cells
following infection with another flaviviruses including Japanese
encephalitis virus (JEV). In line with previous results [42], JEV
infection significantly enhanced the number and frequency of
CD4+Foxp3+ Treg cells (Supporting Information Fig. 2). This
result indicates that acute virus infection, including DenV and
JEV, alters the number of CD4+Foxp3+ Treg cells, even though
signal pathways for inducing the proliferation of CD4+Foxp3+

Tregs may be different. In addition, we examined the phenotypic
character of CD4+Foxp3+ Treg cells expanded by DenV infec-
tion. DenV-proliferated Tregs showed indistinguishable pheno-
types from Tregs when we examined the expression levels of GITR,
CTLA-4, and Foxp3, which are deemed essential for Treg function
(Fig. 1D). Also, we examined the expression levels of activation
markers (CD40L, CD44, CD62L, and CD69) in DenV-proliferated
CD4+CD25+Foxp3+ Tregs, since CD4+CD25+Foxp3+ cells could
include activated effector cells. CD4+CD25+Foxp3+ Tregs pro-
liferated in DenV-infected mice showed comparable expression
of activation markers to CD4+CD25+Foxp3+ Tregs derived from
näıve mice (Fig. 1E). Collectively, these results indicate that acute
DenV infection induces the proliferation of CD4+CD25+Foxp3+

Tregs in a TLR2/MyD88-dependent manner, whose phenotypic
characteristics were similar to CD4+CD25+Foxp3+ Tregs derived
from näıve mice.

TLR2 expressed on CD4+Foxp3+ Tregs is responsible
for their proliferation in DenV infection

In vitro experiments were also performed to assess whether DenV
directly interacted with TLR2 on Tregs, or indirectly caused Treg
proliferation through other cell types. CD4+CD25+ Tregs purified
from näıve BL/6, TLR2- or MyD88-deficient mice were incubated
with anti-CD3 and APCs in the presence of DenV. CD4+CD25+

Tregs derived from näıve BL/6 mice were proliferated in vitro by
DenV infection with 2.5-fold increased level, compared to mock-
infected Treg group (Fig. 2A, left graph). However, this did not
occur in CD4+CD25+ Tregs derived from TLR2 KO or MyD88
KO mice. In addition, the treatment of TLR2 agonist, Pam3CSK4
(Pam3), resulted in strong proliferation of CD4+CD25+ Tregs
derived from näıve BL/6 mice. However, it was interesting to note
that CD4+CD25+ Tregs derived from TLR2 KO mice also prolifer-
ated in response to Pam3 treatment, since recognition of Pam3 is
mediated by TLR2, which cooperates with TLR1 that could pro-
liferate CD4+CD25+ Tregs [43]. Similarly, to assess the role of
DenV and the TLR2/MyD88 axis in the proliferation of Tregs stim-
ulated by antigen-specific TCR, CD4+CD25+ Tregs were purified
from TLR2-deficient OT-II (TLR2 KO/OT-II) mice, and incubated
with DenV plus OVA323–339 peptide-pulsed APCs. CD4+CD25+

Tregs purified from TLR2 KO/OT-II mice showed much lower
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Figure 1. TLR2/MyD88 signal-dependent proliferation of CD4+CD25+Foxp3+ Tregs by DenV. (A) Alteration of CD4+CD25+Foxp3+ Treg number
in DenV-infected hosts. BL/6 mice were i.p. infected with DenV (2 × 106 ffu), and the number and percentage of CD4+CD25+Foxp3+ Tregs in
spleen and blood were determined by flow cytometry on the indicated days post-infection. (B) and (C) TLR2/MyD88 signal-dependent expansion of
CD4+CD25+Foxp3+ Tregs by DenV infection. The (B) percentage and (C) number of CD4+CD25+Foxp3+ Tregs in spleen of DenV-infected BL/6, TLR2-
or MyD88-deficient mice were determined by flow cytometry 10 days post-infection. Pam3CSK4 (Pam3, 100 µg/mouse), TLR2 agonist, was included
as positive control. (D) Phenotypic characteristics of CD4+CD25+Foxp3+ Tregs expanded by DenV. (E) Activation markers of CD4+CD25+Foxp3+

Tregs proliferated by DenV infection. Splenocytes prepared from BL/6 mice infected with DenV were stained with GITR, CTLA-4, Foxp3, CD40L,
CD44, CD62L, and CD69 mAbs combined with CD4 and CD25 mAb 10 days post-infection. Shown are the representative flow cytometry histograms
of relative expression, gated on CD4+CD25+Foxp3+ Tregs derived from mock (thin) and DenV-infected (bold) mice and values in histograms denote
the average MFI of the indicated marker. Values in dot-plots and bar charts denote the mean ± SEM. (A–E) Results are representative of one out of
at least two independent experiments with—four to five mice per group. Statistical significance (*p < 0.05; **p < 0.01; ***p < 0.001) was assessed by
an unpaired two-tailed Student’s t-test.

proliferation compared to CD4+CD25+ Tregs derived from OT-II
mice (Fig. 2A, right graph). In order to rule out the potential that
could contain effector CD4+ T cells in CD4+CD25+ Tregs derived
from näıve BL/6 mice, we also used CD4+Foxp3+ Tregs purified
from Dereg and TLR2 KO�Dereg mice, which express DTR-eGFP
fusion protein under the control of the promoter/enhancer region
of Treg cell-restricted Foxp3 transcription factor [44]. As expected,
CD4+Foxp3+ Tregs showed stronger proliferation by anti-CD3
and anti-CD28 mAbs stimulation in the presence of DenV, com-
pared to CD4+Foxp3+ Tregs purified from TLR2 KO�Dereg mice
(Fig. 2B). The requirement of TLR2 molecule for DenV-mediated
proliferation of CD4+Foxp3+ Tregs was further supported by the
finding that the incorporation of TLR2-specific antibody in cul-
ture of CD4+CD25+ Tregs treated with DenV elicited a reduction
of CD4+CD25+ Treg proliferation (Fig. 2C). Also, CD4+CD25+

Tregs stimulated by DenV showed elevated production of IL-10

and TGF-β, compared to non-DenV-treated Tregs. However, IL-10
production disappeared with the use of CD4+CD25+ Tregs puri-
fied from TLR2 KO or MyD88 KO mice (Fig. 2D). In agree-
ment with previous findings [37], CD4+CD25+Foxp3+ Tregs
showed intracellular TLR2 expression in resting state, and extra-
cellular TLR2 expression was increased by TCR stimulation.
Notably, CD4+CD25+Foxp3+ Tregs stimulated by DenV displayed
enhanced extracellular TLR2 expression 72 h post infection, com-
pared to mock-treated CD4+CD25+Foxp3+ Tregs (Fig. 2E). Con-
trol of Treg proliferation and function has been known to be
mediated by several cytokines, such as IL-1, IL-6, and IL-12, and
multiple costimulatory molecules from APCs [45, 46]. Another
key molecule that supports the development and maintenance
of CD4+Foxp3+ Tregs is IL-2 [47]. Therefore, to evaluate the
effects of such several factors on DenV-induced Treg prolifer-
ation, we treated purified CD4+Foxp3+ Tregs with anti-CD3
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Figure 2. TLR2 expressed on CD4+CD25+Foxp3+ Tregs is responsible for Treg proliferation following DenV infection. (A) In vitro proliferation of
purified CD4+CD25+ Tregs by exposure of DenV depends on TLR2. CD4+CD25+ Tregs MACS-purified from naı̈ve BL/6, TLR2-, MyD88-deficient, or
naı̈ve TLR2-deficient/OT-II-transgenic mice were incubated with anti-CD3 mAb (1 µg/mL) plus APC (left graph) or OVA323-339 (500 nM) peptide plus
APC (right graph) in the presence or absence of DenV (5.0 MOI, based on CD4+ T cell number) for 5 days and proliferation was analyzed by VialightTM

cell proliferation assay kit. Pam3CSK4 (Pam3, 1 µg/mL), TLR2 agonist, was included as positive control. (B) TLR2-deficient CD4+Foxp3+ Tregs show
impaired proliferation in response to DenV infection. CD4+Foxp3+ Tregs were purified from naı̈ve Dereg and TLR2 KO�Dereg mice using FACS
Aria sorter and incubated with anti-CD3 and CD28 mAbs in the presence or absence of DenV (5.0 MOI) for 5 days and proliferation was analyzed
by VialightTM cell proliferation assay kit. (C) Inhibition of DenV-induced proliferation of CD4+CD25+ Tregs by TLR2 blocking antibody. CD4+CD25+

Tregs MACS-purified from naı̈ve BL/6 mice were stimulated by anti-CD3 and CD28 mAbs along with DenV (5.0 MOI) in the presence of isotype
and TLR2 blocking antibody for 5 days and proliferation was analyzed by by VialightTM cell proliferation assay kit. (D) TLR2/MyD88-dependence
of IL-10 and TGF-β production from CD4+CD25+ Tregs by DenV infection. The amounts of IL-10 and TGF-β in supernatants of CD4+CD25+ Tregs
MACS-purified from naı̈ve BL/6, TLR2- and MyD88-deficient mice were determined by ELISA, following stimulation with anti-CD3 and CD28 mAbs
in the presence of DenV. (E) Modulation of intra- and extra-cellular TLR2 expression in TCR-stimulated CD4+CD25+Foxp3+ Tregs by DenV infection.
CD4+CD25+Foxp3+ Tregs were purified from naı̈ve Dereg mice using FACS Aria sorter and stimulated with anti-CD3 and CD28 mAbs in the presence
(bold line) or absence (thin line) of DenV, and then the expression of intra- and extracellular TLR2 was determined by flow cytometry. (F) In vivo
proliferation of adoptively transferred Tregs in DenV-infected hosts. CD4+CD25+ Tregs MACS-purified from naı̈ve CD90.2+TLR2+ BL/6 mice were
stained with CFSE, and adoptively transferred into CD90.2−TLR2+ BL/6 mice. Subsequently, the CD90.2−TLR2+ BL/6 recipients were infected with
DenV (2 × 106 ffu) and the proliferation determined by flow cytometry. (G) TLR2 expressed on CD4+CD25+ Tregs is required for the proliferation
of Tregs in DenV-infected hosts. CD4+CD25+ Tregs MACS-purified from naı̈ve CD90.2−TLR2+ BL/6 mice were stained with CFSE, and adoptively
transferred into CD90.2+TLR2− mice that received DenV infection and the proliferation determined by flow cytometry. (H) Impaired in vivo
proliferation of CD4+CD25+ Tregs purified from TLR2 KO mice. CD4+CD25+ Tregs MACS-purified from CD90.2+TLR2− mice were stained with CFSE,
and adoptively transferred into CD90.2−TLR2+ mice that received DenV infection. The proliferation of donor cells ((F) and (H), CD90.2+CD4+CD25+;
(G) CD90.2−CD4+CD25+) was estimated by flow cytometry 4 days later. (A–D) Data denote the mean ± SEM. Results are representative of one out
of at least two independent experiments with —four to five mice per group (A–D), and are representative of three individual experiments with 3
mice per group (E–H). Statistical significance (**p < 0.01; ***p < 0.001) was assessed by an unpaired two-tailed Student’s t-test.

plus APC, anti-CD28, or IL-2 in the presence of DenV. Among
such factors, the addition of IL-2 supported the proliferation
of CD4+Foxp3+ Tregs by DenV infection more efficiently than
others (Supporting Information Fig. 3A). The proliferation of
CD4+Foxp3+ Tregs also increased depending on DenV-infection

dose, and this was ameliorated by TLR2-deficiency (Supporting
Information Fig. 3B). Collectively, data derived from our in vitro
experiments for Treg proliferation strongly suggest that TLR2
expressed on CD4+CD25+Foxp3+ Treg cells is responsible for their
proliferation in DenV infection.

C© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji-journal.eu



Eur. J. Immunol. 2020. 50: 1000–1018 Immunity to infection 1005

Further, in order to confirm whether the requirement of TLR2
expressed on Treg cells is also evident in vivo, we adoptively
transferred CFSE-labeled Treg cells obtained from CD90.2+TLR2+

mice to CD90.2−TLR2+ mice, and infected the CD90.2−TLR2+

recipients with DenV. The transferred CD90.2+CD4+CD25+ Treg
cells in the CD90.2−TLR2+ recipients showed proliferation with
DenV infection, so supporting the in vitro results (Fig. 2F). Simi-
larly, CD4+CD25+ Tregs that were purified from CD90.2−TLR2+

mice and adoptively transferred into CD90.2+TLR2− mice elicited
proliferation (Fig. 2G). However, the adoptive transfer of
CD90.2+TLR2− Tregs to CD90.2−TLR2+ recipients provided no
proliferation with DenV infection (Fig. 2H). Therefore, these
results support that TLR2 expressed on CD4+CD25+ Treg cells
is required for their in vivo proliferation following DenV infection.

DenV-expanded CD4+Foxp3+ Tregs inhibit CD4/CD8
T-cell responses in an IL-10-dependent manner

Besides phenotypic character, CD4+CD25+Foxp3+ Tregs are best
characterized by their ability to suppress the proliferation and
functional differentiation of CD4+ and CD8+ T cells. Therefore,
we investigated the functional fitness of CD4+CD25+Foxp3+ Treg
cells expanded by DenV infection. In order to assess the sup-
pressive capability of DenV-proliferated Tregs, CD4+CD25+ or
CD4+Foxp3+ Treg cells purified from DenV-infected BL/6 or Dereg
mice were incorporated into culture containing CD4+CD25− Th
and CD8+ T cells from OT-II and OT-I mice with correspond-
ing peptide-pulsed APCs. The extension of Th and CD8+ T cell
proliferation was then assessed by luminescence method and
CFSE dilution, respectively. OT-II CD4+CD25− Th and OT-I CD8+

T cells failed to proliferate in the presence of CD4+Foxp3+ Tregs
purified from DenV-infected Dereg mice, and the extension of
proliferation was dependent on the incorporated CD4+Foxp3+

Treg cell number (Fig. 3A). CFSE-labeled OT-II CD4+CD25− Th
and OT-I CD8+ T cells did not display efficient division by the
incorporation of CD4+CD25+ Tregs proliferated in DenV-infected
BL/6 mice (Fig. 3B). In addition, the functional differentiation
of CD4+CD25− Th and CD8+ T cells was inhibited, as evi-
denced by the reduced IFN-γ secretion (Fig. 3C). Interestingly,
CD4+Foxp3+ Tregs proliferated in DenV-infected Dereg mice were
more suppressive than CD4+Foxp3+ Tregs purified from näıve
Dereg mice. Further, in order to assess the in vivo functional capa-
bility, CD4+CD25+ Treg cells purified from DenV-infected BL/6
mice were co-administered into CD90.2-negative BL/6 mice with
CFSE-labeled CD4+CD25− Th and CD8+ T cells purified from
OT-II and OT-I mice, and the CD90.2-negative BL/6 recipients
were immunized with corresponding peptide-loaded APCs via tail
vein. CD4+CD25+ Tregs purified from DenV-infected BL/6 mice
were found to be capable of suppressing Th and CD8+ T cell
proliferation in vivo, as the proliferations of CD4+CD25− Th and
CD8+ T cells in response to peptide immunization were reduced
by greater than 50% with co-administered CD4+CD25+ Tregs
(p < 0.01 between recipients of DenV-Treg and no Treg; Fig. 3D).
The secondary DenV infection with different serotypes causes

more severe form of DenV infection in human a few months follow-
ing primary DenV infection [6]. Therefore, whether CD4+Foxp3+

Treg cells expanded by primary DenV infection still maintain
their suppressive function several weeks post-infection was curi-
ous. To this end, we purified CD4+Foxp3+ Treg cells 3 weeks
following DenV infection and used for evaluating the responses
of OT-II CD4+ Th and OT-I CD8+ T cells. Our results revealed
that CD4+Foxp3+ Tregs isolated from DenV-infected mice 3 weeks
post-infection showed suppressive function, as shown by in vitro
and in vivo suppressed proliferation of OT-II and OT-I T cells
co-cultured with DenV-expanded CD4+Foxp3+ Treg cells (Sup-
porting Information Fig. 4). The mechanisms by which Treg cells
exert suppression on the function and proliferation of Th and CD8
T cells is still a debatable issue. However, certain mechanisms have
been proposed, such as direct contact, soluble mediators, or both
[46]. IL-10 and TGF-β were found to be produced by CD4+Foxp3+

Tregs in response to DenV infection. Therefore, their role in the
suppression of CD4+CD25− Th and CD8+ T cell proliferation was
investigated by incorporating neutralizing mAbs against IL-10 and
TGF-β into culture. Neutralizing IL-10 led to significant recovery of
CD4+CD25− Th and CD8+ T-cell proliferation, whereas the incor-
poration of neutralizing antibody to TGF-β showed no change in
the suppression of CD4+CD25− Th and CD8+ T cell proliferation.
Collectively, these results indicate that CD4+Foxp3+ Tregs pro-
liferated by DenV infection have suppressive function to CD4+

Th and CD8+ effector differentiation, and IL-10 appears to be
involved in the suppressive function of DenV-expanded Tregs.

DenV infection subverts CD8+ T-cell responses through
CD4+Foxp3+ Tregs expanded by TLR2/MyD88 signal

CD4+Foxp3+ Treg cells dampen the induction of immune
responses, and therefore must be contained to allow for the effec-
tive protection against viruses, cancer, and bacteria. Therefore,
the implications of high CD4+Foxp3+ Treg levels present in DenV-
infected hosts will be interesting to investigate. We explored the
effects of DenV-induced Treg proliferation on the in vivo differ-
entiation of antigen-specific CD8+ effector T cells using recom-
binant vaccinia virus expressing CD8+ T cell epitope of OVA
(VVova257–264). To test the in vivo effects of DenV-proliferated
Tregs, BL/6 mice were immunized with VVova257–264 7 days after
DenV infection, and in vivo CTL killing activity was assessed
by injection of epitope peptide-pulsed target cells 14 days post-
immunization. DenV-infected mice exhibited significantly reduced
killing activity (39%) compared to mock-infected mice (85%)
(p < 0.001 between mock and DenV-infected mice), which indi-
cates the reduced number or functional capability of antigen-
specific CTLs in DenV-infected hosts (Fig. 4A). DenV-infected
mice also developed fewer numbers of antigen-specific CD8+

T cells after immunization with VVova257–264, as evidenced by the
enumeration of SIINFEKL-specific CD8+ T cells by intracellular
cytokine IFN-γ staining (Fig. 4B).

In order to confirm the role of DenV-expanded CD4+Foxp3+

Tregs in the suppression of in vivo CTL killing activity,
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Figure 3. CD4+CD25+Foxp3+ Tregs expanded by DenV inhibit the proliferation of CD4 Th/CD8 T cells in a partially IL-10-dependent manner. (A)
Suppression of CD4+ Th and CD8+ T-cell response by DenV-expanded Tregs. CD4+Foxp3+ Tregs were isolated from either DenV-infected (DenV-
Treg) or naive (Naı̈ve Treg) Dereg mice 7 dpi, and used for co-culture with CD4+CD25− Th and CD8+ T cells MACS-purified from corresponding OT-II
and OT-I mice in the presence of epitope peptide-pulsed APC at the indicated ratios. Following 72 h incubation, the proliferation of CD4+CD25−

Th and CD8+ T cells was evaluated by ATP bioluminescence assay. (B) The inhibition of CD4+ Th and CD8+ T-cell proliferation by DenV-expanded
Tregs was also determined by CFSE dilution, after CFSE-labeled OT-II CD4+ Th and OT-I CD8+ T cells were mixed with the equal number of
CD4+CD25+ Tregs purified from either DenV-infected or naı̈ve mice in the presence of epitope peptide-pulsed APC. Proliferation was analyzed
by flow cytometry. (C) Inhibition of cytokine production from CD4+ Th and CD8+ T cells by DenV-expanded Tregs. The IFN-γ production from
OT-II CD4+CD25− Th and OT-I CD8+ T cells was determined by sandwich ELISA using culture media after being co-cultured with CD4+Foxp3+

Tregs isolated from either DenV-infected (DenV-Treg) or naive (Naı̈ve Treg) Dereg in the presence of epitope peptide-pulsed APC. (D) In vivo
suppression of CD4+ Th and CD8+ T cells by DenV-expanded Tregs. CFSE-labeled OT-II CD4+CD25− Th and OT-I CD8+ T cells were adoptively
transferred into CD90.2-negative BL/6 recipients, along with unlabeled CD4+CD25+ Tregs isolated from DenV-infected mice 7 dpi. Three days
following i.v. immunization with epitope peptide-loaded APCs (1 × 106 cells), the cell division of CD4+CD25− Th (right histogram) and CD8+ T cells
(left histogram) was ascertained by flow cytometry. Histograms show CFSE division after gating on CD4+CD25− or CD8+ T cells in CD90.2-positive
cells. (E) Involvement of IL-10 in the suppressive function of DenV-expanded Tregs to CD4+CD25− Th and CD8+ T-cell proliferation measured by
VialightTM cell proliferation assay kit. MACS-purified OT-II CD4+CD25− Th and OT-I CD8+ T cells were incubated with CD4+Foxp3+ Tregs isolated
from DenV-infected Dereg mice in the presence of corresponding peptide-pulsed APCs plus neutralizing IL-10 and/or TGF-β antibodies. Results
show the mean ± SEM of representative derived from two individual experiments with quadruplicate wells (A, C, and E), and are representative
of two individual experiments with —three to four mice per group (B) and (D). Statistical significance (**p < 0.01; ***p < 0.001) was assessed by an
unpaired two-tailed Student’s t-test.

DenV-infected Dereg mice were treated with diphtheria toxin (DT)
to temporally deplete CD4+Foxp3+ Tregs proliferated by DenV
infection (Supporting Information Fig. 5), and then in vivo CTL
killing activity was assessed 14 days after immunization. DenV-
infected mice exhibited fully recovered CTL killing activity by the
depletion of DenV-expanded CD4+Foxp3+ Tregs, as shown by sim-
ilar levels of in vivo CTL activity with uninfected control mice
(Fig. 4C). Furthermore, we examined the role of TLR2/MyD88
pathway in CTL killing activity subverted by CD4+Foxp3+ Tregs

expanded by DenV infection. As shown in Fig. 4D, TLR2 KO or
MyD88 KO mice showed no significant suppression of in vivo CTL
activity by DenV infection, which indicates that impaired prolif-
eration of CD4+Foxp3+ Tregs in TLR2 KO and MyD88 KO mice
might provide no significant suppression of in vivo CTL killing
molecules following DenV infection. Taken together, these results
imply that DenV infection could inhibit in vivo differentiation of
CD8+ effector T cells by TLR2/MyD88-dependent proliferation of
CD4+Foxp3+ Treg cells.
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Figure 4. CD4+Foxp3+ Tregs expanded by DenV infection subvert in vivo differentiation of antigen-specific CD8+ effector T cells in a TLR2/MyD88-
dependent manner. (A) Suppression of in vivo CTL killing activity in DenV-infected hosts. BL/6 mice infected i.v. with DenV (2 × 106 ffu) were
immunized with VVova257–264 (1 × 106 PFU) 7 dpi via intramuscular injection, and in vivo CTL killing activity was assessed by flow cytometry 14 days
later. (B) Reduced number of antigen-specific CD8+ effector T cells in DenV-infected hosts. Mice were immunized with VVova257–264 7 days after
DenV infection, and the percentage and total number of OVA257–264-specific CD8+ T cells were determined by intracellular cytokine IFN-γ staining
in response to OVA257–264 peptide stimulation on the indicated days after immunization by flow cytometry. (C) Recovery of suppressed CTL activity
in DenV-infected hosts by in vivo depletion of CD4+Foxp3+ Tregs. Dereg mice were i.p. administered with DT (1 µg/mouse) 4 and 5 days after
DenV infection. Following transient depletion of DenV-expanded Tregs, in vivo CTL killing activity was assessed by flow cytometry, 14 days after
immunization with VVova257–264 . (D) Necessity of TLR2/MyD88 molecules for subversion of the differentiation of antigen-specific CD8+ effector
T cells in DenV-infected hosts. Seven days following DenV infection, BL/6, TLR2 KO or MyD88 KO mice were immunized with VVova257–264. The
activity of in vivo CTL killing specific for OVA257–264 peptide was assessed by flow cytometry, 14 days post-immunization. In vivo CTL killing activity
was expressed as percentage death relative to the control group (A, C, and D). Data in histograms and bar graphs show the mean ± SEM. (A–D)
Results are representative of one out of at least two independent experiments with —four to five mice per group. Statistical significance (*p < 0.05;
**p < 0.01; ***p < 0.001) was assessed by an unpaired two-tailed Student’s t-test.

Double-faced modulation of pathogenic diseases by
DenV infection in a TLR2-dependent manner

CD4+Foxp3+ Treg cells maintain peripheral tolerance and limit
effector responses for the prevention of excessive immune-
mediated tissue damage. Therefore, CD4+Foxp3+ Treg cells
should be controlled to provide effective protection against
pathogenic diseases [48–50]. Furthermore, so far the majority of
studies on CD4+Foxp3+ Tregs have examined their role in chronic
diseases. In the present study, we described the TLR2/MyD88-
dependent expansion of functional CD4+Foxp3+ Treg cell pop-
ulation in non-persistent infection. Therefore, investigating that
CD4+Foxp3+ Tregs proliferated by acute dengue infection control
pathogenic diseases will be particularly interesting. We examined
the susceptibility of hosts to tumor challenge after acute dengue
infection. BL/6 and TLR2 KO mice were challenged with B16F10
melanoma tumor cells 3 or 7 days after dengue infection, and
mortality and tumor mass indices were measured. BL/6 mice that
were challenged with tumor 7 days after dengue infection showed
higher susceptibility and tumor growth, and this enhanced sus-
ceptibility was not evident when animals were challenged with
tumor 3 days after dengue infection (Fig. 5A and B). It was likely
that this result could be due to the low number of CD4+Foxp3+

Treg cells present on the third day after dengue infection. This
notion was also supported by results showing that TLR2 KO mice
exhibited no change of susceptibility and tumor growth after acute
dengue infection. Therefore, these two factors appeared to cause
the biphasic susceptibility to tumor challenge. Similarly, DenV-
infected hosts showed the same biphasic susceptibility to chal-
lenge with Listeria monocytogenes as a bacterial infection model,
as mice that received Listeria challenge 7 days after dengue infec-
tion showed higher susceptibility (Fig. 5C).

Strikingly contrasting results were observed in a viral challenge
model. In order to examine the susceptibility of DenV-infected
hosts to viral infection, we chose zosteriform infection of mice
with HSV. BL/6 mice that received no DenV infection or chal-
lenged with zosteriform 3 days after DenV infection exhibited
the highest susceptibility (100% mortality). However, BL/6 mice
given zosteriform infection 7 days after DenV infection showed
complete protection (0% mortality; Fig. 5D). Surprisingly, this
susceptibility was reversed with TLR2-deficiency, as the mortality
rate was 100% when TLR2 KO mice were challenged with zosteri-
form 7 days after DenV infection (Fig. 5D). Therefore, it is worth-
while noting that hosts infected with DenV show changed levels
of susceptibility depending on the character of the pathogen, and
it is likely that this double-faced control of the susceptibility of
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Figure 5. Double-faced modulation of pathogenic diseases by DenV infection depending on TLR2 recognition. (A) and (B) Enhanced susceptibility
of DenV-infected hosts to tumor inoculation. BL/6 and TLR2-deficient mice (n = 15–22) were infected i.p. with DenV (2 × 106 ffu), and inoculated
subcutaneously with B16F10 melanoma (5 × 105 cells/mouse) into the right flank 3 or 7 days post-infection. Tumor-inoculated mice were examined
daily to determine survival rate (upper panel) and tumor mass index (lower panel). Tumor mass index was reported as the mean ± SEM of each
(a × b) per group, where a is the longest surface length, and b is its perpendicular width. (C) Enhanced susceptibility of DenV-infected hosts
to Listeria infection. DenV-infected mice (n = 10) were challenged with L. monocytogen (104 cfu/mouse) 3 or 7 days post-infection, and observed
daily to determine survival rate. (D) Enhanced resistance of DenV-infected hosts to zosteriform infection of HSV-1. BL/6 and TLR2-deficient mice
(n = 11) were challenged with zosteriform HSV-1 17 strain onto the left flank region 3 or 7 days post-DenV infection. The animals were inspected
daily for the development of zosteriform ipsilateral lesions, general behavioral changes, encephalitis, and mortality. (E) Enhanced resistance of
DenV-infected hosts to mucosal infection of HSV-1. BL/6 and TLR2-deficient mice (n = 11) were challenged intravaginally with HSV-1 McKrae strain
(108 pfu/mouse) 3 or 7 days post-DenV infection. Challenged hosts were inspected daily to determine clinical signs and mortality. The graphs show
the percentage of surviving mice on different days post-challenge. (F) and (G) The percentages and number of CD4+Foxp3− Th and CD4+Foxp3+

Tregs in dLNs and vaginal tract. Following intravaginal challenge of DenV-infected hosts with HSV-1, the (F) percentages, and (G) total number
of CD4+Foxp3− Th and CD4+Foxp3+ Tregs in iliac LNs (ILNs) and vaginal tract (VT) were determined by flow cytometry on the indicated days
post-challenge. (H) Vaginal HSV-1 titer. Infectious HSV-1 titer in vaginal lavages derived from DenV-infected BL/6 and TLR2 KO mice was measured
by a plaque-forming assay at the indicated dpi. Survival curves represent the percentage of surviving mice in mice started with 10–22 per group
on different days post-challenge. Data in line graphs show the mean ± SEM. (A–H) Results are representative of one out of at least two individual
experiments with —five to six mice per group. Statistical significance (*p < 0.05; **p < 0.01; ***p < 0.001) was assessed by Kaplan–Meier survival
curve with log-rank test and two-way ANOVA with Bonferroni post hoc tests.

DenV-infected host was secondary to the levels of CD4+Foxp3+

Tregs proliferated by DenV infection, depending on TLR2
molecule.

DenV infection renders hosts refractory to viral
infection via an early influx of CD4+Foxp3+ Tregs

In order to decipher the role of CD4+Foxp3+ Treg cells in con-
trolling the susceptibility of DenV-infected hosts to viral infection,
mucosal infection with HSV-1 was also explored, since infected

tissues can be easily taken. BL/6 and TLR2 KO mice were intrav-
aginally challenged with HSV-1 3 or 7 days after DenV infection,
and we examined the mortality of infected mice, as well as the
number of CD4+ and CD4+Foxp3+ Treg cells in draining lymph
nodes (dLNs) and vaginal tract. Consistent with zosteriform infec-
tion, control mice that received no DenV infection showed 100%
mortality upon HSV mucosal infection, whereas DenV-infected
hosts exhibited 20 and 0% mortality when mucosally challenged
with HSV-1, 3 or 7 days after DenV infection, respectively (Fig. 5E,
left graph). In line with our demonstration of CD4+Foxp3+ Treg
induction by DenV infection in a TLR2-dependent fashion, such
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highly enhanced resistance of DenV-infected hosts to HSV mucosal
infection was ameliorated in TLR2 KO mice (Fig. 5E, right graph).
In order to delve deeper into the role of CD4+Foxp3+ Treg cells in
the mechanism by which pre-infection with DenV helps to prevent
mortality due to HSV infection, both CD4+ and CD4+Foxp3+ Treg
numbers at the site of infection, namely vaginal tract and dLNs
(iliac LNs), were determined kinetically (Fig. 5F and G). There
was an early influx of an enhanced number of CD4+Foxp3+ Treg
cells to the vaginal tract, particularly in mice challenged with HSV
7 days after DenV infection. In addition, the increased total num-
ber of CD4+Foxp3− T cells recruited in tissues was accompanied
by an early influx of CD4+Foxp3+ Tregs in DenV-infected hosts
(Fig. 5G). Näıve mice that received no DenV infection showed a
delayed CD4+Foxp3+ Treg influx as late as 6 days after HSV-1
infection. Therefore, it is possible that mice receiving DenV 7 days
before HSV-1 infection have a higher number of CD4+Foxp3+ Treg
cells compared to control mice, after which early influx of DenV-
proliferated Treg cells following HSV infection coordinates pro-
tection by providing more effective recruitment of effector CD4+

T cells in DenV-infected hosts than control hosts [51]. In support,
DenV-infected mice contained lower titers of infectious virus in
vaginal lavages, whereas this difference of virus titer in vaginal
lavages of DenV-infected mice disappeared with TLR2-deficiency
(Fig. 5H). Collectively, these results clearly show that the DenV
infection of hosts leads to the enhancement of CD4+Foxp3+ Treg
cell number, and thereby coordinating early protection to viral
infection by orchestrating effective CD4+ T cells at infected tissues.

CD4+Foxp3+ Tregs expanded by DenV infection
attenuates DHF/DSS progression

Although TLR2-mediated expansion of CD4+Foxp3+ Tregs by
DenV infection drives double-faced regulation depending on the
context of pathogenic diseases, their role in regulating clini-
cal disease caused by DenV infection was not directly eval-
uated. To this end, we used DHF/DSS murine model that
resembles human disease. CD4+Foxp3+ Tregs purified from DenV-
infected Dereg mice were adoptively transferred into type I/II
IFN receptor-deficient mice (IFN-I/IIR DKO mice), and then the
IFN-I/IIR DKO recipients were infected i.v. with mouse-adapted
DenV2 D2S10 to induce DHF/DSS-like human disease [52, 53].
The IFN-I/IIR DKO recipients infected with DenV2 D2S10 were
examined daily for morbidity (weight loss) and survival. Adop-
tive transfer of CD4+Foxp3+ Tregs purified from DenV-infected
Dereg mice reduced the weight loss of IFN-I/IIR DKO mice,
depending on the number of adoptively transferred CD4+Foxp3+

Tregs (Fig. 6A). Näıve CD4+Foxp3+ Tregs purified from unin-
fected Dereg mice also showed the reduction of weight loss in
IFN-I/IIR DKO recipients following infection with DenV2 D2S10,
even though CD4+Foxp3+ Tregs purified from DenV-infected
Dereg mice attenuates weight loss with modestly stronger lev-
els than CD4+Foxp3+ Tregs purified from uninfected Dereg mice.
However, IFN-I/IIR DKO mice all succumbed to DenV2 D2S10
infection within 8–10 days, which indicates that the adoptive

transfer of CD4+Foxp3+ Tregs could not ultimately protect the
IFN-I/IIR DKO recipients from DenV2 D2S10 infection. To better
understand the reduced morbidity of DHF/DSS by CD4+Foxp3+

Tregs, we examined clinical parameters related to DHF/DSS,
including hemoglobin, platelet number, and hematocrit, as well
as liver and kidney injury. Adoptive transfer of CD4+Foxp3+

Tregs purified from DenV-infected Dereg mice into DenV-infected
IFN-I/IIR DKO mice was observed to weaken the reduction of
hemoglobin, platelet number, and hematocrit following DenV2
D2S10 infection (Fig. 6B). Notably, injection with CD4+Foxp3+

Tregs (5 × 105 cells/mouse) showed significantly attenuated
levels of clinical parameters for DHF/DSS. Similarly, injection
of CD4+Foxp3+ Tregs purified from DenV-infected Dereg mice
reduced the increase of clinical parameters for liver injury (AST
and ALT levels) and kidney injury (BUN and creatinine levels)
(Fig. 6C and D). Also, injection of CD4+Foxp3+ Tregs (5 ×
105 cells/mouse) purified from DenV-infected Dereg mice signif-
icantly prevented hypoglycemia, as shown by glucose levels in
sera (Fig. 6D, right graph). Furthermore, we examined vascular
permeability using Evans blue dye, because increase of vascular
permeability is a hallmark of severe DHF/DSS in human [54]. As
expected, adoptive transfer of CD4+Foxp3+ Tregs purified from
DenV-infected Dereg mice provided reduction in the increase of
extravasated Evans blue amount into liver and intestine during
DHF/DSS progression (Fig. 6E). In support, IL-6 and TNF-α in sera
of IFN-I/IIR DKO recipients of DenV-proliferated CD4+Foxp3+

Tregs were observed with significantly lower levels than control
IFN-I/IIR DKO recipients. Collectively, these results indicate that
the adoptive transfer of CD4+Foxp3+ Tregs derived from DenV-
infected mice could attenuate DHF/DSS progression by reducing
vascular permeability and the production of DHF/DSS-correlated
cytokines.

Finally, in order to examine whether DenV-proliferated
CD4+Foxp3+ Tregs could control severe form of immunopatholog-
ical diseases by the cytokine storm like DHF/DSS, we used a similar
system characterized by the release of excessive amounts of proin-
flammatory cytokines, namely sepsis induced by inoculating LPS.
CD4+Foxp3+ Tregs purified from näıve or DenV-infected mice
were transferred to näıve BL/6 mice, which subsequently received
LPS injection to induce sepsis. Mice receiving DenV-proliferated
CD4+Foxp3+ Tregs showed better survival in response to LPS chal-
lenge, compared to mice that were given näıve Tregs (Fig. 7A).
Supporting mortality to sepsis, serum cytokine levels showed the
early control of IL-6, and were accompanied by the early release
of anti-inflammatory IL-10 and TGF-β in the BL/6 recipients given
CD4+Foxp3+ Tregs (5 × 105 cells/mouse) purified from DenV-
infected Dereg mice (Fig. 7B). However, BL/6 or TLR2 KO mice
became more susceptible to septic shock by DenV infection when
infected with DenV and induced sepsis by directly injecting LPS
into DenV-infected mice (Fig. 7C). Interestingly, TLR2 KO mice
showed prolonged survival to sepsis, compared to WT BL/6 mice.
According to our data that the recognition of DenV infection
by TLR2 induces the production of proinflammatory cytokines
by DCs and macrophages (Supporting Information Fig. 1), the
reason why WT BL/6 mice subjected to sepsis by DenV infection
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Figure 6. CD4+Foxp3+ Tregs expanded by DenV infection ameliorate DHF/DSS progression. (A–D) Amelioration of DHF/DSS progression by
CD4+Foxp3+ Tregs expanded by DenV infection. CD4+Foxp3+ Tregs were purified from DenV-infected Dereg mice using FACS Aria sorter and
adoptively transferred into IFN-I/IIR DKO mice. IFN-I/IIR DKO recipient were subsequently infected with mouse-adapted DenV D2S10, in order to
induce DHF/DSS. Blood and sera were collected for the following analysis at the indicated time points. (A) Change in body weight. Change in body
weight was expressed as percentage of initial weight loss. (B) Blood parameters. The levels of hemoglobin (Hgb), platelet (PLT), and hematocrit
were analyzed using automated hematology analyzer. Hematocrit was expressed as % volume occupied by red blood cells. (C and D) Injury of liver
and kidney. The injury of liver and kidney was evaluated by (C) the levels of AST and ALT for liver, and (D) the levels of BUN, creatinine, and glucose
for kidney, using clinical chemistry analyzer. (E) Attenuation of vascular leakage by CD4+Foxp3+ Tregs expanded by DenV infection. Changes in
vascular permeability in the liver and intestine of IFN-I/IIR DKO recipient injected with DenV-proliferated CD4+Foxp3+ Tregs (5 × 105 cells) were
evaluated by the extravasation of Evans blue dye into tissues at the indicated time points. (F) Serum levels of IL-6 and TNF-α in IFN-I/IIR DKO
recipient of DenV-proliferated CD4+Foxp3+ Tregs. The levels of IL-6 and TNF-α in sera of IFN-I/IIR DKO recipient injected with DenV-proliferated
CD4+Foxp3+ Tregs were determined by cytokine ELISA at the indicated time points. Data in the graphs represent the mean ± SEM. (A–F) Results
are representative of one out of at least two individual experiments with —five to six mice per group. Statistical significance (*p < 0.05; **p < 0.01;
***p < 0.001) was assessed by two-way ANOVA with Bonferroni post hoc tests and an unpaired two-tailed Student’s t-test.

showed enhanced susceptiblity was assumed to be the early pro-
duction of proinflammatory cytokines through TLR2 recognition.
Therefore, we examined serum IL-6 and TNF-α cytokine levels in
DenV-infected BL/6 and TLR2 KO mice after inducing sepsis. As
expected, IL-6 and TNF-α cytokines in the sera of DenV-infected
BL/6 mice were generally observed with higher levels than in
DenV-infected TLR2 KO mice (Fig. 7D), which explains the early
death of DenV-infected mice by LPS-induced sepsis. Therefore,
the reason why the CD4+Foxp3+ Tregs proliferated in the hosts
infected by DenV is insufficient to control DF/DHF/DSS may be
the excessive levels of proinflammatory cytokine caused by TLR2
recognition.

Discussion

CD25hiCD4+ Treg cells were found to be expanded in patients with
acute DenV infection, and these cells were likely to be involved in

attenuating immunopathologic diseases caused by DenV infection,
through suppressing the proliferative capacity of DenV-specific
T-cells [25–27]. Indeed, altered profile of CD4+Foxp3+ Tregs was
reported to be closely associated with disease severity, such as
mild and moderate dengue forms [25, 27]. However, the host fac-
tors that induce the expansion of CD4+Foxp3+ Treg cells in acute
DenV infection remain to be defined. In the present study, we
demonstrated that acute DenV infection induced the proliferation
of fully functional CD4+Foxp3+ Treg cells via the activation of
TLR2/MyD88 pathway. DenV appeared to directly interact with
TLR2 molecule expressed on CD4+Foxp3+ Treg cells for their pro-
liferation. A more interesting finding was that host infected with
DenV showed changed levels of susceptibility to other disease
challenge. Specifically, hosts infected by DenV showed increased
susceptibility to melanoma tumor and Listeria bacteria infection,
but in contrast, showed heightened resistance to viral infection
by HSV. Increased resistance of DenV-infected hosts to mucosal
infection with HSV was likely to be mediated by an early influx
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Figure 7. Improved survival to septic shock by the adoptive transfer of DenV-expanded CD4+Foxp3+ Tregs. (A) Improved survival to septic shock
by the transfer of DenV-expanded Tregs. CD4+Foxp3+ Tregs were purified from DenV-infected (DenV-Treg) or naı̈ve Dereg mice (Naı̈ve Treg) with
FACS Aria sorter 10 days p.i., and transferred into naı̈ve BL/6 recipients (n = 11) with the indicated cell number per mouse. Septic shock was
artificially induced by i.p. injection of the recipients with LPS (250 µg/mouse) 12 h later, and the recipients were inspected every 4 h to determine
mortality. Survival curve shows the percentage of surviving recipients in the recipients started with 11–12 mice per group. (B) Serum levels of
cytokines in the recipients of CD4+Foxp3+ Tregs. Following induction of LPS-sepsis, sera were collected from the recipients given DenV-Treg or
Naı̈ve Treg at the indicated time points, and used for cytokine ELISA. (C) Prolonged survival of DenV-infected hosts to sepsis in the absence of TLR2.
BL/6 or TLR2 KO mice (n = 10–12) were i.p. infected with DenV (2 × 106 ffu), and sepsis was artificially induced by i.p. injection of LPS (250 µg/mouse)
3 or 7 dpi. Animals were inspected every 4 h to determine mortality. The graphs show the percentage of surviving mice in mice started with
10–11 mice per group. (D) Serum levels of IL-6 and TNF-α in BL/6 and TLR2 KO mice after inducing sepsis. After being injected with LPS, sera were
collected on the indicated time points, and used for cytokine ELISA. Dot lines denote the baseline for comparison with the highest levels of TLR2
KO mice. Data in bar charts show the mean ± SEM. (A–D) Results are representative of one out of at least two individual experiments with —four
to five mice per group. Statistical significance (*p < 0.05; **p < 0.01; ***p < 0.001) was assessed by Kaplan–Meier survival curve with log-rank test
and an unpaired two-tailed Student’s t-test.

of CD4+Foxp3+ Tregs coordinating effector cells in inflamed tis-
sues, thereby resulting in reduction of vaginal HSV-1 titer. Further-
more, adoptive transfer of purified CD4+Foxp3+ Tregs expanded
by DenV infection was found to attenuate DHF/DSS progres-
sion using IFN-I/II DKO mice infected with mouse-adapted DenV
D2S10 for DHF/DSS model. We could also show that the adoptive
transfer of CD4+Foxp3+ Treg cells purified from dengue-infected
animals protected the recipients from LPS-induced septic shock.
Therefore, for the first time, we show that TLR2/MyD88 pathway
is the main host factor to induce the proliferation of CD4+Foxp3+

Treg cells in acute DenV infection, and thereby regulates DenV-
induced immunopathologic diseases. Moreover, our results sug-
gest that CD4+Foxp3+ proliferated by DenV infection could
differentially affect the pattern of responses to other pathogenic
situations.

Previous studies by different groups have shown that
CD4+Foxp3+ Treg cells express an array of several TLRs mRNA,
including TLR1, 2, 4, 5, 6, 7, and 8, but stimulation of only a
few TLRs, such as TLR2, TLR5, and TLR8, affects the prolifera-
tion and/or suppressive function of CD4+Foxp3+ Tregs [35–39].
In particular, TLR2 has been shown to induce the proliferation
of CD4+Foxp3+ Treg cells accompanied by a transient loss of
suppressive activity in vitro and in vivo [37, 38]. With a little
contrast, engagement of TLR2 using TLR2 ligand Pam3CSK4 was

also suggested to induce no reversion in the suppressor function
of CD4+Foxp3+ Tregs, but instead, to promote their survival [40].
Despite extensive studies of TLR2 agonist on the proliferation and
suppressive function of CD4+Foxp3+ Tregs, few have evaluated
such effects in an actual acute viral infection. The importance
of Treg role in humans has been postulated primarily for chronic
infectious diseases such as tuberculosis and hepatitis B virus (HBV)
infection [55]. In addition, patients chronically infected with HCV,
another member of Flaviviridae family, have more circulating
Tregs in peripheral blood than uninfected people, or those who
resolve HCV infection [56, 57]. Conversely, the importance of Treg
roles in actual acute infection has been described, albeit only to a
minor extent. For example, CD4+Foxp3+ Tregs were found to be
associated with a beneficial outcome in Flavivirus infection with
DenV and WNV [25–28]. Nevertheless, there is no evidence to sug-
gest host factors that induce the proliferation and/or functional
changes of Tregs in actual acute viral infection, such as DenV and
WNV infection. Given this aspect, the present study suggests the
importance of the role of TLR2 in the expansion of CD4+Foxp3+

Tregs in actual acute DenV infection. Therefore, a worthy find-
ing in our data is that TLR2 is essential for the proliferation of
CD4+Foxp3+ Tregs indistinguishable from Tregs following acute
DenV infection. Moreover, TLR2 molecule on CD4+Foxp3+ Treg
cells was essentially required for their proliferation, as proved by
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the adoptive transfer and in vitro activation of CD4+Foxp3+ Tregs
purified from BL/6 or TLR2-deficient mice.

A few previous studies on the function of Treg cells reported
the augmentation of Treg cell proliferation along with a little con-
trast [37, 38, 40]. Notably, stimulation of TLR2 alone had little
or no effect on T cell function, whereas TLR2 agonist strongly
induced the proliferation of TCR-triggered Treg cells, rendering
them transiently nonsuppressive [37, 38]. Although the results are
somewhat different, stimulation of CD4+Foxp3+ Tregs by TLR2
agonist Pam3CSK4 in the presence of TCR stimulation was simi-
larly reported to induce their proliferation, without transient loss
of suppressive function, which is highly correlated with the sur-
vival of CD4+Foxp3+ Tregs [40]. These results strongly support
our results that DenV induces the TLR2-dependent proliferation
of purified CD4+Foxp3+ Treg cells in the presence of TCR stimu-
lation, compared to those derived from the absence of TCR stim-
ulation. Even the proliferation of purified CD4+Foxp3+ Tregs was
further amplified by IL-2 addition in the presence of DenV. This
result is strengthened by our previous report that DenV directly
interacts with TLR2 [41]. It is thought that DenV could physically
interact with TLR2 molecule on CD4+Foxp3+ Treg cells [41]. Con-
sidering that DenV replication peaked at fourth to fifth dpi and
declined thereafter [41], the proliferation of CD4+Foxp3+ Treg
cells is expected to last until 10th dpi, as shown by the peaked level
of CD4+Foxp3+ Treg number at 10th dpi. However, our results
revealed that DenV-proliferated CD4+Foxp3+ Tregs showed no
loss of suppressive function, as corroborated by in vitro and in vivo
functional assays using co-culture of purified Treg and T effec-
tor cells and adoptive transfer of DenV-proliferated Tregs. Even
DenV-expanded Treg cells still had suppressive function 3 weeks
post-infection, which indicates that Treg cells expanded by pri-
mary DenV infection may involve in attenuating the process of
severe disease form caused by secondary infection with different
serotypes. These results are different from two previous results
[37, 38], but consistent with the previous finding that TLR2 stim-
ulation does not reverse the suppressor function of CD4+Foxp3+

Tregs [40]. These discrepancies might be driven by Foxp3-based
purification of Tregs, and the condition of co-culture between
Tregs and effector cells. Also, the enhanced expression of sur-
face TLR2 from intracellular TLR2 in CD4+Foxp3+ Tregs by DenV
infection is supported by the previous results [37]. The mecha-
nism of the transportation of TLR2 from the cytoplasm to cell
membrane remains to be resolved. Conceivably, it is speculated
that this process could provide a safeguard to prevent constant
activation and expansion of T cells by TLR2 stimulation.

Another intriguing finding in the present study is that hosts
infected with DenV elicited differentially altered susceptibility to
other infectious diseases. This double-faced regulation of DenV-
infected hosts to other infectious diseases is likely to be medi-
ated by CD4+Foxp3+ Treg cells expanded by DenV infection.
CD4+Foxp3+ Treg cells were strongly believed to be implicated
in the suppression of development of T effector cells against
many infections [48–50]. Immunity to tumor and Listeria infec-
tion was thought to be mediated mainly by CD8+ T cells [58–
61]. As expected, the hosts that received DenV infection showed

much higher susceptibility to melanoma tumor and Listeria bac-
teria challenge than the uninfected control group. This enhanced
susceptibility to tumor and Listeria bacteria infection could be
attributable to the high number of CD4+Foxp3+ Tregs in DenV-
infected mice, since TLR2-deficient mice elicited no differences
between the infected and uninfected group. Also, this enhanced
susceptibility is supported by the observation that DenV-infected
mice showed impaired differentiation of effector CD8+ T cells. In
contrast, Dr. Rudensky’s group demonstrated that CD4+Foxp3+

Treg cells could facilitate early protective responses to local viral
infection by allowing a timely entry of effector cells into sites of
infection [51]. In support, DenV-infected hosts were much more
resistant to zosteriform and vaginal infection of HSV-1 than the
uninfected control group. It is likely that the enhanced resis-
tance of DenV-infected hosts to HSV infection was mediated by
CD4+Foxp3+ Tregs expanded through TLR2 recognition, since an
early influx of CD4+Foxp3+ Treg cells into infected tissues was
accompanied by the effective recruitment of effector CD4+ T cells
in DenV-infected hosts. This observation supports the idea that
CD4+Foxp3+ Tregs proliferated by acute viral infection could facil-
itate early protection to viral infection by orchestrating a timely
homing of immune effector cells at infected tissues. However,
it is worthy of note that such expanded CD4+Foxp3+ Treg cells
supported no effective protection to tumor and Listeria bacteria
infection, unlike viral infection.

TLR2 is an innate receptor that is ubiquitously present on
many cell types, and is responsible for the induction of a wide
variety of cytokines [62]. DenV infection can also lead to activa-
tion of TLR2 on other cells such as APCs, ensuing activation and
cytokine release. We recognized that DenV induced activation of
macrophages and DCs by TLR2 recognition. Macrophages and DCs
are the primary targets of DenV introduced by mosquitoes, and are
major players in early immune responses [63, 64]. The activation
of both cell types by TLR molecules is characterized by exces-
sive amounts of pro-inflammatory cytokines (IL-6, TNF-α, IL-1β,
etc.) [65]. The severe form of DenV-associated disease is mani-
fested by an extremely high level of pro-inflammatory cytokines
in blood [66, 67]. There are no feasible murine models exhibit-
ing a disease similar to human DF/DHF/DSS using normal WT
mice. We used DF/DHF/DSS murine model using type I/II IFN
receptor-deficient (IFN-I/IIR DKO) mice and mouse-adapted DenV
D2S10 [52, 53]. Although adoptive transfer of DenV-proliferated
CD4+Foxp3+ Tregs in IFN-I/IIR DKO mice provided no ulti-
mate protection against DenV D2S10 infection, DenV-proliferated
CD4+Foxp3+ Tregs attenuated the progression of DF/DHF/DSS
caused by DenV D2S10, as shown by ameliorated clinical param-
eters in IFN-I/IIR DKO recipients of DenV-proliferated Tregs. Our
results are consistent with the previous report that platelet count
correlated positively with the frequencies of CD4+Foxp3+ Treg
cells and TGF-β levels [27], because IFN-I/IIR DKO recipients of
DenV-proliferated CD4+Foxp3+ Tregs showed attenuated reduc-
tion of platelet number in blood. Furthermore, we chose sepsis
induced by inoculating LPS, which is a similar system character-
ized by the huge release of pro-inflammatory cytokines [68]. Adop-
tive transfer of CD4+Foxp3+ Tregs purified from DenV-infected
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Figure 8. Proposed model of TLR2 molecules for contribution to immunological pathogenesis caused by acute DenV infection. When early
production of pro-inflammatory cytokine from APCs by TLR2 recognition is established before sufficient Treg proliferation, such patients will elicit
severe form of disease. In contrast, patients that get a chance for early and effective proliferation of CD4+Foxp3+ Treg by TLR2 recognition will
show mild form of disease by acute viral infection.

mice prevented the susceptibility of the recipients to septic shock
via effects on the early control of pro-inflammatory cytokine pro-
duction and supply of IL-10 and TGF-β. However, unexpectedly,
DenV-infected hosts that directly received septic shock were more
susceptible than the control group. It was likely that this result was
secondary to the early production of pro-inflammatory cytokines
through TLR2 activation of other cells, such as macrophages and
DCs. Therefore, after DenV infection, such patients may develop
a severe form of disease, if the production of pro-inflammatory
cytokines through TLR2 activation is established earlier enough
than Treg proliferation to prevent disease. Further, such prolifer-
ated Tregs may not be functional before virus is cleared in the body
[37]. However, it is assumed that patients with a mild form of dis-
ease have early and functional CD4+Foxp3+ Tregs expanded via
TLR2 recognition, and these will ameliorate tissue damage by pro-
inflammatory cytokines (see also the proposed model in Fig. 8).
This may explain the reason why some patients elicit severe form
of disease in the presence of proliferated Tregs.

The numbers of IL-17+CD4+ Th17 cells and CD4+Foxp3+

Tregs were elevated at different phase in patients infected with
DenV [69]. In particular, IL-17+CD4+ Th17 cells are reported to
be associated with DF [69], which suggests that the equilibrium of
Th17 and Treg cells may be a prognostic factor during the progres-
sion of immunopathological diseases caused by DenV infection.
In addition, the association of higher Treg frequencies with mild
disease indicates prognostic value for Treg in the progression of
DF/DHF/DSS [27]. Elevated Treg frequencies in the pre- as well as
post-defervescence periods in mild disease suggest that Treg cells
play a role in ameliorating immunopathological diseases caused
by DenV infection [27]. Positive correlation of platelet count with
Treg frequencies strengthens our results that DenV-proliferated
Treg cells attenuate immunopathological diseases caused by DenV
infection. Notably, it is noteworthy that TLR2 plays an important

role in inducing the proliferation of CD4+Foxp3+ Tregs during
DenV infection. Finally, we note that CD4+Foxp3+ Tregs prolif-
erated by acute viral infection could be added as a useful thera-
peutic strategy to control severe and destructive disease caused by
dangerous infection, such as hemorrhagic disease or encephalitis.
Therefore, our observation that CD4+Foxp3+ Tregs are expanded
by acute viral infection through TLR recognition will lead to new
insights for the usefulness of Tregs in vaccine development and
the therapeutic area of severe viral disease.

Materials and Methods

Ethics statement

All animal experiments described in the present study were con-
ducted at Jeonbuk National University according to the guidelines
set by the Institutional Animal Care and Use Committee (IACUC)
of Jeonbuk National University, and were pre-approved by the
Ethics Committee for Animal Experiments of Jeonbuk National
University (approval number: 2013-0028). The animal research
protocol used in this study followed the guidelines set by the
nationally recognized Korea Association for Laboratory Animal
Sciences (KALAS). All experimental protocols requiring biosafety
were approved by the Institutional Biosafety Committee (IBC) of
Jeonbuk National University.

Animals

C57BL/6 mice (CD90.2+) were purchased from Damul Sci.
Inc. (Daejeon, Korea). OT-I and OT-II mice, which are trans-
genic for the Vα2/Vβ5 TCR that recognizes the H-2Kb-restricted
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peptide (OVA257–264, SIINFEKL) and the I-Ab-restricted peptide
(OVA323-339, ISQAVHAAHAEINEAGR) of chicken ovalbumin, and
B6.PL-Thy1a/Cy (B6.PL) mice (CD90.2−), which carry the T lym-
phocyte specific Thy1a (Thy1.1) allele, were obtained from the
Jackson Laboratory (Bar Harbor, ME). Both TLR2- and MyD88-
deficient mice (TLR2 KO and MyD88 KO mice) have been
described [70, 71]. TLR2-deficient OT-II mice (TLR2 KO/OT-II)
were generated by crossing TLR2 KO mice with OT-II mice, and
confirmed by PCR and flow cytometry. Depletion of regulatory
T cell (Dereg) mice, which express a diphtheria toxin receptor
(DTR)-enhanced GFP fusion protein under the control of the pro-
moter/enhancer region of the regulatory T (Treg) cell-restricted
Foxp3 transcription factor [44], were obtained from Dr. Tim Spar-
wasser (Institute of Infection Immunology, Hanover, Germany).
TLR2 KO�Dereg mice were generated by crossing TLR2 KO mice
with Dereg mice. Type I/II IFN (IFN-αβ/γ) receptor-deficient mice
(IFN-I/IIR DKO mice, C57BL/6 [H-2b] background) were gen-
erated by crossing type I IFN (IFN-α/β) receptor-deficient mice
(obtained from International Vaccine Institute, Seoul, Korea) with
type II IFN (IFN-γ)-deficient mice (originally obtained from the
Jackson Laboratory). All special strains generated from genetically
modified mice were genotyped by PCR.

Cells, bacteria, and viruses

The B16F10 melanoma cell line of C57BL/6 mouse origin was
maintained in Eagle’s MEM supplemented with 5% FBS. Liste-
ria monocytogenes was cultured in brain heart infusion broth.
Dengue virus serotype 2 (DenV2) strain DJB2001 is Vietnamese
isolate obtained from Yong-Seok Jang, Jeonbuk National Univer-
sity, Korea [72, 73]. Mouse-adapted DenV2 strain D2S10 was
generously obtained from Dr. Sujan Shresta (La Jolla Institute
for Allergy and Immunology, La Jolla, CA, USA) [52, 53]. DenV2
strains DJB2001 and D2S10 were propagated in a mosquito cell
line C6/36 using DMEM supplemented with 2% FBS, penicillin
(100 U/mL), and streptomycin (100 U/mL), concentrated by
ultra-centrifugation using sucrose-gradient cushion, and titrated
by focus-forming assay. The recombinant vaccinia virus express-
ing CD8+ T-cell epitope (OVA257–264, SIINFEKL) of chicken OVA
(VVova256–264) was obtained from Dr. Jonathan W. Yewdell
(National Institutes of Health, Bethesda, MD, USA), and propa-
gated in CV-1 (American Type Culture Collection, Manassas, VA,
USA, CCL70) cell line [74, 75]. HSV-1 strains 17 and McKrae
were propagated in Vero cells (American Type Culture Collection,
Manassas, VA, USA, CCL81). HSV-1 stocks were concentrated by
centrifugation, titrated by plaque assay, and stored in aliquots at
−80°C, until needed.

Antibodies, reagents, and flow cytometric analysis

Several mAbs were obtained from eBioscience or BD bio-
sciences (San Diego, CA) for FACS analysis and other experi-
ments (Supporting Information Table 1). The peptides OVA323-339

(ISQAVHAAHAEINEAGR) and OVA257–264 (SIINFEKL) of chicken
OVA were chemically synthesized at Peptron Inc. (Daejeon,
Korea). Recombinant IL-2 and TGF-β (Peprotech, Rehovot, Israel),
Pam3CSK4 (Invivogen, San Diego, CA), and LPS (Sigma–Aldrich,
St. Louis, MO) were used for the present study. Flow cytomet-
ric analysis was done as reported elsewhere [76]. Briefly, cells
were suspended with PBS containing 1% BSA and 0.05% NaN3

at a concentration of 106–107 cells/mL, followed by incubation
at 4°C for 30 min with properly diluted mAbs. The intracellular
staining for Foxp3, IFN-γ, and TLR2 was performed according to
the respective manufacturer’s protocols. The stained cells were
acquired on FACS Calibur equipped with the CellQuest program
(Becton Dickson Medical Systems, Sharon, MA, USA), and ana-
lyzed using FlowJo software (Tree Star, San Carlos, CA, USA).

Cytokine ELISA

Sandwich ELISA was used to determine the levels of IL-10, TGF-β,
and IL-6 cytokines in sera and culture supernatants, as described
in the manufacturer’s protocols (eBioscience). ELISA plates were
coated with the capture mAbs for IL-10, TGF-β, and IL-6 by incu-
bating the plates at 4°C overnight. After plates were washed
three times with PBS containing 0.05% Tween 20 (PBST), they
were blocked with 3% nonfat-dried milk at 37°C for 2 h. Cul-
ture supernatant and standards for recombinant cytokine proteins
were added to these plates, and incubated at 37°C for 2 h. Plates
were washed again with PBST, and the detection mAbs for IL-6, IL-
10, and TGF-β were added. The mixture was incubated overnight
at 4°C, followed by washing with PBST, and subsequent incu-
bation with peroxidase-conjugated streptavidin (eBioscience) at
37°C for 1 h. Color was then developed by adding a substrate
solution. Cytokine concentrations were determined using an auto-
mated ELISA reader and SoftMax Pro4.3, by comparison with two
concentrations of standard cytokine proteins.

In vitro and in vivo proliferation of CD4+CD25+Foxp3+

Tregs, CD4+CD25− Th, and CD8+ T cells

CD4+CD25+ Tregs purified by MACS LS column (Miltenyi Biotec,
Bergisch Gladbach, Germany) were dispensed onto 96-well plates
(103 cells/well), and stimulated under various conditions using
anti-CD3 (1 µg/ml), CD28 (2 µg/ml), IL-2 (20 U/ml), or APCs
in the presence or absence of DenV (5 MOI, based on CD4+

T cell number) for 5 days. In some experiments, CD4+Foxp3+ Treg
cells were also purified from Dereg and Dereg�TLR2 KO mice by
applying enriched CD4+ T cells to FACS Aria sorter (Becton Dick-
son Medical Systems). For assessing the in vitro suppression of
Tregs, CD4+CD25− Th and CD8+ T cells were purified from OT-II
and OT-I mice, respectively. Purified OT-II CD4+CD25− Th and
OT-I CD8+ T cells (2 × 104 cells/well) were then mixed with
CD4+CD25+ Tregs or CD4+Foxp3+ Tregs purified from DenV-
infected mice at different ratios, and incubated in the presence
of corresponding peptide-pulsed APCs for 72 h. The proliferated
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cells were then evaluated by VialightTM cell proliferation assay kit
(Cambrex Bio Science, Rockland, ME), according to the manufac-
turer’s instructions. To assess in vivo proliferation, CFSE-labeled
CD4+CD25+ Tregs (2 × 105/mouse) were adoptively transferred
into the recipients. Four days following infection with DenV,
the proliferated cells were estimated by flow cytometry, based
on the dilution of CFSE fluorescence intensity by cell division.
Similarly, to estimate the in vivo suppressive effect of Tregs to
CD4+ Th and CD8+ T cells, CFSE-labeled CD4+CD25− Th or
CD8+ T cells (5 × 105 cells/mouse) prepared from OT-II and
OT-I mice were mixed with CD4+CD25+ Tregs or CD4+Foxp3+

Tregs (5 × 105 cells/mouse) prepared from DenV-infected mice,
and transferred to the recipients. Subsequently, the recipients
were i.v. immunized with the corresponding peptide-loaded APCs
(2 × 105 cells/mouse). The proliferated cells were estimated in
the spleen by flow cytometry 3 days later.

In vivo CTL killing assay

An in vivo CTL assay was done as reported elsewhere [77].
Briefly, syngeneic splenocytes of näıve CD90.2-negative BL/6 mice
were pulsed with OVA257–264 peptide (SIINFEKL, 1 µM), and then
labeled with CFSE (2.5 µM). To control for antigen specificity,
peptide-unpulsed syngeneic splenocytes were labeled with a lower
concentration of CFSE (0.25 µM). A 1:1 mixture of each target cell
population was then injected i.v. into mice that needed to be eval-
uated. Splenocytes were then collected from recipient mice 72 h
after the adoptive transfer of target cells, and analyzed by flow
cytometry. Each population was distinguished by their respective
fluorescence intensity. The percentage killing of target cells in
immunized animals was calculated using the following equation:
Ratio = (Percentage of CFSElo/percentage of CFSEhi). Percentage
specific lysis = [1 − (ratio of naive/ratio of immunized)]/100.

B16F10 tumor and Listeria challenge

Cultured B16F10 melanoma cells were trypsinized, washed twice
with PBS, and were then injected subcutaneously into the
right flank of DenV-infected BL/6 and TLR2 KO mice (5 ×
105 cells/mouse). Tumor-inoculated mice were examined daily
for survival rates and tumor mass indices. The tumor mass index
was reported as the mean ± SEM value of each (a × b) per group,
where a was the longest surface length, and b was its perpendicu-
lar width. Listeria monocytogenes cultured in brain heart infusion
broth was washed twice with PBS, and subsequently injected i.v.
into DenV-infected mice (104 cfu/mouse). The Listeria-injected
mice were inspected daily to determine survival rate.

Zosteriform and mucosal infection of HSV

A zosteriform challenge experiment was performed as described
elsewhere [78]. Briefly, the left flank area of DenV-infected BL/6

and TLR2 KO mice was depilated prior to challenge, using a combi-
nation of hair clipping and a depilatory chemical. Following anes-
thesia, a total of five scarifications were made on an approximately
4 cm2 area of the left flank region. A total dose of 10 µL of HSV-1
strain 17 (containing 1 × 106 pfu) was applied to the scarifications,
and the area was gently massaged. The animals were inspected
daily for the development of zosteriform ipsilateral lesions, gen-
eral behavioral changes, encephalitis, and mortality. For mucosal
infection of HSV-1, DenV-infected BL/6, and TLR2 KO mice were
previously treated with progesterone to synchronize their estrous
cycles, as described earlier [79]. To this end, mice were subcuta-
neously injected with Depo-Provera (DP) (Sigma–Aldrich) at 2 mg
per mouse. Five days following the injection of DP, the mice were
challenged intravaginally with 108 pfu of HSV-1 McKrae. Infected
mice were examined daily for vaginal inflammation, neurological
illness, and death.

DHF/DSS regulation by DenV-expanded Tregs

In order to examine DHF/DSS regulation by DenV-expanded
Tregs, DHF/DSS model in IFN-I/IIR DKO mice was used, as
described elsewhere [52, 53]. CD4+Foxp3+ Treg cells purified
from DenV-infected Dereg mice were adoptively transferred into
IFN-I/IIR DKO mice (6–8-week-old). IFN-I/IIR DKO recipients
were then injected with mouse-adapted DenV2 D2S10 (1 ×
107 ffu, 0.2 mL volume) via tail vein. Following DenV2 D2S10
infection, the mice were weighed daily, visually monitored, and
scored for morbidity. For complete blood count (CBC), whole
blood collected from DenV2 D2S10-infected recipients was treated
with K2EDTA to prevent clotting, and samples were immediately
analyzed using automated hematology analyzer (Nihon Kohden,
Tokyo, Japan), according to the manufacturer’s instructions.
With regard to the blood chemistry for liver and kidney injury,
blood was collected to obtain plasma, and immediately analyzed
using clinical chemistry analyzer (Mindray, Shenzhen, China),
according to the manufacturer’s instructions. Vascular leakage in
IFN-I/IIR DKO recipients was measured following DenV2 D2S10
infection, as described elsewhere [52, 53]. Briefly, 0.2 mL of Evans
blue dye (0.5% solution in PBS) was injected into IFN-I/IIR DKO
recipients by intravenous route 24 and 48 h post-infection. After
2 h, the mice were euthanized, and perfused extensively with
PBS. Samples of liver and intestine were then harvested, placed in
pre-weighed tubes containing formamide, incubated for 24 h, the
formamide removed, and the absorbance at 610 nm measured to
determine Evans blue concentration per gram tissue weight.

Evaluation for the regulation of septic shock by
DenV-expanded CD4+Foxp3+ Tregs

CD4+Foxp3+ Treg cells were purified from DenV-infected Dereg or
näıve Dereg mice using FACS Aria sorter (Becton Dickson Medical
Systems) 10 days post-infection. Subsequently, the different cell
number of CD4+Foxp3+ Tregs of (1 or 5) × 105 were resuspended
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in 0.2 mL of PBS, and injected i.v. into näıve recipient mice. Septic
shock was induced by i.p. injection of the recipients with LPS
(250 µg/mouse) 12 h later, and the recipients were inspected
every 4 h to determine survival rate.

Statistical analysis

All data were expressed as average ± SEM. Statistically signifi-
cant differences between groups were analyzed using an unpaired
two-tailed Student’s t-test for ex vivo experiments and immune
cell analysis. For multiple comparisons, statistical significance was
determined using one-way or two-way ANOVA with repeated mea-
sures, followed by Bonferroni post hoc tests. Kaplan–Meier sur-
vival curves were analyzed by log-rank test. A p-value � 0.05 was
considered significant. All data were analyzed using GraphPad-
Prism4 software (GraphPad Software, Inc., San Diego, CA, USA).
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