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ABSTRACT
Mosquito-borne viral infections are on the rise worldwide and can lead to severe symptoms such as haemorrhage,
encephalitis, arthritis or microcephaly. A protective immune response following mosquito-borne viral infections
requires the generation of a controlled and balanced immune response leading to viral clearance without
immunopathology. Here, regulatory T cells play a central role in restoring immune homeostasis. In current review, we
aim to provide an overview and summary of the phenotypes of FOXP3+ Tregs in various mosquito-borne arboviral
disease, their association with disease severity and their functional characteristics. Furthermore, we discuss the role of
cytokines and Tregs in the immunopathogenesis of mosquito-borne infections. Lastly, we discuss possible novel lines
of research which could provide additional insight into the role of Tregs in mosquito-borne viral infections in order
to develop novel therapeutic approaches or vaccination strategies.
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Introduction

Vector-borne diseases are a major health problem
worldwide accounting for more than one million
deaths every year. In particular, viral diseases trans-
mitted by mosquitos and ticks are globally distributed
and result in nearly half a billion infections in humans
every year [1]. Clinically significant arboviruses such
as dengue (DENV), yellow fever (YFV), chikungunya
(CHIKV), and Zika (ZIKV) viruses are all transmitted
by Aedes species mosquitoes, whereas other clinically
significant arboviruses such as West Nile virus (WNV)
and Japanese encephalitis virus (JEV) are transmitted
by Culex species [1,2]. These mosquitos thrive well in
tropical and subtropical areas. Current climate change
and rapid urbanization creates new ecological niches
favourable of mosquito proliferation, thereby increasing
the population at risk of arbovirus infection [3].

Most infections in humans with these viruses are
asymptomatic or result in mild symptoms. Clinical
signs mostly appear 3–6 days after the bite of an
infected mosquito. DENV, ZIKV, CHIKV and YFV
infection all elicit similar symptoms during the acute
phase of disease, which include fever, headache, skin
rash, muscle and joint pain. However, less than 5%
of symptomatic DENV and YFV infected individuals
develop critical illness, which can be life threatening.

Severe disease is characterized by a cytokine storm,
vascular leakage syndrome, haemorrhage and shock
[4,5]. ZIKV infection in pregnant women can cause
fetal brain damage, often resulting in miscarriage, still-
birth, or microcephaly in newborns [6]. In about 40%
of cases, CHIKV infection can cause chronic arthritis
that is clinically mistaken with seronegative rheuma-
toid arthritis, an autoimmune disease marked by sym-
metrical joint pain, swelling, and morning stiffness [7].
After JEV infection, only around 1% of infected people
develop encephalitis, but the case fatality rate among
clinical cases is high, and up to half of the survivors
develop long-term neurological or psychological com-
plications [8]. WNV infections can lead to encephalitis
or meningitis in less than 1% of the symptomatic cases
[9]. Until now, there is no treatment for most of these
diseases available targeting viral replication or modu-
lating the immune response. Unspecific treatment is
focused on relieving severe symptoms and on support-
ing the patient to overcome the infection. For YFV,
JEV and DENV vaccines are available with variable
efficacy, however, no approved vaccines exist for
many other mosquito-borne viral infections [1].

The mechanisms that lead to severe disease in a
small subset of individuals after infection remain to
be fully understood and are disease-specific. However,
one common theme is that it appears that disease is

© 2024 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group, on behalf of Shanghai Shangyixun Cultural Communication Co., Ltd
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been
published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.

CONTACT Tineke Cantaert tcantaert@pasteur-kh.org Immunology Unit, Institut Pasteur du Cambodge, Pasteur Network, Phnom Penh, 12201,
Cambodia

Emerging Microbes & Infections
2024, VOL. 13, 2304061 (12 pages)
https://doi.org/10.1080/22221751.2024.2304061



caused, at least in part, by an immune response to the
virus that is both excessive and poorly regulated
[1,10]. This highlights the importance of proper regu-
latory and feedback mechanisms after infection. Several
cell types with regulatory functions are described,
including CD4 +CD25+ forkhead box protein P3
(FOXP)+ regulatory T cells (Tregs), type 1 regulatory
T cells, invariant natural killer T cells, double negative
CD3+ T helper cells, regulatory CD8 +FOXP3+ T
cells, regulatory B cells, and myeloid-derived suppres-
sor cells [11]. Among them, Tregs are the most-studied
and well-characterized immune regulatory cell type,
and their paramount importance for immune homeo-
stasis has been amply demonstrated.

Tregs are essential in maintaining immune homeo-
stasis and peripheral tolerance [12,13]. They are
characterized by the expression of the transcription
factor FOXP3 and interleukin (IL)−2 receptor α-
chain (CD25) and low expression of the IL-7 receptor
α-chain (CD127) [12,13]. Tregs have the ability to sup-
press and neutralize responses of both the innate and
adaptive immune system by various mechanisms.
Tregs secrete anti-inflammatory cytokines such as
IL-10, transforming growth factor-β (TGF-β), and
IL-35 [13,14]. Moreover, Tregs suppress immune
responses via cell–cell contact dependent mechanisms
involving cytotoxic T-lymphocyte-associated protein
4 (CTLA-4), programmed cell death protein 1 (PD-
1) or CD39 [15]. Dysfunctional Tregs are linked to
autoimmune disorders such as multiple sclerosis and
chronic infections and display a pro-inflammatory
phenotype [12,13,16]. Importantly, Tregs are also
known to play a critical role in viral infections [17].

In current review, we aim to provide an overview
and summary of the phenotypes and functions of
FOXP3+ Tregs in various mosquito-borne arboviral

disease. We also discuss their association with disease
severity and their functional characteristics (Figure 1,
Table 1).

Tregs in dengue virus infection

DENV consists of four serotypes which co-circulate in
hyperendemic regions. Primary infection with any of
the four DENV serotypes induces the production of
antibodies with potent protective capacity against
homotypic re-infection. On the other hand, secondary
infection with a different serotype is a major risk factor
to develop severe disease [4]. A mismatch between the
infecting serotype and the memory adaptive immune
response is hypothesized to lead to exacerbated
immune reactions resulting in severe dengue [4].
Antibodies developed during primary infection are
believed to contribute to severe disease during second-
ary infection via the proposed mechanism of anti-
body-dependent enhancement [4]. In addition, a
secondary infection can reactivate cross-reactive
memory T cells, leading to the expansion of a memory
T cell pool with low specificity for the secondary
infecting serotype which can result in ineffective
viral clarance and enhanced cytokine production
[18]. In contrast, increasing number of recent studies
point towards a protective function of T cells during
DENV infections [19]. For example, human leukocyte
antigen alleles associated with protection from severe
dengue disease are also associated with strong and
multifunctional T cell responses, such as cytokine pro-
duction and cytotoxic activity [19,20]. During mild or
asymptomatic acute infection, T cells are more acti-
vated compared to severe disease [21].

Frequencies of Tregs in the circulation of dengue-
infected patients are increased compared to healthy

Figure 1. Summary of characteristics and functionalities of Tregs in humans after mosquito-borne viral infections (or vaccination
in case of YFV). N/D: not determined, HD: healthy donor. Created with Biorender Text.
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controls in the acute phase of infection but return to
baseline during the recovery phase [22,23]. Two
studies found that Tregs are expanded in the blood
of patients with mild dengue compared to severe den-
gue patients [23,24]. In contrast, Estrada-Jimenez et al
show decreased gene expression of FOXP3 in mild
dengue patients compared to severe patients [25],
and frequencies of Tregs did not differ in mild and
severe dengue patients in a cohort from Sri Lanka
[22]. Phenotypically, the Tregs observed in dengue
patients are predominantly CD45RA+, indicating a
more naïve-like phenotype. These cells expressed
CTLA-4, an immune checkpoint molecule which inhi-
bits T cell activation when it binds to its ligands CD80/
CD86, and CD95, which triggers apoptosis when it
binds to its ligand, FasL [22]. A recent study investi-
gated both the B- and T cell compartment in a cohort
of Singaporean patients. The study revealed that pro-
liferating plasmablasts (Ki67+) during acute disease
correlate positively with frequencies of Tregs, whereas
PD-1 expressing plasmablasts correlate negatively
with CD38+CCR7− Tregs (effector memory-like
Tregs with high suppressive function). These data
indicate a potential regulatory role for Tregs on plas-
mablast formation [27]. Interestingly, by utilizing
mass cytometry on a cohort of Columbian dengue
patients, Robinson et al observed both the frequencies
of Tregs and plasmablasts are increased in acute den-
gue-infected patients who progress to severe dengue
compared to patients who do not develop severe com-
plications [28]. Moreover, Tregs express higher levels
of checkpoint inhibitors such as PD-1 and CTLA-4
in patients progressing to severe dengue [28].
Human challenge models are useful to understand
better the dynamics of the immune response to
DENV infection. For example, in a human challenge
model with recombinant attenuated DENV-2 fre-
quencies of Tregs decline during the acute stage of
infection based on transcriptomic analysis. Unfortu-
nately, these results are not confirmed by flow cytome-
try analysis, maybe due to the lack of anti-FOXP3
antibodies in the staining panels [26].

The function of Tregs from dengue patients has
been assessed as well by in vitro co-culture exper-
iments. Tregs are able to suppress the proliferation
of responder T cells (Tresp) to a similar degree in
the acute phase of DENV infection and after recovery.
Moreover, Tregs isolated during the acute phase are
able to suppress interferon gamma (IFN-γ) pro-
duction in Tresp as well as the production of tumour
necrosis factor alpha (TNF-α) in monocytes in vitro
co-culture experiments [23].

Liver is the most affected organ in patients with
severe dengue (Figure 2). 60–90% of severe dengue
patients has hepatocellular injury [29]. In liver biop-
sies of severe dengue patients, FOXP3 is noticeably
absent while pro-inflammatory markers such as toll-
like receptor (TLR) 2 and TLR3, inducible nitric
oxide synthase, IL-6, IL-18, TGF-β, and granzyme B
are highly expressed [30]. The authors hypothesize
that the inflammatory milieu in the liver can suppress
the generation or influx of FOXP3+ Tregs [30].

Mouse lacking type I IFN receptors are susceptible to
DENV infection with mouse-adapted DENV strains. A
classical mouse model of dengue utilizes IFN-α/βR−/−

mice, where mice develop dengue-like disease when
infected with a sufficiently high DENV challenge dose
[31]. In this mouse model, a lack of Treg expansion is
observed in the spleen in response to DENV infection
[32]. However, it has been shown that type I IFN are
necessary to maintain FOXP3 expression and Treg
function under inflammatory conditions in mice [33].
Therefore, type I IFN receptor deficient mice are prob-
ably not a good model to assess Treg development and
function. In contrast, wild type C57BL/6 mice rapidly
clear DENV infection due to a strong type I IFN
response. Here, DENV induces the proliferation of
Tregs via the TLR2/MyD88 pathway [34].

Taken together, the frequency of Tregs in the blood
of dengue patients increases after DENV infection. In
some studies, higher Treg frequencies are linked to
milder disease, while in other studies, higher Treg fre-
quencies are linked to more severe disease. A further
understanding on the Treg subsets that circulate or

Table 1. Summarizing table of the phenotypes of Tregs observed in human arbovirus infection and mouse models and their
association with disease severity.

Treg phenotypes in healthy controls versus patients Ref Treg phenotypes and their association to severity Ref

DENV Naïve Tregs expanded in acute dengue patients (CD45RA,
CLTA-4, CD95)

[22] PD1+ CTLA4+ Tregs associated to disease progression [28]

CHIKV Decreased expression of functional markers (CD39, PD-1,
CD73, CTLA-4) in acute CHIKV infected patients

[39] Not investigated

ZIKV Increased expression of functional markers (CD39, CD73,
CTLA-4, PD-1) in acute ZIKV infected patients

[46] Not investigated

YFV vaccination Increased expression of activation markers (Ki-67, CD38,
CD25) after vaccination. Increased memory Tregs
(CD45RA−) after vaccination

[54]
[55]

Not investigated

WNV Not investigated Reduced frequencies of CLTA-4+ Tregs is associated with
neurological symptoms in humans
Mice with symptomatic disease have reduced
frequencies of CLTA-4+ and CD44+ Tregs
Decrease of CXCR3+ Tregs and increase of CD73+ Tregs
in spleen at time of symptoms in mice

[65]
[66]
[66]
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migrate to the inflamed tissues, such as the liver, is
warranted. However, due to the lack of suitable
mouse models these studies remain challenging
(Table 1).

Tregs in chikungunya virus infection

CHIKV, an alphavirus, causes arthralgia and myalgia,
as well as other symptoms such as rash, fever and
headache. Depending on the CHIKV genotype and
patient characteristics, 20-50% of patients develop
chronic arthritis [7]. The mechanisms of induction
of chronic arthritis are not well characterized, but
symptoms are similar to those of rheumatoid arthritis,
an autoimmune disease with altered Treg/effector T
cell ratio [7].

The T cell response to CHIKV infection has a dual
role in protection and pathogenesis, which is dependent
of the stage of disease [35]. The contribution of cellular
immunity to viral clearance after CHIKV infection
seems limited despite the expansion of CHIKV-specific
T cells [35]. CD8+ T cells predominate in the early
stages of infection and express activation markers
such as CD69 and HLA-DR [36]. CD4+ T cells are acti-
vated during the chronic phase of infection and can
induce or perpetuate inflammation by producing pro-
inflammatory cytokines [35]. Interestingly, during the
early acute phase of infection, CD95-mediated apopto-
sis of CD4+ T cells is observed, indicating that CHIKV
infection could induce CD4+ T cell apoptosis via CD95-
CD95L interactions [36]. Even though the exact mech-
anism remains to be determined, large numbers of
CD4+ T cells migrate to the joint and produce high
levels of IFN-γ [37].

In two studies, phenotyping of the Treg compart-
ment in acute and chronic chikungunya infection

has been performed. A first study by Kulkarni et al,
in 2017, shows that the frequencies of Tregs were
lower in acute and chronic chikungunya patients com-
pared to recovered individuals and healthy controls.
The ratio of Treg/effector T cells is decreased in the
acute phase of infection. This decrease in Treg/effector
T cell ratio can modify the amplitude of the effector T
cell response [38]. Along the same line, Treg frequen-
cies are reduced during the acute and chronic phase of
disease in a Brazilian cohort compared to healthy
donors. Moreover, the expression of Treg functional
markers (CD39, PD-1, CD73 and CTLA-4) is
decreased in Tregs from chikungunya patients com-
pared to healthy donors during the acute phase of
infection. In parallel, TGF-β production by Tregs is
reduced [39]. Taken together, both studies confirm
reduced frequency of Tregs in the blood of acute chi-
kungunya patients whith a reduced expression of
functional markers.

In a mouse model of CHIKV, it has been shown
that expansion of Tregs leads to a reduction of joint
inflammation. In this model, the JES6-1 anti-IL2 anti-
body, which selectively expands mouse Tregs by form-
ing a complex with IL-2, was co-administered to
C57BL/6 mice inoculated with CHIKV [40]. Mice
treated with the JES6-1 antibody were protected
from CHIKV-induced pathology. In another study,
C57BL/6 mice are treated with CLTA-4 Ig, which
mimics the action of Tregs by inhibiting T cell acti-
vation and proliferation. CTLA-4 Ig treatment results
in the reduction of T cell accumulation in the joints
without affecting viral infection in CHIKV infected
mice [41]. Thus, these two studies indicate that Treg
suppressive mechanisms can prevent the accumu-
lation of T cells in the joints leading to less joint
inflammation (Figure 2).

Figure 2. Presence and function of Tregs in the target organs of mosquito-borne viral infections. In DENV, a major target of infec-
tion is the liver. In liver biopsies of severe dengue patients, FOXP3+ Treg frequencies are reduced while there was an increase in
the production of pro-inflammatory cytokines (30). In CHIKV-infected mice, Treg suppressive mechanisms can prevent the
accumulation of T cells in the joints leading to less joint inflammation [40,41]. In WNV and JEV-infected mice, Tregs are shown
to express CCR5 and CXCR3, indicating that these might migrate to the CNS to restrict immunopathology [67,72]. In cases of
fatal microcephaly, the brain is infiltrated with increased frequencies of FOXP3+ cells, along with increases in total CD4+ and
CD8+ T cells and increases in Th1, Th2, Th17 and Th9 cytokines [49]. Created with Biorender.

4 S. Sann et al.



Taken together, human studies show that the fre-
quency and functionality of Tregs is reduced during
the acute phase of chikungunya infection. Studies in
rodents indicate that the restoration of Treg suppres-
sive mechanisms could prevent the accumulation of
T cells in the joints leading to less inflammation.

Tregs in Zika virus infection

ZIKV infection usually results in a mild, self-limiting
disease [42]. ZIKV is considered a major public health
issue since a large outbreak of ZIKV lead to a cluster of
microcephaly cases and an increase in patients with
neurological disorders in Brazil in 2015 [43].

Together with antibodies, CD8+ T cells are thought
to play a protective role in ZIKV infection. ZIKV-
specific CD8+ T cell responses are characterized by
the release of IFN-γ, TNF-α and granzyme B [44]. In
the CD4+ T cell compartment, a reduction of IFN-γ-
producing CD4+ T cells is observed during acute
ZIKV infection [45].

One study assesses the phenotype of Tregs during
the acute phase of infection in a Brazilian patient
cohort [46]. Even though the frequency of circulating
Tregs is not different in controls compared to acute-
infected patients, Tregs from acute ZIKV infected
patients express increased amounts of CD39, CD73,
perforin, granzyme, PD-1 and CTLA-4, all markers
involved in Treg function. These markers could be
upregulated in an attempt to control the strong
inflammatory responses during the acute infection.

Themost important hallmark of ZIKV infection is the
potential effect on unborn fetuses. ZIKV infection in
pregnant women can result in abortions, stillbirths, fatal-
ities, and congenital abnormalities such as microcephaly
[6,42]. During normal pregnancy, Tregs play a crucial
role in the decidua (a specialized layer of endometrium
forming the maternal interface with the embryo) where
they sustain an anti-inflammatory environment. The
decidua is an immunologically complex environment
where immune tolerance to parental antigens is main-
tained while also protecting the fetus against vertical
transmission of maternal pathogens, such as ZIKV
[47]. In a study in non-human primates, decidual T lym-
phocytes from ZIKV-infected female macaques show
decreased expression of granzyme B, HLA-DR and Ki-
67 inmemory CD4+ and CD8+ T cells and decreased fre-
quency of CXCR3+ cells compared to decidual T cells
from non-infectedmacaques [48]. Even though no direct
differences in the frequencies of Tregs (defined as
CD25 +CD127− cells) or the phenotype of Tregs are
observed, the study suggests that ZIKV can induce
local immunosuppression in the decidua. If this immu-
nosuppression is mediated by bona fide Tregs or other
regulatory cell types remains to be further investigated.
In the brain tissue of fatal microcephaly cases, increased

frequencies of infiltrating Tregs in the brain compared to
control fetuses is observed. This is accompanied by
increases in total CD4+ and CD8+ T cells frequencies
and elevated concentrations of Th1, Th2, Th17 and
Th9 cytokines [49] (Figure 2).

Taken together these studies suggest that Tregs
upregulate functional markers during acute ZIKV
infection, probably in an attempt to control the strong
inflammatory responses. However, the role of Tregs in
the target organs of infection, such as the brain or
decidua, the role of Tregs is less clear.

Tregs in yellow fever virus vaccination

Yellow fever is a mosquito-borne viral disease which is
endemic in South America and Africa. The illness
ranges from a fever with aches and pains to severe
liver disease with haemorrhage and development of
jaundice. A safe and effective vaccine is available and
provides life-long protection in most individuals
[50]. As this is a live-attenuated virus inoculation
(strain YF-17D) inducing viremia in vaccinees, vacci-
nation has been used as a model to study the immune
responses to YFV. Vaccination induces seroconver-
sion and memory T cell responses in more than 90%
of individuals in most of the studies, with neutralizing
antibodies at protective levels and long-lived memory
T cells for more than 10 years [50]. However, as vac-
cination with this live-attenuated virus does not
cause disease, immune responses in severe yellow
fever cases have not been studied. A protective effect
of the T cell response to YFV has been demonstrated
both in humans and mice models. For example, a
polyfunctional CD4+ T cell response after YF-17D
immunization complements neutralizing antibodies
for protection against a virulent YFV challenge in
mice [51]. Moreover, cytokine-producing human
CD4+ T cells expressing CD40L, a molecule important
for stimulation of B cell responses, are associated with
the levels of neutralizing antibodies after YF-17D
immunization in humans [52] and with vaccine-
induced protection in mice [53].

The frequency and phenotype of Tregs has been
studied in the context of YFV vaccination. A study
by Blom et al shows that the frequency of circulating
Tregs was not altered after vaccination, but Tregs
were transiently activated at day 10 post-vaccination
as demonstrated by co-expression of Ki-67 and
CD38 and decreased expression of PD-1 at this time-
point [54]. A follow-up study showed a shift from
naïve-like CD45RA+ to CD45RA− memory-like
Tregs within 7 days post vaccination accompanied
by an increase in CD25 in both CD45RA+ and
CD45RA− Tregs. CD31 expression increased on
CD45RA+ Tregs, whereas HLA-DR expression
increased on CD45RA− Tregs, indicating the acti-
vation of both naïve and memory-like Tregs. All
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changes were transient and returned to baseline at day
14 after vaccination [55].

Taken together, these two studies show a transient
increased activation of the Treg compartment after
YFV vaccination. However, the functional impli-
cations of these phenotypic changes in Treg subsets
and their possible contribution to protective immune
response cannot be investigated using YFV vacci-
nation as model of natural infection. Therefore,
studies of Tregs after natural YFV infection in mild
and severe patients should be performed.

Tregs in West Nile virus infection

Most WNV infections remain asymptomatic, but about
0.6% of cases can develop acute neuroinvasive disease
leading to meningitis and encephalitis [9]. CD4+ T
cells and B cells are critical for protection against
WNV infection. Neutralizing antibodies, which are
directed against the viral envelope glycoprotein, are con-
sidered a correlate of protection [59]. CD4+ T cells also
play a critical role in the defence against WNV, both by
promoting protective antibody responses and by direct
killing of infected cells [60]. The role of CD8+ T cells
after WNV infection is less clear, since they could also
play a pathogenic role especially inducing pathology in
the central nervous system (CNS) [61].

Tregs aid in the removal of neurotropic viruses
from the CNS by inducing apoptosis of virus-infected
macrophages and by supporting effector T cell
trafficking to the infection site. On the other hand,
they limit proliferation and inflammatory cytokine
secretion of T cells in the CNS [62,63]. A longitudinal
study found that the Treg compartment in the blood
expands up to 2–3 months post WNV-infection.
Moreover, higher frequencies of Tregs are detected
in asymptomatic WNV-infected patients compared
to symptomatic WNV-infected patients [64] and
patients with neuroinvasive WNV-infections have a
reduced frequency of CTLA-4+ Tregs in the blood
[65]. Functionally, Tregs fromWNV-infected individ-
uals were able to suppress T cell proliferation as well as
Tregs obtained from healthy donors in an in vitro sup-
pression assay [64]. Hence, the data obtained from the
study of human cases indicates that circulating Tregs
are associated with protection from disease.

These observations in humans have been confirmed
in mice models, where lower frequencies of CTLA-4+

and CD44hi Tregs were observed in symptomatic
compared to asymptomatic WNV-infected mice
[66]. Moreover, mice lacking Tregs had increased
mortality rates after WNV infection [64]. A week fol-
lowing WNV infection, a decreased frequency of
CXCR3+ Tregs and increased frequency of CD73+

Tregs in the spleen coincided with symptomatic dis-
ease and neuroinvation [66]. It is possible that Tregs
migrate to the CNS to limit immunopathology, as

CXCR3 has been shown to mediate T cell trafficking
to the brain during WNV infection [67]. CD73,
togethether with CD39 generatates immuno-suppres-
sive adenosine, which could result in a reduced anti-
viral response and associated immunopathology [68].

In conclusion, these studies suggest that lower fre-
quencies of peripheral Treg after infection are associ-
ated with symptomatic WNV infection and
neurological symptoms, probably due to trafficking
of these cells to the inflamed CNS.

Tregs in Japanese encephalitis virus
infection

Another mosquito-borne viral infection that can lead to
CNS inflammation is JEV. It is the most common cause
of viral encephalitis in Asia. Twenty-five to 30% of cases
of JEV infections are fatal, with 50% of infections result-
ing in long-term neuropsychiatric problems [8]. Obser-
vations from animal models suggest that T cells only
play a secondary role in protection from JEV infection,
next to neutralizing antibodies. However, they could
also contribute to immunopathology or protection
[69]. Adoptive transfer of primed T cells can protect
animals from intracerebral JEV challenge [70]. In
addition, a polyfunctional, IFN-γ dominated CD4+ T
cell response correlates with better clinical outcome in
convalescent JEV-infected patients [71].

The role of Tregs in JEV infection is mainly studied in
mice models. To our knowledge, no studies have been
reported yet that characterize the phenotypic or func-
tional profile of Tregs in human JEV infected individuals.

CCR5 is a chemokine receptor involved in the
migration of effector T cells, including activated
Tregs, into inflamed tissue. CCR5-deficient mice
show worsened encephalitic symptoms and mortality
compared to their WT counterparts, and this is associ-
ated with reduced Treg responses and increased Th17
frequencies in the brain. Adoptive transfer of CCR5+

Tregs into CCR5-deficient mice can ameliorate JE
progression, indicating the importance of CCR5-
mediated Treg migration to the inflamed CNS [72].
One in vitro study shows that JEV-infected dendritic
cells expanded Tregs in allogenic mixed lymphocyte
reactions by increasing the expression of PD-L1 on
their surface [73]. Confirming these in vitro results,
dendritic cell-depleted mice exhibit a decreased fre-
quency and absolute number of CD4+FOXP3+ Tregs
in the spleen and brain after JEV infection [74]. In
contrast to the effects of wild type JEV, in vitro infec-
tion of dendritic cells with the attenuated JEV vaccine
strain impairs the expansion of Tregs. In the context of
vaccination, this could be beneficial as this could aid in
the expansion of an effector T cell population provid-
ing protective immunity [75].

In conclusion, Treg expansion and migration of
Tregs to the inflamed CNS seems to protect mice

6 S. Sann et al.



from JEV-induces encephalitis. However, the pheno-
type of Tregs in JEV infection in humans and their
association to severe disease remains to be determined.

Cytokines and Tregs in severe mosquito-
borne viral infections

A common feature of patients with severe mosquito-
borne viral disease such as dengue, chikungunya or yel-
low fever is an exacerbated and overreaching inflamma-
tory response or so-called cytokine storm. High amounts
of pro-inflammatory cytokines such as IL-2, IL-6, IFN-γ
and TNF-α can be detected in plasma of patients with
severe disease [21,76,77] (Figure 3).

Notably, a strongly pro-inflammatory environment
and increased levels of various effector cytokines, such
as IL-6 and IL-12 can overcome the suppressive capacity
of Tregs and modify Treg phenotype [14,78]. Indeed, IL-
6 activates the transcription factor STAT3, which could
downregulate FOXP3 while promoting the expression
of RORɣt, a Th17 cell-associated transcription factor
[79]. Moreover, high amounts of IL-6 or IL-12 can
increase the ratio of effector T cells over Treg which
can lead to the inability of Tregs to suppress T effector
cells. Taken together, the high amounts of cytokines

observed in patients with severe mosquito-borne viral
infections can alter Treg biology and function which
might contribute or sustain immunopathology and
severe disease.

Interestingly, cytokine storms with increased con-
centrations of pro-inflammatory cytokines such as
IL-6 have been observed in severe COVID-19 patients.
IL-6 signalling blockade by tocilizumab, a monoclonal
antibody against IL-6 receptor, which is an approved
treatment for several autoimmune diseases [81], is
tested for treatment of severe COVID-19 [82]. Taken
together results from several clinical studies, it appears
that patients with severe COVID-19, are likely to
benefit from treatment with tocilizumab, when given
at the right time after onset of severe disease [82]. It
remains to be investigated if tocilizumab could be con-
sidered a treatment option for severe disease following
arbovirus infections where high levels of IL-6 are
associated with severe disease.

Perspectives

Under steady state conditions, Tregs are essential in
maintaining immune homeostasis and peripheral tol-
erance. However, during viral infections, they might

Figure 3. Summary of the possible beneficial and detrimental roles of Tregs after mosquito-borne viral infections. Tregs could
inhibit the formation or activation of virus-specific CD8+ T cells resulting in less viral clearance. However, Treg function is needed
to dampen excessive immune inflammation by for example M1 macrophages and Treg function is needed in the resolution phase
of the infection. Excessive cytokine production as observed in some patients with severe arbovirus infection might impair the
generation and function of inducible Tregs. Created with Biorender.
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inhibit pathogen-specific immune responses such as
the generation or maintenance of virus-specific effec-
tor T cells, thereby interfering with efficient and timely
viral clearance (Figure 3). In the context of arboviral
infection by flaviviruses or alphaviruses, a rather lim-
ited amount of information is available on the pheno-
type, function and location of Tregs.

With recent advances in understanding the phe-
notypes and functionalities of different Treg popu-
lations, such as Th1-like Tregs, or inducible Tregs
in viral infections [17], more detailed phenotypic
analysis is warranted in patients with different arbo-
virus infections. Moreover, evidence for a protective
or pathogenic role of Tregs in several arbovirus
infections is lacking. Therefore, studies in patients
associating different Treg phenotypes with different
disease outcomes will further elucidate the role of
Tregs in protection or disease. Large flow cytometry
panels, including lineage and functional markers
such as Helios, activation markers, chemokine recep-
tors, adhesion molecules, checkpoint inhibitors and
metabolic markers or single-cell RNA sequencing
approaches are now available to further describe
Treg subsets in different human conditions. How-
ever, next to more in depth phenotypic analysis,
in vitro analysis of the suppressive function of
Tregs isolated from patients in the acute phase of
infection is warranted. Adoptive transfer studies in
mouse models of arbovirus infections can provide
more mechanistic understanding of the function of
Tregs in infection and pathology, even though ani-
mal models of arboviral disease do not always reca-
pitulate mechanisms and phenotype of human
disease (for example, a lack of pre-existing immu-
nity, a more rapid viral replication, dependency on
type I IFN deficient models…).

Phenotype and function of antigen-specificity of
virus-specific CD4+ and CD8+ T cells remains an
active field of research. While for DENV for example
the major protective CD4+ and CD8+ T cell epitopes
have been identified [19], T cell epitope mapping for
CHIKV remains largely to be performed. Recent evi-
dence has shown that virus-specific Tregs can be
activated and expanded upon acute infection with
vaccinia virus or influenza virus [84,85]. Antigen-
specific Tregs are hypothesized to be more effective
in regulating the ongoing immune response in a dis-
ease-specific manner. With the development of pep-
tide-based T cell vaccines for arboviruses [86], more
information on the antigen-specificity of arbovirus-
specific Tregs is warranted to further optimize and
adapt this vaccination strategy.

As exemplified by the role of IL-6 in severe
COVID-19 as mentioned above, further research
about the effect of pro-inflammatory cytokines on
Treg function in the context of severe arbovirus infec-
tions can help to provide a rationale for the treatment

of severe forms of arbovirus diseases with cytokine
inhibitors such as anti-IL6 receptor blockade
(tocilizumab).

Conclusions

Understanding of the mechanisms by which Tregs
modulate disease pathogenesis after viral infection is
limited, particularly in the context of mosquito-
borne viral infections, which mostly affect individuals
in tropical and subtropical regions of the world.
Additional insight into the phenotype and function
of Tregs and their and association with disease severity
after mosquito-borne viral infection is warranted to
further advance vaccination and treatment strategies.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

T.C. is funded by the Pasteur network, HHMI-Wellcome
Trust International Research Scholar (208710/Z/17/Z) and
NIH-PICREID (1U01AI151758). S.S. is supported by a
Institut Pasteur du Cambodge PhD fellowship and a BOF/
BILA fellowship from the University of Hasselt. M.K. was
supported by a SALK-grant from the government of Flan-
ders, by an Odysseus-grant (Project ID G0G1216FWO)
and senior research project (Project ID G080121N) of the
FWO and by a BOF grant (ADMIRE, Project ID
21GP17BOF) from Hasselt University. The funders had no
role in study design, data collection and analysis, decision
to publish, or preparation of the manuscript.

Author contribution

SS drafted the manuscript and figures; TC and MK
supervised the work. All authors approve the final ver-
sion of the manuscript.

ORCID

Tineke Cantaert http://orcid.org/0000-0002-8911-1502

References

[1] Pierson TC, Diamond MS. The continued threat of
emerging flaviviruses. Nat Microbiol. 2020;5(6):796–
812. doi:10.1038/s41564-020-0714-0. Epub 2020/05/
06. PubMed PMID: 32367055; PubMed Central
PMCID: PMCPMC7696730.

[2] Lim EXY, Lee WS, Madzokere ET, et al. Mosquitoes as
suitable vectors for alphaviruses. Viruses. 2018;10(2).
doi:10.3390/v10020084. Epub 2018/02/15. PubMed
PMID: 29443908; PubMed Central PMCID:
PMCPMC5850391.

[3] Iwamura T, Guzman-Holst A, Murray KA.
Accelerating invasion potential of disease vector
Aedes aegypti under climate change. Nat Commun.
2020;11(1):2130. doi:10.1038/s41467-020-16010-4.

8 S. Sann et al.



Epub 2020/05/03. PubMed PMID: 32358588; PubMed
Central PMCID: PMCPMC7195482.

[4] Wilder-Smith A, Ooi EE, Horstick O, et al. Dengue.
Lancet. 2019;393(10169):350–363. doi:10.1016/S0140-
6736(18)32560-1. Epub 2019/01/31. PubMed PMID:
30696575.

[5] Ho YL, Joelsons D, Leite GFC, et al. Severe yellow
fever in Brazil: clinical characteristics and
management. J Travel Med. 2019;26(5). doi:10.1093/
jtm/taz040. Epub 2019/06/01. PubMed PMID:
31150098.

[6] Calvet G, Aguiar RS, Melo ASO, et al. Detection and
sequencing of Zika virus from amniotic fluid of fetuses
with microcephaly in Brazil: a case study. Lancet Infect
Dis. 2016;16(6):653–660. doi:10.1016/S1473-3099
(16)00095-5

[7] Fox JM, Diamond MS. Immune-mediated protection
and pathogenesis of chikungunya virus. J Immunol.
2016;197(11):4210–4218. doi:10.4049/jimmunol.
1601426. Epub 2016/11/20. PubMed PMID:
27864552; PubMed Central PMCID:
PMCPMC5120763.

[8] Moore SM. The current burden of Japanese encepha-
litis and the estimated impacts of vaccination: combin-
ing estimates of the spatial distribution and
transmission intensity of a zoonotic pathogen. PLoS
Negl Trop Dis. 2021;15(10):e0009385. doi:10.1371/
journal.pntd.0009385. Epub 2021/10/14. PubMed
PMID: 34644296; PubMed Central PMCID:
PMCPMC8544850.

[9] Gould LH, Fikrig E. West Nile virus: a growing con-
cern? J Clin Invest. 2004;113(8):1102–1107. doi:10.
1172/JCI21623. Epub 2004/04/16. PubMed PMID:
15085186; PubMed Central PMCID:
PMCPMC385414.

[10] Culshaw A, Mongkolsapaya J, Screaton GR. The
immunopathology of dengue and Zika virus infec-
tions. Curr Opin Immunol. 2017;48:1–6. doi:10.
1016/j.coi.2017.07.001. Epub 2017/07/25. PubMed
PMID: 28738211.

[11] Belkaid Y, Tarbell K. Regulatory T cells in the control
of host-microorganism interactions. Annu Rev
Immunol. 2009;27:551–589. doi:10.1146/annurev.
immunol.021908.132723. Epub 2009/03/24. PubMed
PMID: 19302048.

[12] Kleinewietfeld M, Hafler DA. Regulatory T cells in
autoimmune neuroinflammation. Immunol Rev.
2014;259(1):231–244. doi:10.1111/imr.12169. Epub
2014/04/10. PubMed PMID: 24712469; PubMed
Central PMCID: PMCPMC3990868.

[13] Sakaguchi S, Miyara M, Costantino CM, et al. FOXP3
+ regulatory T cells in the human immune system. Nat
Rev Immunol. 2010;10(7):490–500. doi:10.1038/
nri2785. Epub 2010/06/19. Epub 2010/06/19.
PubMed PMID: 20559327.

[14] Kleinewietfeld M, Hafler DA. The plasticity of human
Treg and Th17 cells and its role in autoimmunity.
Semin Immunol. 2013;25(4):305–312. doi:10.1016/j.
smim.2013.10.009. Epub 2013/11/12. PubMed PMID:
24211039; PubMed Central PMCID:
PMCPMC3905679.

[15] Borsellino G, Kleinewietfeld M, Di Mitri D, et al.
Expression of ectonucleotidase CD39 by Foxp3+
Treg cells: hydrolysis of extracellular ATP and
immune suppression. Blood. 2007;110(4):1225–1232.
doi:10.1182/blood-2006-12-064527. Epub 2007/04/
24. PubMed PMID: 17449799.

[16] Arroyo Hornero R, Hamad I, Côrte-Real B, et al. The
impact of dietary components on regulatory T cells
and disease. Front Immunol. 2020;11:253. doi:10.
3389/fimmu.2020.00253. Epub 2020/03/11. PubMed
PMID: 32153577; PubMed Central PMCID:
PMCPMC7047770.

[17] Belkaid Y. Regulatory T cells and infection: a danger-
ous necessity. Nat Rev Immunol. 2007;7(11):875–888.
doi:10.1038/nri2189

[18] Mongkolsapaya J, Dejnirattisai W, Xu XN, et al.
Original antigenic sin and apoptosis in the pathogen-
esis of dengue hemorrhagic fever. Nat Med. 2003;9
(7):921–927. doi:10.1038/nm887. Epub 2003/06/17.
PubMed PMID: 12808447.

[19] Tian Y, Grifoni A, Sette A, et al. Characterization of
magnitude and antigen specificity of HLA-DP, DQ,
and DRB3/4/5 restricted DENV-specific CD4+ T cell
responses. Front Immunol. 2019;10:2125. doi:10.
3389/fimmu.2019.01568. Epub 2019/09/26. PubMed
PMID: 31552052; PubMed Central PMCID:
PMCPMC6737489.

[20] Weiskopf D, Angelo MA, de Azeredo EL, et al.
Comprehensive analysis of dengue virus-specific
responses supports an HLA-linked protective role for
CD8+ T cells. Proc Natl Acad Sci U S A. 2013;110
(22):E2046–E2053. doi:10.1073/pnas.1305227110.
Epub 2013/04/13. PubMed PMID: 23580623; PubMed
Central PMCID: PMCPMC3670335.

[21] Simon-Lorière E, Duong V, Tawfik A, et al. Increased
adaptive immune responses and proper feedback
regulation protect against clinical dengue. Sci Transl
Med. 2017;9(405). doi:10.1126/scitranslmed.aal5088.
Epub 2017/09/01. PubMed PMID: 28855396.

[22] Jayaratne HE, Wijeratne D, Fernando S, et al.
Regulatory T-cells in acute dengue viral infection.
Immunology. 2018;154(1):89–97. doi:10.1111/imm.
12863. Epub 2017/11/16. PubMed PMID: 29140541;
PubMed Central PMCID: PMCPMC5904698.

[23] Luhn K, Simmons CP, Moran E, et al. Increased fre-
quencies of CD4+CD25high regulatory T cells in
acute dengue infection. J Exp Med. 2007;204(5):979–
985. doi:10.1084/jem.20061381. Epub 2007/04/25.
PubMed PMID: 17452519; PubMed Central PMCID:
PMCPMC2118571.

[24] Tillu H, Tripathy AS, Reshmi PV, et al. Altered profile
of regulatory T cells and associated cytokines in mild
and moderate dengue. Eur J Clin Microbiol Infect
Dis. 2016;35(3):453–461. doi:10.1007/s10096-015-
2561-0. Epub 2016/02/11. PubMed PMID: 26861813.

[25] Estrada-Jimenez T, Flores-Mendoza L, Avila-Jimenez
L, et al. Low activation of CD8+ T cells in response
to viral peptides in Mexican patients with severe den-
gue. J Immunol Res. 2022;2022:9967594. doi:10.1155/
2022/9967594. Epub 2022/04/05. PubMed PMID:
35372587; PubMed Central PMCID:
PMCPMC8975689 publication of this paper.

[26] Hanley JP, Tu HA, Dragon JA, et al.
Immunotranscriptomic profiling the acute and clear-
ance phases of a human challenge dengue virus sero-
type 2 infection model. Nat Commun. 2021;12
(1):3054. doi:10.1038/s41467-021-22930-6. Epub
2021/05/26. PubMed PMID: 34031380; PubMed
Central PMCID: PMCPMC8144425.

[27] Rouers A, Chng MHY, Lee B, et al. Immune cell phe-
notypes associated with disease severity and long-term
neutralizing antibody titers after natural dengue virus
infection. Cell Rep Med. 2021;2(5):100278. doi:10.

Emerging Microbes & Infections 9



1016/j.xcrm.2021.100278. Epub 2021/06/08. PubMed
PMID: 34095880; PubMed Central PMCID:
PMCPMC8149372.

[28] Robinson ML, Glass DR, Duran V, et al. Magnitude
and kinetics of the human immune cell response
associated with severe dengue progression by single-
cell proteomics. Sci Adv. 2023;9(12):eade7702.
doi:10.1126/sciadv.ade7702. Epub 2023/03/25.
PubMed PMID: 36961888; PubMed Central PMCID:
PMCPMC10038348.

[29] Leowattana W, Leowattana T. Dengue hemorrhagic
fever and the liver. World J Hepatol. 2021;13
(12):1968–1976. doi:10.4254/wjh.v13.i12.1968. Epub
2022/01/25. PubMed PMID: 35070001; PubMed
Central PMCID: PMCPMC8727196.

[30] Pagliari C, Quaresma JA, Fernandes ER, et al.
Immunopathogenesis of dengue hemorrhagic fever:
contribution to the study of human liver lesions. J
Med Virol. 2014;86(7):1193–1197. doi:10.1002/jmv.
23758. Epub 2013/10/12. PubMed PMID: 24114877.

[31] Prestwood TR, Morar MM, Zellweger RM, et al.
Gamma interferon (IFN-γ) receptor restricts systemic
dengue virus replication and prevents paralysis in
IFN-α/β receptor-deficient mice. J Virol. 2012;86
(23):12561–12570. doi:10.1128/JVI.06743-11. Epub
2012/09/14. PubMed PMID: 22973027; PubMed
Central PMCID: PMCPMC3497655.

[32] Yauch LE, Prestwood TR, May MM, et al. CD4+ T
cells are not required for the induction of dengue
virus-specific CD8+ T cell or antibody responses but
contribute to protection after vaccination. J
Immunol. 2010;185(9):5405–5416. doi:10.4049/
jimmunol.1001709. Epub 2010/09/28. PubMed
PMID: 20870934; PubMed Central PMCID:
PMCPMC2962919.

[33] Lee SE, Li X, Kim JC, et al. Type I interferons maintain
Foxp3 expression and T-regulatory cell functions under
inflammatory conditions in mice. Gastroenterology.
2012;143(1):145–154. doi:10.1053/j.gastro.2012.03.042.
Epub 2012/04/06. PubMed PMID: 22475534; PubMed
Central PMCID: PMCPMC3729390.

[34] George JA, Park SO, Choi JY, et al. Double-faced
implication of CD4(+) Foxp3(+) regulatory T cells
expanded by acute dengue infection via TLR2/
MyD88 pathway. Eur J Immunol. 2020;50(7):1000–
1018. doi:10.1002/eji.201948420. Epub 2020/03/04.
PubMed PMID: 32125695.

[35] Mapalagamage M, Weiskopf D, Sette A, et al. Current
understanding of the role of T cells in chikungunya,
dengue and Zika infections. Viruses. 2022;14(2).
doi:10.3390/v14020242. Epub 2022/02/27. PubMed
PMID: 35215836; PubMed Central PMCID:
PMCPMC8878350.

[36] Wauquier N, Becquart P, Nkoghe D, et al. The acute
phase of Chikungunya virus infection in humans is
associated with strong innate immunity and T CD8
cell activation. J Infect Dis. 2011;204(1):115–123.
doi:10.1093/infdis/jiq006

[37] Teo TH, Lum FM, Claser C, et al. A pathogenic role
for CD4+ T cells during Chikungunya virus infection
in mice. J Immunol. 2013;190(1):259–269. doi:10.
4049/jimmunol.1202177. Epub 2012/12/05. PubMed
PMID: 23209328.

[38] Kulkarni SP, Ganu M, Jayawant P, et al. Regulatory T
cells and IL-10 as modulators of chikungunya disease
outcome: a preliminary study. Eur J Clin Microbiol
Infect Dis. 2017;36(12):2475–2481. doi:10.1007/

s10096-017-3087-4. Epub 2017/08/26. PubMed
PMID: 28840350.

[39] Gois BM, Peixoto RF, Guerra-Gomes IC, et al.
Regulatory T cells in acute and chronic human
Chikungunya infection. Microbes Infect. 2022;24
(3):104927. doi:10.1016/j.micinf.2021.104927. Epub
2021/12/20. PubMed PMID: 34923142.

[40] Lee WW, Teo TH, Her Z, et al. Expanding regulatory
T cells alleviates chikungunya virus-induced pathol-
ogy in mice. J Virol. 2015;89(15):7893–7904. doi:10.
1128/JVI.00998-15. Epub 2015/05/23. PubMed
PMID: 25995249; PubMed Central PMCID:
PMCPMC4505607.

[41] Miner JJ, Cook LE, Hong JP, et al. Therapy with
CTLA4-Ig and an antiviral monoclonal
antibody controls chikungunya virus arthritis. Sci
Transl Med. 2017;9(375). doi:10.1126/scitranslmed.
aah3438. Epub 2017/02/06. PubMed PMID:
28148840; PubMed Central PMCID:
PMCPMC5448557.

[42] Petersen LR, Jamieson DJ, Powers AM, et al. Zika
virus. N Engl J Med. 2016;374(16):1552–1563.
doi:10.1056/NEJMra1602113. Epub 2016/03/31.
PubMed PMID: 27028561.

[43] Baud D, Gubler DJ, Schaub B, et al. An update on Zika
virus infection. Lancet. 2017;390(10107):2099–2109.
doi:10.1016/S0140-6736(17)31450-2. Epub 2017/06/
26. PubMed PMID: 28647173.

[44] Grifoni A, Costa-Ramos P, Pham J, et al. Cutting edge:
transcriptional profiling reveals multifunctional and
cytotoxic antiviral responses of Zika virus–specific
CD8+ T cells. J Immunol. 2018;201(12):3487–3491.
doi:10.4049/jimmunol.1801090. Epub 2018/11/11.
PubMed PMID: 30413672; PubMed Central PMCID:
PMCPMC6287102.

[45] Cimini E, Castilletti C, Sacchi A, et al. Human Zika
infection induces a reduction of IFN-γ producing
CD4 T-cells and a parallel expansion of effector Vδ2
T-cells. Sci Rep. 2017;7(1):6313. doi:10.1038/s41598-
017-06536-x. Epub 2017/07/26. PubMed PMID:
28740159; PubMed Central PMCID:
PMCPMC5524759.

[46] Guerra-Gomes IC, Gois BM, Peixoto RF, et al.
Phenotypical characterization of regulatory T cells in
acute Zika infection. Cytokine. 2021;146:155651.
doi:10.1016/j.cyto.2021.155651. Epub 2021/07/30.
PubMed PMID: 34325119; PubMed Central PMCID:
PMCPMC8405058.

[47] Ander S, Diamond M, Coyne C. Immune responses at
the maternal-fetal interface. Sci Immunol. 2019;4:
eaat6114. doi:10.1126/sciimmunol.aat6114

[48] Mostrom MJ, Scheef EA, Sprehe LM, et al. Immune
profile of the normal maternal-fetal interface in rhesus
macaques and its alteration following Zika virus infec-
tion. Front Immunol. 2021;12:719810. doi:10.3389/
fimmu.2021.719810. Epub 2021/08/17. PubMed
PMID: 34394129; PubMed Central PMCID:
PMCPMC8358803.

[49] Azevedo RSS, de Sousa JR, Araujo MTF, et al. In situ
immune response and mechanisms of cell damage in
central nervous system of fatal cases microcephaly
by Zika virus. Sci Rep. 2018;8(1):1. doi:10.1038/
s41598-017-17765-5. Epub 2018/01/10. PubMed
PMID: 29311619; PubMed Central PMCID:
PMCPMC5758755.

[50] Gotuzzo E, Yactayo S, Córdova E. Efficacy and dur-
ation of immunity after yellow fever vaccination:

10 S. Sann et al.



systematic review on the need for a booster every 10
years. Am J Trop Med Hyg. 2013;89(3):434–444.
doi:10.4269/ajtmh.13-0264. Epub 2013/09/06.
PubMed PMID: 24006295; PubMed Central PMCID:
PMCPMC3771278 and will participate in a study con-
ducted by Sanofi Pasteur on the epidemiology of
meningococcal infections.

[51] Watson AM, Lam LK, Klimstra WB, et al. The 17D-204
vaccine strain-induced protection against virulent yel-
low fever virus is mediated by humoral immunity and
CD4+ but not CD8+ T cells. PLoS Pathog. 2016;12
(7):e1005786. doi:10.1371/journal.ppat.1005786. Epub
2016/07/28. PubMed PMID: 27463517; PubMed
Central PMCID: PMCPMC4962991.

[52] Kohler S, Bethke N, Böthe M, et al. The early cellular
signatures of protective immunity induced by live viral
vaccination. Eur J Immunol. 2012;42(9):2363–2373.
doi:10.1002/eji.201142306. Epub 2012/06/27.
PubMed PMID: 22733156.

[53] Bassi MR, Kongsgaard M, Steffensen MA, et al. CD8+
T cells complement antibodies in protecting against
yellow fever virus. J Immunol. 2015;194(3):1141–
1153. doi:10.4049/jimmunol.1402605. Epub 2014/12/
30. PubMed PMID: 25539816; PubMed Central
PMCID: PMCPMC4297749.

[54] Blom K, Braun M, Ivarsson MA, et al. Temporal
dynamics of the primary human T cell response to yel-
low fever virus 17D as it matures from an effector- to a
memory-type response. J Immunol. 2013;190
(5):2150–2158. doi:10.4049/jimmunol.1202234. Epub
2013/01/23. PubMed PMID: 23338234.

[55] de Wolf A, van Aalst S, Ludwig IS, et al. Regulatory T
cell frequencies and phenotypes following anti-viral
vaccination. PLoS One. 2017;12(6):e0179942. doi:10.
1371/journal.pone.0179942. Epub 2017/06/29.
PubMed PMID: 28658271; PubMed Central PMCID:
PMCPMC5489208.

[56] Huber JE, Ahlfeld J, Scheck MK, et al. Dynamic
changes in circulating T follicular helper cell compo-
sition predict neutralising antibody responses after
yellow fever vaccination. Clin Transl Immunology.
2020;9(5):e1129. doi:10.1002/cti2.1129. Epub 2020/
05/19. PubMed PMID: 32419947; PubMed Central
PMCID: PMCPMC7221214.

[57] Linterman MA, Pierson W, Lee SK, et al. Foxp3+ fol-
licular regulatory T cells control the germinal center
response. Nat Med. 2011;17(8):975–982. doi:10.1038/
nm.2425. Epub 2011/07/26. PubMed PMID:
21785433; PubMed Central PMCID:
PMCPMC3182542.

[58] Huang Y, Chen Z, Wang H, et al. Follicular regulatory
T cells: a novel target for immunotherapy? Clin Transl
Immunology. 2020;9(2):e1106. doi:10.1002/cti2.1106.
Epub 2020/02/23. PubMed PMID: 32082569;
PubMed Central PMCID: PMCPMC7019198.

[59] Mehlhop E, DiamondMS. The molecular basis of anti-
body protection against West Nile virus. Curr Top
Microbiol Immunol. 2008;317:125–153. doi:10.1007/
978-3-540-72146-8_5. Epub 2007/11/10. PubMed
PMID: 17990792.

[60] Brien JD, Uhrlaub JL, Nikolich-Zugich J. West Nile
virus-specific CD4 T cells exhibit direct antiviral cyto-
kine secretion and cytotoxicity and are sufficient for
antiviral protection. J Immunol. 2008;181(12):8568–
8575. doi:10.4049/jimmunol.181.12.8568. Epub 2008/
12/04. PubMed PMID: 19050276; PubMed Central
PMCID: PMCPMC3504655.

[61] Netland J, Bevan MJ. CD8 and CD4 T cells in west nile
virus immunity and pathogenesis. Viruses. 2013;5
(10):2573–2584. doi:10.3390/v5102573. Epub 2013/
10/25. PubMed PMID: 24153060; PubMed Central
PMCID: PMCPMC3814605.

[62] Ciurkiewicz M, Herder V, Beineke A. Beneficial and det-
rimental effects of regulatory T cells in neurotropic virus
infections. Int J Mol Sci. 2020;21(5). doi:10.3390/
ijms21051705. Epub 2020/03/07. PubMed PMID:
32131483; PubMed Central PMCID: PMCPMC7084400.

[63] Klein RS, Hunter CA. Protective and pathological immu-
nity during central nervous system infections. Immunity.
2017;46(6):891–909. doi:10.1016/j.immuni.2017.06.012.
Epub 2017/06/22. PubMed PMID: 28636958; PubMed
Central PMCID: PMCPMC5662000.

[64] Lanteri MC, O’Brien KM, PurthaWE, et al. Tregs con-
trol the development of symptomatic West Nile virus
infection in humans and mice. J Clin Invest. 2009;119
(11):3266–3277. doi:10.1172/JCI39387. Epub 2009/10/
27. PubMed PMID: 19855131; PubMed Central
PMCID: PMCPMC2769173.

[65] James EA, Gates TJ, LaFond RE, et al. Neuroinvasive
west Nile infection elicits elevated and atypically
polarized T cell responses that promote a pathogenic
outcome. PLoS Pathog. 2016;12(1):e1005375. doi:10.
1371/journal.ppat.1005375. Epub 2016/01/23.
PubMed PMID: 26795118; PubMed Central PMCID:
PMCPMC4721872.

[66] Graham JB, Swarts JL, Thomas S, et al. Immune corre-
lates of protection from west Nile virus neuroinvasion
and disease. J Infect Dis. 2019;219(7):1162–1171.
doi:10.1093/infdis/jiy623. Epub 2018/10/30. PubMed
PMID: 30371803; PubMed Central PMCID:
PMCPMC6420170.

[67] Zhang B, Chan YK, Lu B, et al. CXCR3 mediates
region-specific antiviral T cell trafficking within the
central nervous system during West Nile virus ence-
phalitis. J Immunol. 2008;180(4):2641–2649. doi:10.
4049/jimmunol.180.4.2641. Epub 2008/02/06.
PubMed PMID: 18250476.

[68] Romio M, Reinbeck B, Bongardt S, et al. Extracellular
purine metabolism and signaling of CD73-derived
adenosine in murine Treg and Teff cells. Am J
Physiol Cell Physiol. 2011;301(2):C530–C539. doi:10.
1152/ajpcell.00385.2010. Epub 2011/05/20. PubMed
PMID: 21593451.

[69] Larena M, Regner M, Lee E, et al. Pivotal role of anti-
body and subsidiary contribution of CD8+ T cells to
recovery from infection in a murine model of
Japanese encephalitis. J Virol. 2011;85(11):5446–
5455. doi:10.1128/JVI.02611-10. Epub 2011/04/01.
PubMed PMID: 21450826; PubMed Central PMCID:
PMCPMC3094953.

[70] Murali-Krishna K, Ravi V, Manjunath R. Protection of
adult but not newborn mice against lethal intracereb-
ral challenge with Japanese encephalitis virus by adop-
tively transferred virus-specific cytotoxic T
lymphocytes: requirement for L3T4+ T cells. J Gen
Virol. 1996;77(Pt 4):705–714. doi:10.1099/0022-1317-
77-4-705. Epub 1996/04/01. PubMed PMID: 8627259.

[71] Turtle L, Bali T, Buxton G, et al. Human T cell responses
to Japanese encephalitis virus in health and disease. J Exp
Med. 2016;213(7):1331–1352. doi:10.1084/jem.
20151517. Epub 2016/06/01. PubMed PMID:
27242166; PubMed Central PMCID: PMCPMC4925015.

[72] Kim JH, Patil AM, Choi JY, et al. CCR5 ameliorates
Japanese encephalitis via dictating the equilibrium of

Emerging Microbes & Infections 11



regulatory CD4+Foxp3+ T and IL-17+CD4+ Th17
cells. J Neuroinflammation. 2016;13(1):223. doi:10.
1186/s12974-016-0656-x. Epub 2016/07/22. PubMed
PMID: 27439902; PubMed Central PMCID:
PMCPMC5050958.

[73] Gupta N, Hegde P, Lecerf M, et al. Japanese encepha-
litis virus expands regulatory T cells by increasing the
expression of PD-L1 on dendritic cells. Eur J
Immunol. 2014;44(5):1363–1374. doi:10.1002/eji.
201343701

[74] Kim JH, Choi JY, Kim SB, et al. Cd11chi dendritic cells
regulate Ly-6Chi monocyte differentiation to preserve
immune-privileged CNS in lethal neuroinflammation.
Sci Rep. 2015;5(1):17548. doi:10.1038/srep17548

[75] Li Y, Ye J, Yang X, et al. Infection of mouse bone mar-
row-derived dendritic cells by live attenuated Japanese
encephalitis virus induces cells maturation and trig-
gers T cells activation. Vaccine. 2011;29(4):855–862.
doi:10.1016/j.vaccine.2010.09.108. Epub 2010/11/26.
PubMed PMID: 21093495.

[76] Rothman AL. Immunity to dengue virus: a tale of orig-
inal antigenic sin and tropical cytokine storms. Nat
Rev Immunol. 2011;11(8):532–543. doi:10.1038/
nri3014. Epub 2011/07/16. PubMed PMID: 21760609.

[77] [ter] Meulen J, Sakho M, Koulemou K, et al.
Activation of the cytokine network and unfavorable
outcome in patients with yellow fever. J Infect Dis.
2004;190(10):1821–1827. doi:10.1086/425016

[78] Cantaert T, Schickel JN, Bannock JM, et al. Decreased
somatic hypermutation induces an impaired periph-
eral B cell tolerance checkpoint. J Clin Invest.
2016;126(11):4289–4302. doi:10.1172/JCI84645. Epub
2016/11/02. PubMed PMID: 27701145; PubMed
Central PMCID: PMCPMC5096912.

[79] Yang XO, Nurieva R, Martinez GJ, et al. Molecular
antagonism and plasticity of regulatory and inflamma-
tory T cell programs. Immunity. 2008;29(1):44–56.
doi:10.1016/j.immuni.2008.05.009. Epub 2008/07/01.
PubMed PMID: 18585065; PubMed Central PMCID:
PMCPMC2630532.

[80] Fujimoto M, Nakano M, Terabe F, et al. The influence
of excessive IL-6 production In vivo on the develop-
ment and function of Foxp3+ regulatory T cells. J

Immunol. 2011;186(1):32–40. doi:10.4049/jimmunol.
0903314. Epub 2010/11/26. PubMed PMID: 21106853.

[81] Choy EH, De Benedetti F, Takeuchi T, et al.
Translating IL-6 biology into effective treatments.
Nat Rev Rheumatol. 2020;16(6):335–345. doi:10.
1038/s41584-020-0419-z

[82] Angriman F, Ferreyro BL, Burry L, et al. Interleukin-6
receptor blockade in patients with COVID-19:
placing clinical trials into context. Lancet Respir
Med. 2021;9(6):655–664. doi:10.1016/S2213-2600
(21)00139-9. Epub 2021/05/01. PubMed PMID:
33930329; PubMed Central PMCID:
PMCPMC8078877 Baxter, Getinge, and MC3
Cardiopulmonary, outside of the submitted work.
NDF reports personal fees from Xenios and Baxter,
outside of the submitted work. All other authors
declare no competing interests.

[83] Bai F, Town T, Qian F, et al. IL-10 signaling blockade
controls murine West Nile virus infection. PLoS
Pathog. 2009;5(10):e1000610. doi:10.1371/journal.
ppat.1000610. Epub 2009/10/10. PubMed PMID:
19816558; PubMed Central PMCID:
PMCPMC2749443.

[84] Sanchez AM, Zhu J, Huang X, et al. The development
and function of memory regulatory T cells after acute
viral infections. J Immunol. 2012;189(6):2805–2814.
doi:10.4049/jimmunol.1200645. Epub 2012/08/03.
PubMed PMID: 22855712; PubMed Central PMCID:
PMCPMC3436958.

[85] Brincks EL, Roberts AD, Cookenham T, et al.
Antigen-specific memory regulatory CD4+Foxp3+ T
cells control memory responses to influenza virus
infection. J Immunol. 2013;190(7):3438–3446. doi:10.
4049/jimmunol.1203140. Epub 2013/03/08. PubMed
PMID: 23467933; PubMed Central PMCID:
PMCPMC3608733.

[86] Roth C, Cantaert T, Colas C, et al. A modified mRNA
vaccine targeting immunodominant NS epitopes pro-
tects against dengue virus infection in HLA class I
transgenic mice. Front Immunol. 2019;10:1424.
doi:10.3389/fimmu.2019.01424. Epub 2013/03/08.
PubMed PMID: 31293584; PubMed Central PMCID:
PMCPMC6598640.

12 S. Sann et al.


