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Abstract

yO T cells are a unique subset of unconventional T cells and an important component of
the innate immune system. Unlike conventional a3 T cells, yd T cells can respond rapidly
during the early stages of infection, and their antigen recognition is not restricted by MHC
molecules. These distinctive features underscore the important role of yd T cells in viral
clearance and infection control. Therefore, yo T cell-based immunotherapies have been
extensively explored for the treatment of a variety of diseases, including viral infections
and cancers. Several therapeutic strategies based on yd T cells have advanced to clinical
trials, demonstrating promising safety and efficacy. Currently, there are no effective treat-
ments for flavivirus infections, which are typically characterized by acute onset. Research
has shown that yd T cells can rapidly expand during the early phases of flavivirus infec-
tions and effectively suppress viral replication, making them an attractive target for the
development of novel therapies for flavivirus infections. This review aims to highlight the
immunological roles of yd T cells in flavivirus infections and to explore the potential of y& T
cell-based therapeutic strategies for the prevention and treatment of these infections.

Background

Mosquito-borne flaviviruses belong to the genus Orthoflavivirus of the family Flaviviridae,
which are enveloped, single-stranded positive-sense RNA viruses. They are primarily trans-
mitted by various mosquito species such as Aedes and Culex. Key members of this genus
include Dengue virus (DENYV), Zika virus (ZIKV), West Nile virus (WNV), Yellow fever
virus (YFV), and Japanese encephalitis virus (JEV) [1]. Each year, these key mosquito-borne
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flaviviruses infect approximately 300 million people, with 100 million cases manifesting
clinically. This poses a significant threat to nearly half of the world’s population and results in
a substantial global disease burden [2,3]. While most infections are asymptomatic, symptom-
atic individuals typically present with nonspecific symptoms such as fever and rash. However,
some patients may develop severe, life-threatening complications including hemorrhagic syn-
drome and encephalitis [4]. Due to the acute onset of flavivirus infections, adaptive immune
responses are limited and the role of the innate immune response is essential to control
infection.

yO T cells, a crucial component of the innate immune system, are characterized by recog-
nizing target cells in a non-MHC-restricted manner [5]. These cells exhibit antiviral capabili-
ties through direct and indirect antiviral functions [6,7]. Therefore, there is a growing interest
in y0 T cell-based therapeutic strategies for viral infections [7]. For example, y§ T cell specific
activator amino-bisphosphonate, which has been approved for the treatment of osteoporo-
sis and Paget’s disease, was shown to improve the outcomes in influenza virus-infected mice
through selectively activating y8 T cells [8]. Moreover, y§ T cell-based immunotherapies
have been applied in clinical cancer treatment, achieving efficacy and showing a promising
application future [9]. Given the current lack of effective treatments for flavivirus infections
and prospect of y8 T cells [10], this review summarizes the research on y§ T cells in flavivirus
infections, providing a comprehensive understanding of their role and discussing the potential
of yO T cell-based therapies.

yo& T cells

Human yd T cells constitute approximately 1-10% of total T cells in peripheral blood, and y§
T cells are also enriched in various peripheral tissues, such as the skin and intestines, where
they promote tissue homeostasis [11]. Similar to aff T cells, y8 T cells undergo DNA rear-
rangement in their receptor genes (TRD and TRG). TRD genes include 3 specific TRDV genes
(V81, V62, V§3), which are most frequently utilized among the eight V§ variants and thus are
used in the classification of y§ T cell subtypes [11].

Vo2 T cells

V82 T cells are the predominant subset in peripheral blood, comprising approximately
60%-95% of yd T cells. During rearrangement, the V32 chain almost exclusively pairs with
the Vy9 chain, resulting in Vy9V62 T cells being the most prevalent y§ T cell subset in periph-
eral blood [5]. As an MHC-unrestricted immune cell, yd T cells have recently been shown to
utilize a non-restricted recognition mechanism that is associated with Vy9. Phosphoantigens
(pAgs), which accumulate in infected cells, do not directly interact with VyoV82 T cells but
instead function as “molecular glues,” promoting intracellular interactions between butyrophi-
lin subfamily 3 member A1 (BTN3A1) and BTN2A1 within the target cells. This interaction
enables the extracellular domain of BTN2A1 to bind to TCR VY9 chain, thereby activating y8§
T cells [12]. Therefore, the use of pAgs or BTN monoclonal antibodies can specifically activate
VYyovVo2 T cells.

Besides VY9V 52 TCR-dependent recognition pattern, V82 T cells can recognize virus-
infected cells through the upregulation of natural killer group 2 member D (NKG2D) ligands,
such as MICA, MICB, and ULBP, on the surface of infected cells via NKG2D and induce
target cell apoptosis through the Fas-Fas ligand (Fas-FasL) and TNF-related apoptosis-
inducing ligand-death receptor 5 (TRAIL-DR5) death pathways [13]. Moreover, V82 T cells
can also express Fc gamma receptor III (CD16) and enhance their antiviral activity through
antibody-dependent cellular cytotoxicity [14].
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Vo1 T cells

V&1 T cells are less abundant in peripheral blood, but they are widely distributed in peripheral
tissues such as intestinal epithelium, skin, liver, and spleen, contributing to tissue homeosta-
sis [11]. In contrast to V82 T cells, VO1 T cells do not pair with a specific Vyy chain, nor do
they pair with Vy9, and thus cannot be activated by pAgs [15]. Several MHC-like proteins
(presenting lipids or metabolites), such as members of the CD1 family and the MHC class
I-related molecule (MR1), have been shown to serve as ligands for V81 T cells [16]. Interest-
ingly, V81 T cells can also recognize target cells through their TCR by interacting with the
MHC II complex HLA-DR, thus broadening the scope of MHC-restricted recognition by V41
T cells [6]. Like V62 T cells, V81 T cells are capable of recognizing target cells via the NKG2D
pathway, while other molecules, such as NKR and DNAM-1, further enhance their cytotoxic
activity [15,17]. These diverse recognition mechanisms confer enhanced immune effector
functions.

VO3 T cells

V83 T cells are almost undetectable in the peripheral blood of healthy individuals but showed
increased levels in the peripheral blood of patients with reactivated human cytomegalovirus
[18]. V83 T cells are predominantly located in the intestine and lamina propria [11]. They
exhibit functional similarities to VO1 T cells, as MR1 and CD1d have also been shown to bind
to Vy8Va3 T cells [19,20]. However, Annexin A2, which is upregulated on tumor cells, has
been found to specifically stimulate the proliferation of Vy8V83 T cells [21]. Nevertheless,
research on V83 T cells remains very limited.

In mice, y8 T cells are categorized into seven subgroups (Vyl-7) based on TRGV genes
and mouse yd T cells lack similar Vy9 chain, rendering them incapable of activation by pAgs
[22]. Moreover, there are also differences in tissue distribution between mouse yd T cells and
human y8 T cells [23]. For example, mouse epidermal T cells consist exclusively of Vy5* den-
dritic epidermal T cells, whereas the human epidermis contains both af T cells and y8 T cells,
with V81 T cells present in both the epidermis and dermis [23]. Although there are differences
in TCR composition and tissue specificity, mouse yd T cells exhibit similar functional charac-
teristics with human y8 T cells. For instance, CD1d serves as a ligand for V81 T cells in both
mice and humans [24]. Moreover, human and mouse epidermal y§ T cells can both produce
keratinocyte growth factor and insulin-like growth factor 1, promoting wound healing [22].
Therefore, data from mouse models can provide valuable insights into understanding the role
of yO T cells in human.

y& T cells in flavivirus infections

Human infection with flaviviruses typically occurs through the bite of infected mosquitoes,
which inject the virus into skin. The virus then spreads through the blood or lymphatic system
to target organs for replication. This section will demonstrate the characteristics of y§ T cells
from the process of flavivirus infections.

The activation and amount of yd T cells

Following a mosquito bite, the skin is the initial site of flavivirus infections where tissue-
resident y8 T cells are first activated. To mimic the natural infection route via skin bites,
researchers infected C57BL/6 mice with DENV using footpad injections [25]. They reported
that a significant expansion of yd T cells was observed at the initial infection site (footpad) and
in draining lymph nodes (DLNs) of the footpad, as early as 1 day post-infection. Moreover,

yS T cells were the most abundant T cell subset at footpad [25]. Similarly, in C57BL/6 mice
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intraperitoneally injected with WNYV, a significant increase in y§ T cell numbers was detected
in the peritoneal cavity 2 days post-infection, and yd T cells exhibited greater proliferation
compared to af T cells in splenocytes [26]. These findings suggest that during flavivirus
infections, y0 T cells are the first T cells to respond in the early stage of infection and undergo
significant expansion.

Upon entry into the blood, flaviviruses are disseminated to target organs via blood circu-
lation. y§ T cells in peripheral blood recognize infected cells and are activated. In peripheral
blood mononuclear cells (PBMCs) of patients infected with DENYV, the proportion of V2
T cells decreased; however, the proportion of cells expressing CD38 and HLA-DR (acti-
vation markers) remained significantly elevated, indicating that V82 T cells were still in
an activated state during DENV infection [27]. However, in patients with ZIKV infection,
there was a significant expansion of the CD3* CD4~ CD8" (double negative, DN) T cell
subset in PBMCs, which primarily consist of y§ T cells (V81, V52, V81~ V827) and NKT
cells. Flow cytometry analysis revealed that approximately 80% of DN T cells were V62 T
cells, a significantly higher proportion than that in control groups [28]. Moreover, the pro-
portion of V82 T cells increased markedly in the early stages of symptom onset (2-3 days)
and gradually decreased with the progression of the infection. Of note, the study reported
that the proportion of V81~ V82~ DN T cells in PBMCs of ZIKV-infected patients was
15.9%, significantly higher than the proportion of V81 T cells (3.2%) [28]. In summary, the
yS T cell population in PBMCs undergoes significant alterations during the early stage of
infection, indicating their potential involvement in the initial immune response to flavivirus
infections.

Additionally, ZIKV infection is known to cause congenital Zika syndrome, charac-
terized by fetal microcephaly [29]. One research had shown that following ZIKV infec-
tion in pregnant rhesus macaques, there was a significant decrease in the proportion
of HLA-DR* and Ki67* (a proliferation marker) y8 T cells in the decidua, which is the
maternal-fetal interface rich in immune cells [30]. Similarly, compared to normal preg-
nant macaques, the proportion of Ki67* yd T cells in PBMCs of the infected group also
significantly decreased [30]. These findings suggest that ZIKV infection in pregnant
macaques may suppress the activation and proliferation of y§ T cells in both the decidua
and PBMCs. In addition, the immune characteristics of Y0 T cells in flavivirus infections
are presented in Table 1.

Table 1. Immune characteristics of y8 T cells in flavivirus infections. Human y8 T cells can primarily be divided into three main subsets: V81, V82, and V§3. y§
T cells, as effector T cells, can directly kill virus-infected cells, while y§ T, cells, as central memory cells, often secrete cytokines such as IFN-y to exert indi-

EMRA

rect antiviral effects.

Viruses Samples Proportion Phenotype Refer-
ences
DENV PBMCs from patients V&2T! YO Toen [27]
YO T, ¢
Cells in footpad and draining lymph node from mice yo Tt [25]
ZIKV PBMC:s from patients Vo2 T, YO Ton T Y8 T [28]
V81 V82 Tt
PBMCs and placenta from pregnant monkeys yo T In PBMCs, y8 T, 00 75 ¥8 T 4 [29]
In placenta, y§ T, ., ¢
WNV Spleen and peritoneal cells from mice yo Tt [26]

DENYV, dengue virus; ZIKV, Zika virus; WNV, West Nile virus; PBMCs: peripheral blood mononuclear cells; IFN-y, interferon-y.

https://doi.org/10.1371/journal.pntd.0012972.t001
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The cellular phenotype of yd T cells

Similar to af T cells, yO T cells can also be categorized into four subsets based on cellular
phenotypes: naive (y8 T, ), central memory (yd T, ), effector memory (yd T,,,), and termi-
nally differentiated effector cells (y8 T}, ,). Indeed, the differentiation phenotype of yd T cells
is closely associated with their functional phenotype. y8 T, and y6 T,
cells, exhibit distinct functions: y§ T, typically secretes Th1-type cytokines such as IFN-y and
TNF-a, while y8 T, primarily engages in cytotoxic activity against target cells through the
secretion of perforin, granzyme B, and NK cell receptors-mediated mechanisms [14].

In PBMCs of patients infected with DENV and ZIKYV, there was a notable increase in the
proportion of granzyme B* y§ T cells (corresponding to y0 T, ., cells), while the proportion
of IFN-y*y8 T (Y8 T,,,) cells showed a declining trend [27,28]. Of note, it can be observed that
the expression levels of TIM-3 were significantly negatively correlated with the proportion

,» as major effector

of IFN-y* y8 T cells in dengue patients, suggesting that TIM-3 may negatively regulate the
secretion of IFN-y [27]. Similarly, comparable changes were observed in PBMCs of preg-

nant monkeys infected with ZIKV, with an increase in the proportion of y6 T, ., cells and a
decrease in the proportion of y§ T, cells [30]. However, in the decidua of pregnant macaques
infected with ZIKV, there was a significant decrease in the proportion of granzyme B* y§ T (y8
T,\rs) cells compared to normal pregnant monkeys, indicating an impairment in the pro-
tective function of y8 T cells [30]. Taken together, enhancing the function of yd T cells holds
potential to benefit patients by augmenting their immune response.

In addition to the functions mentioned above, y8 T cells can also secrete IL-17A. In
C57BL/6 mice infected with DENV, y8 T cells underwent significant expansion by day 4
post-infection and were the major producers of IL-17A in the spleen, which is negatively reg-
ulated by IL-22 [31]. Similarly, in IFNAR™" mice (interferon-a receptor deficiency) infected
with ZIKV, y8 T cells were the predominant immune cells secreting IL-17A in splenic cells
and brain tissues. The quantity of IL-17A-producing y§ T cells began to increase by day 3
post-infection and peaks by day 5 post-infection [32]. Compared to IFN-y* y§ T cells in
peripheral blood, IL-17A* y8 T cells predominantly accumulate in peripheral tissues, with
their peak proliferation occurring at a later stage. As an inflammatory regulator, IL-17A
activates various immune cells, thereby amplifying the immune response in the early stage.
However, it is important to note that prolonged secretion of IL-17A may exacerbate tissue
damage [33,34].

The protective role of y§ T cells

yO T cells provide protective immunity against flavivirus infections in mice, including
enhanced survival rates, promotion of adaptive immunity, decreased viral loads, and amelio-
ration of pathological injury to target organs. Firstly, yd T cells enhance survival rates post-
infection. In mouse models infected with lethal doses of WNV in wild-type (WT) mice and
v T cell-deficient (TCRS ") mice, it was observed that TCR§”~ mice experienced earlier and
more rapid mortality compared to WT mice. When infected with sublethal doses of WNYV, all
TCRGS™~ mice succumbed to infection, whereas 75% of WT mice survived [26]. Secondly, y§ T
cells can play a role in the promotion of adaptive immunity. After 30 days post-initial infec-
tion, re-infection with a lethal dose of WNV in mice that survived initial infection revealed
nearly complete survival in WT group, whereas mice in TCR§™~ group exhibited significantly
reduced survival rates [35]. Thirdly, yd T cells participate in the process of viral clearance.
Compared to WT mice, TCR§”~ mice infected with WNV exhibited significantly higher viral
loads in blood and brain tissues (target organs for WNV infection) on days 2 (early phase)
and 6 (late phase) post-infection [26]. Similarly, in TCR§~~ mice infected with DENV, viral
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loads in the infection site (footpad) and DLN's were significantly higher than those in control
groups [25]. Finally, y0 T cells may modulate the pathobiology of target tissues. In WNV-
infected mice, brain tissues showed no inflammatory cells infiltration in WT mice on day 2
post-infection, whereas TCRS™~ mice exhibited mononuclear inflammatory cell infiltration,
particularly in the ventricular walls near the basal ganglia. By day 6 post-infection, WT mice
still showed minimal inflammatory cell infiltration in brain tissues, whereas TCR™~ mice
exhibited exacerbated inflammatory cell infiltration [26].

Additionally, an intriguing observation of two y8 T cell subsets (Vyl* T cells and Vy4*
T cells) was made in WNV-infected mice of different ages: By day 3 post-infection, Vyl* T
cells in splenic cells of young mice rapidly expanded and represented the major subset of
vS T cells producing IFN-y, while Vy4* T cell expansion was less pronounced. Conversely,
aged mice showed decreased proportions and proliferation rates of Vyl* T cells and higher
proportions of Vy4* T cells compared to young mice [36]. Depletion of Vyl* T cells in young
mice significantly increased viral loads in the brain and mortality rates, whereas depletion of
Vy4* T cells resulted in significantly reduced viral loads in the brain and improved survival
rates. Moreover, Vy4* T cells exhibited a greater ability to produce TNF-q, a cytokine known
to contribute to blood-brain barrier compromise and facilitate WNV entry into the brain [36].
These findings indicate that Vyl* T cells play a protective role, whereas Vy4* T cells have the
opposite effect.

The protective mechanism of y& T cells

As described above, y§ T cells play an important protective role in flavivirus infections. The
protective mechanisms (Table 2) involved are as follows:

The activation signaling

y8 T cells can be activated through mechanical contact of their TCR with endothelial protein
C receptor (EPCR) on mast cells during DENV infection. In Sash mice lacking mast cells,
three days post-DENV infection, the number of y§ T cells at the infection site and in DLNs
significantly decreased compared to the control group, accompanied by a marked reduction
in IFN-y secretion. This indicates a strong dependency of y§ T cell activation on mast cells
[25]. Further experiments revealed that only mast cells exposed to DENV can activate y§ T
cells, which subsequently kill DENV-infected dendritic cells (DCs), but spare mast cells. This
suggests that mast cells may activate yd T cells through a process akin to antigen presentation.
Moreover, inhibition of TCR signaling in y8 T cells does not block their activation by mast

Table 2. The mechanisms of y§ T cells function in flavivirus infections. After flavivirus infection, yd T cells can be activated through various recognition mech-
anisms of the y§ TCR and TLR signaling pathways. Subsequently, they secrete cytokines (IFN-y, IL-17A, or TNF-a), enhancing the systemic immune response.
However, we must be cautious, as the prolonged presence of certain cytokines may exacerbate tissue damage. Additionally, they can directly kill virus-infected

cells.

The activation signaling

The secretion of cytokines The direct killing effect

1. Recognition of
phosphoantigens [41]

1.

IFN-y: (1) Inhibit the proliferation of infected cells [26]. (2) Promote the maturation of
DCs and the formation of adaptive immunity [38].

1. y38 T cell-mediated
cytotoxicity [41,42]

2. Mechanical contact of
y8 TCR with EPCR [25]

. IL-17A: (1) Promote the cytotoxic activity of CD8* T cells in WNV [40]. (2) Serum levels of

IL-17A are positively correlated with the severity of dengue fever patients [33].

3. TLR7-MyD88 signaling
pathway [37]

. TNF-a: Vy4* T cells may enhance susceptibility of aged mice to WNV via increased secre-

tion of TNF-a [36].

EPCR, endothelial protein C receptor; DCs, dendritic cells; TLR7, toll-like receptor 7; MyD88, myeloid differentiation factor 88; IL17-RA, IL-17A receptor; DENV,
dengue virus; WNV, West Nile virus; TNF-a, tumor necrosis factor a.

https://doi.org/10.1371/journal.pntd.0012972.t002
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cells, implying that mast cells require mechanical contact with yd T cells to enhance their
activation. Finally, it was observed that DENV infection increased surface expression of EPCR
on mast cells; blocking EPCR with specific antibodies reduced the activation level and number
of y8 T cells [25] (Fig 1A).

The TLR7-MyD88 signaling pathway has been demonstrated to participate in the activa-
tion of y§ T cells during WNV infection. In vitro treatment of mouse yd T cells with TLR7
agonists showed increased activation, evidenced by significant upregulation of activation
marker CD69 and elevated levels of Th1-type cytokines (IFN-y and TNF-a) in the supernatant
(Fig 1B). In TLR7~ and MyD88~~ mice infected with WNYV, significant reductions in the pro-
portion of y§ T cells were observed on days 3 and 5 post-infection compared to controls [37].

The secretion of cytokines

yO T cells serve as the primary early source of IFN-y during anti-WNYV infection. Infection of
IFN-y~~ mice with sublethal doses of WNV resulted in nearly all IFN-y~~ mice succumbing
(90%), compared to 30% in the control group. Given that both af T cells and y8 T cells can
produce IFN-y, researchers further investigated the source of IFN-y by assessing IFN-y secre-
tion among various cell subsets in splenocytes. By day 2 post-WNV infection in WT, TCRS ™",
and TCRS ™~ mice, significant levels of IFN-y were detected in the blood and splenocytes of
WT and TCR~ mice, whereas IFN-y was nearly undetectable in TCR§~~ mice [26]. Addi-
tionally, the downregulation of IFN-y secretion was observed in DCs from WNV-infected
TCRS™ mice compared to WT mice, evidenced by decreased surface activation markers
CD40, CD80, CD86, and MHC-II. Moreover, co-culture experiments of DCs harvested from
infected mice with CD4* T cells showed significantly reduced activation levels of CD4* T cells
when DCs were derived from TCRS~~ mice [38] (Fig 1B).

yS T cells may contribute to the regulation of adaptive immunity through the secretion
of IL-17A, thereby exerting an indirect antiviral effect against flavivirus infections. As previ-
ously mentioned, TCR§”~ mice surviving initial WNV infection remained more susceptible to
subsequent WNV infections compared to controls. Considering that yd T cells may directly
participate in anti-infection responses during secondary infections, researchers depleted
y8 T cells in surviving WT mice prior to secondary infection. The results indicate that even
in the absence of y§ T cells, nearly all mice survived, suggesting that yd T cells do not exert
a predominant anti-infection effect during secondary WNV infection [35]. Consequently,
researchers evaluated the adaptive immunity of TCR§~ and WT mice surviving initial WNV
infection, finding no differences in IgM, IgG, and WNV-specific neutralizing antibody titers
between the two groups. Subsequently, sera from both groups were transferred to naive mice
prior to WNV challenge, and recipients from both groups successfully resisted lethal doses
of WNV [35]. In a mouse model infected with JEV, TCR§~~ mice also exhibited comparable
JEV-specific neutralizing antibody titers to WT mice [39]. These data suggest that yd T cells
do not impact the formation of flavivirus-specific neutralizing antibodies.

Therefore, researchers further analyzed the function of CD8" T cells, demonstrating that
naive mice receiving splenocytes from surviving TCR™~ mice had higher mortality rates
compared to those receiving splenocytes from surviving WT mice, indicating a regulatory
role of yO T cells in the function of CD8* T cells. Further functional analysis revealed that
surviving TCRS™ mice exhibited reduced numbers of CD8" T cells post-infection compared
to WT mice, along with diminished IFN-y secretion and cytotoxic activity [35]. Another study
showed that IL-17A~" mice infected with WNV displayed significantly reduced cytotoxic
activity of CD8" T cells and lower expression levels of cytotoxic genes compared to WT mice
[40]. y8 T cells may promote the cytotoxic function of WNV-specific CD8* T cells through
IL-17A secretion, contributing to WNV clearance, but further research is warranted (Fig 1B).
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Fig 1. The protective mechanism of yd T cells in flavivirus infections. A. Mechanical contact between tissue-resident yd TCR and
endothelial protein C receptor (EPCR). Following footpad injection of Dengue virus (DENV) in mice, skin-resident yd T cells are the
first to be activated. This activation occurs through mechanical interaction between their T cell receptor (TCR) and EPCR, which is
upregulated on the surface of DENV-infected mast cells, thereby initiating their protective function. B. Protective mechanism of y3 T
cells in peripheral blood. yd T cell activation is primarily mediated through their TCR, which recognizes BTN proteins on the surface
of infected cells. These BTN proteins undergo conformational changes in response to the intracellular accumulation of phosphoanti-
gens, enabling TCR engagement. Furthermore, TLR7, a pattern recognition receptor that detects single-stranded RNA, has also been
implicated in y§ T cell activation under certain conditions. Upon activation, yd T cells execute their antiviral functions via two distinct
mechanisms: direct and indirect pathways. The direct antiviral mechanism involves surface molecules such as NKG2D, TRAIL, and
FasL, which detect the upregulation of corresponding ligands on infected cells. This interaction facilitates the targeted release of
cytotoxic mediators, including perforin and granzyme B, resulting in the lytic destruction of infected cells. Conversely, the indirect
antiviral mechanism is characterized by the secretion of IFN-y, a cytokine that plays a pivotal role in facilitating the adaptive immune
response, thereby augmenting viral clearance and immune defense. NKG2D, natural killer group 2 member D; TRAIL, tumor necrosis
factor-related apoptosis-inducing ligand; FasL, Fas ligand; Created in BioRender.

https://doi.org/10.1371/journal.pntd.0012972.9001
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Table 3. y3 T cell-based anti-flaviviral potential therapies. Currently, there are five types of y§ T cell-based
immunotherapies. These methods primarily utilize the specific recognition and activation mechanisms of y§ T
cells to enhance their secretion of interferons and their cytotoxic ability against infected cells.

Strategies Therapies Mechanism References
Expanded y§ T cells IPP Stimulate y8 T cells proliferation [43]
directly
ZOL, PAM Promote the accumulation of [8,41]
phosphoantigens
ICTO1 Promote the binding of BTN3A1 [44,46]
and BTN2A1
Bispecific antibody Anti-yd TCR and anti-flavivirus Promote the accumulation and [54]
antigen activation of y§ T cells
Flavivirus-reactive TCR and Bring more general T cells to [53]
anti-CD3 scFV infected sites
CAR-y3 T cells CAR-y8 T cells with flavivirus Kill infected cells more precisely [61]
antigen
CAR-y8 T cells with NKG2D Induce more y§ T cells migration | [63]
to infection sites
y8 TCR- T cells ap T cells with yd TCR Enhance T cells sensitivity to [65]
infected cells
ap T cells with yd TCR, CD3 and | Promote activation and increase [64]
flavivirus antigen-targeting Fab specificity of T cells
fragment
Drug-assisted y& T cells RO7020531 Enhance the cytotoxicity of [66,67]
yS T cells via the activation
of TLR7
Anti-TIM-3 antibody Promote the secretion of IFN-y via | [27,68,69]
the inhibition of TIM-3
Vitamin C Reduce apoptosis of y§ T cells [70,71]
AHCC Promote the proliferation of y§ T [72]
cells and increase the production of
IgM and IgG

IPP, isopentenyl pyrophosphate; ZOL, zoledronic acid; PAM, pamidronate; ICTO01: agonist of BIN3A1; BTN, butyro-
philin; scFV, single-chain variable fragment; CAR, chimeric antigen receptor; NKG2D, natural killer group 2 member
D; RO7020531: agonist of TLR7; Tim-3, T cell immunoglobulin domain and mucin-domain-3; AHCC, active hexose
correlated compound.

https://doi.org/10.1371/journal.pntd.0012972.t003

The direct killing effect

Upon activation, y§ T cells can directly lyse target cells infected with flaviviruses. Co-culturing
human y3 T cells with WNV-infected cells resulted in significantly elevated levels of perfo-

rin in the supernatant and pronounced cytopathic effects compared to uninfected cells [41].
Similar observations were made in co-cultures of human y8 T cells with ZIKV-infected cells.
Further investigation revealed that ZIKV infection upregulated expression of NKG2D ligands
on target cells, and that blocking y§ T cell-mediated cytotoxicity against target cells can be
achieved using NKG2D antibodies [42] (Fig 1B).

Potential of y&6 T cells-based anti-flaviviral therapies

Based on the aforementioned summary, it can be concluded that y§ T cells are the first
responders during the early stage of flavivirus infections, providing antiviral defense while
also facilitating the development of adaptive immunity. Therefore, in the context of limited
treatment options for flavivirus infections, y§ T cells may offer a promising avenue for novel

PLOS Neglected Tropical Diseases | https:/doi.org/10.1371/journal.pntd.0012972  April 17, 2025

9/19



https://doi.org/10.1371/journal.pntd.0012972.t003

PLOS NEGLECTED TROPICAL DISEASES The role of y3 T cells in flavivirus infections

v8 TCR Accumulatlon \ Anti-CD3 —
| Anti-flavivirus  ___ scFV
— BTN2A1 antigen antibody

BTN3A1 ° @®  Anti-yd TCR
% ZOL/PAM antibody
v3 T cell Infected cell / \ Y3 TCR —

ICT01
e\ B;
< S, .
& %
> °
¥ %,
3 3
[ ) Phosphoantigen 3 Oo_ ‘ Flavivirus antigen
& e
. Flavivirus
yd T cell-based
potential therapies for
i flavivirus infections 2 NKG2D
N & NKG2D o
Q A external —
P » (O region
C’6’//8 (;PgL
ap T cell
CAR—
> yd TCR

‘ Flavivirus antigen

Fig 2. yd T cell-based potential therapies for flavivirus infections. Current immunotherapies based on yd T cells primarily include
four main strategies. The first strategy involves the use of expanded y§ T cells, which is mainly based on the activation mechanism

of y§ TCR. Zoledronic acid (ZOL) and pamidronate (PAM) can promote the accumulation of phosphoantigens within infected cells,
which in turn induces conformational changes in BTN2A1 and BTN3A1, allowing them to interact with y§ TCR and activate y§ T
cells. Additionally, the BTN3A1 activator ICT01 can directly induce conformational changes in BTN3A1, thereby activating yd T cells
through a phosphoantigen-independent pathway. The second strategy involves the use of bispecific antibodies, which are designed
based on two approaches: the first approach aims to direct yd T cells toward flavivirus-infected cells to enhance their specificity; the
second utilizes the recognition properties of yd TCR to target a3 T cells to the site of infected cells. The third strategy builds upon yd T
cells by introducing artificially engineered chimeric antigen receptors (CARs) designed to target flavivirus antigens or NKG2D ligands
specifically upregulated in infected cells, thereby further enhancing the cytotoxic function of y8 T cells. The fourth strategy leverages
the unique recognition characteristics of yd TCR to modify af T cells, endowing them with similar recognition capabilities to y§ T
cells, thereby increasing their ability to kill infected cells. NKG2D, natural killer group 2 member D. Created in BioRender.

https://doi.org/10.1371/journal.pntd.0012972.9002

therapeutic strategies. Given the successful application of y§ T cell-based immunotherapies in
the treatment of other diseases, this section discusses the possibility of applying the currently
developed yd T cells therapies to the treatment of flavivirus infections, hoping to give some
suggestions for further research in this area (Table 3).
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Expanded yd T cells

Based on the mechanism of y8 T cell activation by pAgs, the administration of human PBMCs
with pAgs leads to rapid and selective expansion of Vy9V2 T cells in vitro [43]. Furthermore,
amino-bisphosphonates (such as Zoledronic acid and pamidronate), by inhibiting farnesyl
pyrophosphate synthase and disrupting the mevalonate pathway, result in intracellular
accumulation of pAgs, thereby specifically activating VyoV82 T cells [8,41]. Additionally,

the BTN3A1 monoclonal antibody 20.1 directly binds BTN3A1, inducing a conformational
change that facilitates binding with BTN2AI, thus stimulating proliferation of Vy9Vo2 T

cells in an pAgs-independent manner [44]. Furthermore, in humanized mice infected with
influenza A virus, treatment with amino-bisphosphonates improved several protective indi-
cators, including body weight, lung tissue pathology, viral load, and mortality [8]. Of note,
amino-bisphosphonates have already been clinically applied in the treatment of Paget’s disease
[45]. Additionally, the BTN agonist ICT01 has also demonstrated promising clinical efficacy
in cancer therapy and is considered safe for human use [46] (Fig 2). Excitingly, due to their
HLA-independent, allogeneic Vy9V82 T-cell therapy—where Vy9V62 T cells from healthy
donors are expanded and infused into patients—has been shown to prolong the survival of
cancer patients without causing adverse effects [47]. In the future, patients with acute flavivi-
rus infections may potentially receive pre-expanded Vy9Vo2 T cells from healthy donors to
control the progress of acute viral infection. Therefore, the therapeutic potential of Vy9V62 T
cells could be rapidly evaluated in mouse models and subsequently advanced to clinical trials
for the treatment of flavivirus infections.

In addition to Vy9V2 T cells, the challenge of expanding V81 T cells has been success-
fully addressed, resulting in the development of delta one T (DOT) cells suitable for clinical
use [48]. Preclinical studies have demonstrated that DOT cells can effectively suppress cancer
progression in xenograft models [49]. Importantly, DOT cells produce abundant IFN-y and
TNF-a but do not secrete IL-17A [48]. Notably, IL-17A has been shown to play a protec-
tive role in WNV infections but to exacerbate disease severity in DENV infections [33,40].
Therefore, the safety and efficacy of DOT cells need to be further evaluated across different
flaviviruses. Overall, given the absence of human clinical trials and the limited research related
to flaviviruses, DOT cells should not currently be considered a primary therapeutic option for
the treatment of flavivirus infections.

Bispecific antibody

In HCMV [50], hepatitis B virus (HBV) [51], and HIV [52] infections, there has been pre-
liminary research on T cell-engaging bispecific antibodies (bsAbs). One arm of bispecific
antibodies targets viral-specific antigens, while the other arm targets antibody molecules on
T cell surfaces (such as CD3, Vy9), thereby directing T cells towards infected cells. However,
the efficacy of CD3-targeting bsAbs may be limited since they activate T cells across all lin-
eages [53]. Recruiting y0 T cells with defined protective roles (such as Vy9V2 T cells) to kill
infected cells may offer advantages over CD3-based bsAbs. Moreover, Vy9V62 T cells com-
bined with bsAbs can still be activated by pAgs, further enhancing their cytotoxic functions
[54]. Additionally, Vy9-based bsAbs have been tested for phase I clinical trial [54]. Therefore,
one arm of the bsAbs designed for the treatment of flavivirus infections could be targeted
against the E protein or NS1 protein (Fig 2). The E protein, as a structural component of
flaviviruses, is a critical epitope for neutralizing antibodies [55]. Although the NS1 protein, a
non-structural component of flaviviruses, is not expressed on the viral surface, it is secreted
into the bloodstream during the early stage of infection and is thus commonly used as an early
biomarker for flavivirus infections [56]. Furthermore, the antibody structures targeting these
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two proteins have already been extensively characterized [57,58], significantly reducing the
complexity of bsAbs design. Therefore, this therapeutic approach should be given priority
consideration.

CAR-yd T cells

Chimeric antigen receptor (CAR)-T cell therapy has been widely employed in cancer treat-
ment, primarily by genetically modifying afp T cells to introduce receptor genes capable of
recognizing tumor-specific antigens, thereby achieving precise targeted killing. However, as
a personalized therapy, CAR-T requires extensive preparation and incurs high costs. Allo-
geneic transplantation may lead to severe graft-versus-host disease (GVHD) and cytokine
release syndrome [59]. In contrast to af T cells, both NK cells and yd T cells do not require
prior sensitization and do not cause GVHD, making them increasingly attractive in CAR-T
cell therapy. CAR-NK cells targeting the S protein of SARS-CoV-2 enhanced the produc-
tion of TNF-a and IFN-y upon binding to viral particles, thereby augmenting cytotoxicity
against cells expressing high levels of the spike protein [60]. However, CAR-NK cell therapy
faces challenges such as difficulties in vivo expansion and low transfection efficiency. Con-
versely, CAR-y8 T cell therapy based on Vy9V82 T cells can overcome the limitations of
CAR-T and CAR-NK cells, promising significant application prospects [61]. Furthermore,
expanded CAR-Vy9V2 T cells retain cross-presenting capabilities, enabling direct antigen
presentation to afp T cells and enhancing overall immune response against infections [62].
Elevated expression of NKG2D ligands were observed in target cells infected with ZIKV [42].
Therefore, in addition to targeting viral antigens, CAR-yd T cells can be engineered to target
NKG2D ligands, further enhancing their targeted killing function [63]. In conclusion, the
engineering of Vy9V82 T cells derived from healthy donors, incorporating flaviviruses anti-
gens or NKG2D-CAR, could significantly enhance the targeting capability of Vy9V2 T cells
(Fig 2). However, such approaches should be pursued primarily in scenarios where allogeneic
VYOV2 T cells therapy fails to achieve sufficient therapeutic efficacy and requires further
optimization.

y8 TCR-T cells

Traditional TCR-T cell therapy involves screening and identifying af TCR sequences that
specifically bind target antigens. Through genetic engineering, these sequences are transduced
into the nuclei of patient’s conventional T cells, enabling them to express aff TCR sequences
for specific recognition and killing of target cells. In HBV, infusion of HBV-specific CD8* V3
T cells into HBV -related hepatocellular carcinoma patients resulted in decreased or stable
levels of HBsAg and HBV DNA in most patients’ circulation, highlighting the therapy’s signif-
icant targeting efficacy [64]. Leveraging the rapid target cell recognition capability of y§ TCR
involves transducing y§ TCR into conventional T cells to enhance their sensitivity to target
cells. Furthermore, fusion of y§ TCR with T cell stimulatory molecule CD3 and viral antigens
further enhances signal transduction and targeting of y§ TCR-T cells [65] (Fig 2). Since this
approach does not directly utilize Vy9V82 T cells but leverages the recognition mechanism of
the Vy9V82 TCR to enhance the specificity of af T cells, it necessitates consideration of MHC
restriction, which may lead to the occurrence of GVHD. Therefore, this approach should not
currently be considered for the treatment of flavivirus infections.

Drug-Assisted yd T cells

TLR7, as a crucial pattern recognition receptor for flaviviruses, is involved in the activa-
tion of y§ T cells during WNV infection [37]. TLR7 agonists serve as adjuvants in cancer
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immunotherapy clinical trials. Pre-treatment of tumor cells with TLR7 ligands significantly
enhances the cytotoxicity of y8 T cells [66]. A current phase I clinical study demonstrated that
the TLR7 agonist RO7020531 was effective and well-tolerated in patients with chronic hepati-
tis B [67]. Therefore, TLR7 agonists may hold promise for treating flavivirus infections.

TIM-3, a negative regulator of immune cells, suppresses the Th1 cytokine secretion and
cytotoxicity of VyYOV2 T cells when elevated. Blocking TIM-3 enhances the function of
VYOVE2 T cells [68,69]. Increased expression of the TIM-3 molecule on IFN-y* y§ T cells was
observed in patients with acute dengue fever [27], suggesting that TIM-3 upregulation may
impair the anti-infective function of y8 T cells, potentially contributing to the manifestation of
clinical symptoms. Therefore, anti-TIM-3 therapy may benefit patients infected with DENV.

Vitamin C (VC) is an essential vitamin that plays a crucial role in regulating immune cell
functions. A research study indicated that VC reduces apoptosis of y8 T cells and increases
secretion of Th1 cytokines [70]. In patients infected with ZIKV, high-dose intravenous VC
administration alleviated clinical symptoms without adverse effects [71]. However, further
clarification is needed regarding the role of y§ T cells in this context.

In a mouse model of WNV infection, oral administration of active hexose correlated
compound (AHCC) one week before infection, on day 1 and 3 post-infection enhanced mice
resistance against lethal doses of WNV. Moreover, an increase in y§ T cell numbers and
specific IgM and IgG production against WNV was observed [72]. These findings suggest that
dietary supplementation with AHCC may enhance y8 T cell function, thereby prophylactically
boosting host resistance against flaviviruses (Table 3).

Potential role in vaccine

In addition to their direct anti-infective role, y0 T cells function as part of adaptive immunity,
undergoing significant expansion and generating memory-like responses during secondary
viral infections [6,73], and promoting the formation of adaptive immunity through antigen
presentation and cytokine secretion [38,74]. In rhesus macaques, following immunization
with YF-17D (a live attenuated YFV vaccine) and recombinant adenovirus type 5 vaccines,
an increase in IFN-y was observed only in the YF-17D group. Further data analysis revealed
an early increase in the proportion of IFN-y* yd T cells, highlighting the significant role of y8
T cells in vaccine immunity [75]. Moreover, studies indicated that short-term oral adminis-
tration of y§ T cell modulator AHCC in subjects vaccinated against influenza virus enhanced
titers of influenza-specific antibodies and increased the number of CD8" T cells [76]. Addi-
tionally, a recent study has demonstrated that the measles, mumps, and rubella vaccine can
induce yO T cells to develop trained immunity, a phenomenon in which innate immune
cells exhibit an enhanced functional response upon re-exposure to pathogens or unrelated
stimuli [77]. This effectively leverages the non-MHC-restricted characteristics of y§ T cells,
thereby broadening the protective spectrum of the vaccine. Consequently, future flavivirus
vaccine designs should consider incorporating strategies to activate yd T cells to enhance their
efficacy.

In summary, current Y8 T cell-based immunotherapies predominantly focus on VyoVvé2
T cells due to their well-defined mechanisms of specific activation and expansion, estab-
lished manufacturing processes, and favorable clinical safety profiles. Therefore, future
development of y§ T cell immunotherapies for flavivirus infections should prioritize this
subset. Among the various methods discussed, amino-bisphosphonates, which are already
in clinical use, and the clinically safe BTN agonist ICT01 should be considered as primary
candidates for therapeutic trials targeting flavivirus infections. Additionally, immunomod-
ulators such as VC and AHCC could serve as complementary approaches. Furthermore,
the design of bispecific antibodies (bsAbs) should integrate flavivirus-specific antigens,
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such as the E protein or NS1 protein, with Vy9-targeting antibodies. Moreover, flavivirus
vaccine development should explore strategies to specifically activate y§ T cells. These two
approaches, when rationally designed, could be evaluated in preclinical animal models to
assess their efficacy and translational potential.

Conclusion marks

Opverall, the available evidence indicates that y§ T cells play a protective role in flavivi-

rus infections. The immunotherapies based on yd T cells can be considered as a potential
therapeutic approach for flavivirus infections. However, several key questions remain to

be further elucidated: (i) the immune characteristics and roles of various yd T cell subsets
(V81, V82, V§3) in flavivirus-infected patients. Currently, our focus has been predomi-
nantly on the V82 subset during flavivirus infections. However, the unique recognition
patterns of the VO1 subset in viral infections and the significant increase in the proportion
of V81~ V62~ cell subsets in ZIKV-infected patients necessitate investigation into the roles
of other y§ T cell substructures in flavivirus infections. (ii) The protective mechanism of y§
T cells needs to be further explored. For example, y0 T cells not only process endogenous
antigens to induce activation of CD4" aff T cells but also uptake and cross-present solu-

ble antigens to activate CD8* af T cells in HCMYV infections [6]. If we can clarify whether
y8 T cells play this role in flavivirus infections, it may be meaningful for vaccine design
and immunotherapy strategies. (iii) The efficacy and safety of y§ T cell-based therapies in
flavivirus infections. Currently, effective treatments for flaviviruses are lacking. Exploring
the safety and efficacy of these therapies in flavivirus infections could alleviate the disease
burden. Based on current treatment strategies, we provide a framework for prioritizing ther-
apeutic approaches. Addressing these questions will improve our understanding of the role
y8 T cells play in flavivirus infections and promote the safe application of y§ T cell-based
therapeutic strategies in their treatment.
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Learning points

o Due to the acute onset of flavivirus infections and the lack of rapid adaptive immune
responses, the innate immune system, particularly y§ T cells, plays a helpful role in early
defense mechanisms.

o y8 T cells are a major component of the innate immune system and can rapidly respond to
infections by exhibiting cytotoxic activity and secreting antiviral cytokines. During flavivi-
rus infections, their numbers and functions undergo changes.

o In the context of the lack of flavivirus treatment, the potential application of yd T cells-
based therapies could be considered into flavivirus treatment, hoping to give some sugges-
tions for the exploration of new therapeutic strategies.
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