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Abstract
Vγ4+ cells, a subpopulation of peripheral γδ T cells, are involved in West Nile virus (WNV)
pathogenesis, but the underlying mechanism is unclear. In this study, we found that WNV-infected
Vγ4+ cell-depleted mice had lower viremia and a reduced inflammatory response in the brain.
Vγ4+ cells produced interleukin (IL)-17 during WNV infection, but blocking IL-17 signaling did
not affect host susceptibility to WNV encephalitis. We also noted that there was an enhanced
magnitude of protective splenic Vγ1+ cell expansion in Vγ4+ cell-depleted mice compared to that
in controls during WNV infection. Additionally, Vγ4+ cells of WNV-infected mice had a higher
potential for producing transforming growth factor (TGF)-β. γδ T cells of WNV-infected Vγ4+

cell-depleted mice had a higher proliferation rate than those of WNV-infected controls upon ex
vivo stimulation with anti-CD3, and this difference was diminished in the presence of TGF-β
inhibitor. Finally, Vγ4+ cells of infected mice contributed directly and indirectly to the higher
level of IL-10, which is known to play a negative role in immunity against WNV infection. In
summary, Vγ4+ cells suppress Vγ1+ cell expansion via TGF-β and increase IL-10 level during
WNV infection, which together may lead to higher viremia and enhanced brain inflammation.
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Introduction
West Nile virus (WNV) belongs to the family of Flaviviridae, a group of plus-sense, single-
stranded RNA viruses. Since its first appearance in 1999 in New York City, the virus has
spread across most of the United States, parts of Canada, Mexico, Guatemala, the Caribbean
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and to several countries in South America (Petersen & Hayes, 2008, Murray, et al., 2011).
Although most WNV infections in humans are asymptomatic, a small percentage of them
result in encephalitis and death, mainly in the elderly and immunocompromised. At present,
there is no specific therapeutic agent for treatment of the infection or an approved vaccine
for its prevention (Petersen & Hayes, 2008). WNV can gain access to the central nervous
system (CNS) after a brief viremia in the periphery, a process called neuroinvasion that may
turn a mild viral infection into severe lethal encephalitis or death within 7–10 days (Ben-
Nathan, et al., 1996, Diamond, et al., 2003). The mechanisms by which WNV enters the
CNS are not yet clearly understood. It was suggested that the virus infects the CNS in part
via hematogenous spread, as increased viremia correlates with earlier viral entry into the
brain (Diamond, et al., 2003). Therefore, it is critical to control virus dissemination in the
periphery. Once inside the brain, WNV-induced CNS disease might be caused by neuronal
cell death directly by viral infection, and/or by bystander damage from the immune response
to the pathogen, including lymphocyte and macrophage/microglia responses (Sampson &
Armbrustmacher, 2001, Xiao, et al., 2001, Shrestha, et al., 2003, Wang, et al., 2003).

γδ T cells are a minority of the CD3+ T cells in lymphoid tissue and blood, but are well
represented at epithelial and mucosal sites (Hayday, 2000). They can rapidly produce
cytokines in response to microbial antigens (Ferrick, et al., 1995, Wang, et al., 2001, Wang,
et al., 2001)– γδ T cells are divisible into functionally distinct subsets which have direct and
indirect effects on host immunity to infectious pathogens (Bank, et al., 1986). For example,
Vγ1+ and Vγ4+ T cells are two major subpopulations of peripheral γδ T cells in mice.
Splenic Vγ1-bearing T cells are important in the elimination of Listeria by their interferon
(IFN)-γ– producing activity (Matsuzaki, et al., 2002). In Coxsackievirus-infected mice,
Vγ4+ T cells enhance CD4+ Th1 cell activation through IFN-γ and CD1-dependent
mechanisms and promote the activation of autoimmune CD8+ T cells, which could
ultimately lead to myocarditis (Huber, et al., 2000).

Our earlier work shows that γδ T cells respond rapidly following WNV infection, limiting
viremia and invasion of the CNS partially via IFN-γ- production, thereby protecting the host
from lethal encephalitis (Wang, et al., 2003). Following this study, we have found that γδ T
cell subsets may play distinct roles in protection and pathogenesis during WNV infection
(Welte, et al., 2008). Vγ1+ T cells were the major source of IFN-γ which helps to protect
the host from lethal encephalitis. Mice depleted of these cells had enhanced viremia and
higher mortality to WN encephalitis. In contrast, the depletion of Vγ4+ T cells resulted in a
decreased viral load in the brain and a lower mortality due to WN encephalitis. In this study,
we further investigated the role of Vγ4+ T cells in WNV-induced encephalitis.

Materials and methods
Infection in mice

6- to 10-week-old C57BL/6 (B6) mice were purchased from the Jackson Laboratory (Bar
Harbor, ME). Groups were age- and sex-matched for each experiment and housed under
identical conditions. All animal experiments were approved by the Animal Care and Use
Committee at Colorado State University or the University of Texas Medical Branch. Mice
were injected intraperitoneal (i.p.) with 800 plaque-forming units (PFU) of WNV 385-99
((Tesh, et al., 2005), a dose close to LD100). Infected mice were monitored twice daily for
morbidity, lethargy, anorexia and ataxia.

In vivo depletion of γδ subpopulations or blocking IL-17 signaling
T-cell depletion was achieved by two consecutive injections of 100 µg of hamster anti-Vγ4
(mAb UC3, purified from hybridoma culture supernatants (Hahn, et al., 2004) or purchased
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from BD Biosciences (San Diego, CA).) i.p. at 2 days and 24 h before WNV challenge
(Welte, et al., 2008). Sham Ab treatments were performed with the same amount of hamster
IgG isotype (Innovative Research, Southfield, MI). To block IL-17 signaling, B6 mice were
administered with anti-mouse IL-17A (100 μg/day; eBioscience, San Diego, CA) or mouse
IgG1 (100 μg/day; Sigma-Aldrich, St. Louis, MO) at days 0 and 5 post-infection, as
described in an earlier study (Hou, et al., 2009).

Purification of spleen T cells and brain leukocytes
Splenic total T cells and γδ T cells were purified by anti-CD90 magnetic beads or a TCRγ/
δ+ T Cell Isolation Kit according to the manufacturer’s instructions (Miltenyi Biotec,
Auburn, CA) with a purity of 92% and 90%, respectively. Brain leukocytes were isolated
based on a previously described method (Glass, et al., 2005). Prior to harvest, extensive
cardiac perfusion was done by using PBS to deplete intravascular leukocytes. Brains were
collected and homogenized. Cell homogenates were centrifuged and re-suspended in 7 ml
PBS with 2% fetal bovine serum mixed with 3 ml of 90% Percoll (Sigma-Aldrich) in PBS.
The suspension was next underlayed with 1 ml of 70% Percoll in RPMI and centrifuged at
800×g for 20 min at 22°C. Leukocytes at the interface were harvested and counted.

Quantitative PCR (Q-PCR) or PCR for determining viral load, T cell levels and cytokine
production

RNA was extracted from blood and brain of non-infected and WNV-infected mice by using
an RNAeasy extraction kit (Qiagen, Valencia, CA) and was employed to synthesize cDNA
by using the ProSTAR First-strand RT-PCR kit (Stratagene, Cedar Creek, TX). The
sequences of the primer-probe sets for WNVE, CD11b, CD8, IL-10, IL-17 and TGF-β genes
(Phares, et al., 2006, Kang, et al., 2009, Xu, et al., 2009) and PCR reaction conditions were
described previously (Lanciotti, et al., 2000, Wang, et al., 2004). The primers for the Gr1
gene were purchased from SABiosciences (Frederick, MD). Q-PCR analysis was performed
with iQ SYBR Green Supermix (Bio-Rad, Hercules, CA) on a CFX96 real-time PCR system
(Bio-Rad). To normalize the samples, we used the same amount of cDNA in a Q-PCR for β-
actin. The ratio of the amount of amplified gene compared with the amount of β-actin cDNA
represented the relative levels in each sample. For Il-10 and tgf-β genes, it was calculated
based on Ct values using the formula 2^ −[Ct(cytokine gene)−Ct(β-actin)] as described in RT2

Profiler™ PCR Array User Manual (SA Biosciences). For Vγ4 expression in the brain, the
cDNA of infected mice brain homogenates or spleen samples was amplified by using
primers described in an early study (Andrew, et al., 2005).

Flow cytometry
Brain leukocytes were stained with antibodies for cell surface markers, including Gr-1, CD3,
TCRγδ, CD45 (BD Biosciences) and Vγ4. Fixed cells were examined by using a C6 Flow
Cytometer (Accuri cytometers, Ann Arbor, MI) or a FACSCantu (BD Biosciences). To
measure intracellular cytokine production, CD90+ splenocytes or brain leukocytes were
stimulated with 50 ng/ml PMA (Sigma-Aldrich) and 500 ng/ml ionomycin (Sigma-Aldrich)
for 4 h or 24h at 37°C in a Golgi-plug (BD Biosciences) containing medium. Cells were
harvested, stained with Abs for TCRαβ (BD Biosciences) and Vγ1, or Vγ4, fixed in 2%
paraformaldehyde, and permeabilized with 0.5% saponin before adding PE-conjugated anti-
TGF-β, anti-IL-10, anti-IL-17A, or control PE-conjugated rat IgG1 (BD Biosciences).
FoxP3 expression was analyzed by using a kit from eBiosciences (San Diego, CA)
according to the manufacturer’s instructions. Data were analyzed by using CFlow Plus
(Accuri cytometers) or Summit 4 software (Dako Cytomation).
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Cytokine measurement
CD90+ splenocytes were stimulated with 50 ng/ml PMA and 500 ng/ml ionomycin (Sigma-
Aldrich) for 24 h at 37°C. Supernatant was collected for cytokine measurement by using a
Bio-Plex Pro Mouse Cytokine Assay (Biorad).

In vitro T cell proliferation assay
CD90+ splenocytes or γδ T cells were labeled with 2.5 µM CFSE according to the
manufacturer’s instructions (Invitrogen, Carlsbad, CA) and cultured at 1×105 cells/well for
72 h in anti-CD3-coated (10 µg/ml, eBioscience) plates with medium containing hIL-2 (5
ng/ml, eBioscience). In some experiments, cells were treated with TGFβ inhibitor
SB-505124 (1 µM, Sigma-Aldrich), IL-10R neutralization antibody (10 µg/ml, Biolegend),
or isotype control rIgG (10 µg/ml, Jackson ImmunoResearch). Cells were harvested and
examined by a C6 Flow Cytometer (Accuri cytometers). αβ or γδ T cell proliferation was
assessed by flow cytometric analysis of CFSE dilution.

Histologic examination of tissues
Anesthetized mice were perfused with 30 ml of ice cold PBS. Brains were removed and
fixed in 4% paraformaldehyde. Subsequently, specimens were transferred to 70% ethanol
and processed. Then, 10-micron paraffin sections were prepared for staining with
hematoxylin & eosin. Stained sections were examined and scored by a pathologist, who was
blinded to the origin of the samples. A para-saggital section of each mouse brain (including
olfactory bulb, cerebellum, cerebrum, and brainstem) was submitted for histology, and from
each block, one to four sections were examined.

Statistical analysis
Data analysis was performed by using Prism software (Graph-Pad) statistical software.
Values for phenotype analysis, viral burden, and cytokine production were presented as
means ± SEM. The P values of these experiments were calculated with a non-paired
Student’s t test. Statistical significance was accepted at P < 0.05.

Results
V γ4+ cell-depleted mice had less viremia, accompanied by a reduced inflammation in the
brain at the later stage of infection

In previous work (Welte, et al., 2008), we showed that depletion of Vγ4+ T cells in mice
resulted in a decreased viral load in the brain and a lower mortality due to WN encephalitis,
partially because of the cells’ higher potential for producing tumor necrosis factor (TNF)-α,
a cytokine known to be involved in blood brain barrier compromise and WNV entry into the
brain (Wang, et al., 2004). Here, to further investigate its role in WNV pathogenesis, we
performed Vγ4+ cell-depletion in mice as described before (Welte, et al., 2008) followed by
i.p. infection with 800 PFU of WNV. We found that there was no difference in viremia
between the Vγ4+ T cell-depleted animals and controls at an early stages of infection (day
3). Vγ4+ T cell-depleted animals had reduced levels of viremia at the later stage of infection
(day 7) than did the controls (Fig. 1A, P < 0.05). These animals also exhibited reduced
histologic evidence of inflammation and neuronal damage at day 10 post-infection when
compared to equivalent findings in controls (Fig. 1B). In further phenotype analysis of brain
leukocytes by Q-PCR, we noted that the levels of macrophages/monocytes (CD11b+) and
CD8+ T cells were significantly reduced in Vγ4+ T cell-depleted mouse brains at day 7
post-infection (Figs. 1C & D, P < 0.05). The total number of infiltrating neutrophils detected
in Vγ4+ T cell-depleted mouse brains was also reduced by 63% (Fig. 1E, P < 0.05) at the
later stages of infection. Overall, Vγ4+ cell-depleted mice displayed less viremia,
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accompanied by a reduced inflammation and viral load in the brain at the later stages of
infection.

Vγ4+ cells produced interleukin (IL)-17 during WNV infection. Blocking IL-17 signaling did
not affect host susceptibility to WNV encephalitis

Recent reports have demonstrated that IL-17-producing γδ T cells play a key role in the
pathogenesis of several disease models (Roark, et al., 2007, Flierl, et al., 2008). Therefore,
we next determined the IL-17-producing activity of Vγ4+ cells during WNV infection. As
shown in Fig. 2A, both splenic Vγ1+ and Vγ4+ populations of naïve mice produced IL-17,
whereas Vγ4+ cells had a higher potential at day 3 post-infection (P < 0.05). At day 7 post-
infection, by flow cytometry analysis, we detected 9% of Vγ4+ cells among the overall
CD3+ brain leukocytes of WNV-infected mice (Fig.2B top panel). The infiltration of Vγ4+

cells in the brain was further confirmed by PCR analysis of WNV-infected brain samples
(Fig. 2B bottom panel). Among the gated brain leukocytes, almost all IL-17-producing cells
were stained positive for Vγ4 (Fig. 2C). To verify these results, we measured IL-17 levels in
Vγ4+ cell-depleted mice. Splenic T cells of Vγ4+ cell-depleted mice produced 60% less
IL-17 upon ex vivo stimulation with PMA and ionomycin, (P < 0.01, Fig. 2D). IL-17
expression in blood of these mice was also reduced by over 80% (Fig. 2E, P < 0.05). This
difference was not observed in non-infected mice (Figs. 2D & 2E, P > 0.05). Moreover,
there was an about 85% decrease in IL-17 expression in Vγ4+ T cell-depleted mouse brains
compared to those of controls (Fig. 2F, P < 0.05). To further test if the IL-17-producing
activity of Vγ4+ T cells contributes to viral pathogenesis, we treated mice with neutralizing
antibody to IL-17 or isotype control antibody followed by WNV infection. Surprisingly, we
found no statistical differences in the survival rates (0% vs. 20%, anti-IL-17-treated vs.
controls, P > 0.05, Fig. 3A). There was no difference in viral load in the blood and brain
between the two groups (Figs. 3B & 3C, P > 0.05). Further, we did not observe any
difference in either levels or number of the infiltrating monocytes, CD8+ T cells or
neutrophils between the two groups as measured by Q-PCR analysis and flow cytometry
(Figs. 3D-F, P > 0.05). Combined together, these data indicate that the Vγ4+ T cells produce
IL-17 during WNV infection. However, this activity seems to be dispensable in promoting
WNV-induced encephalitis or lethality in mice.

Vγ4+ cells suppressed the proliferation of Vγ1+ T cell subset via production of
transforming growth factor (TGF)-β

We have previously shown that splenic Vγ1+ T cells respond rapidly following WNV
infection, limiting viremia and virus invasion of the CNS partially via their IFN-γ-
producing activity and protect the host from lethal encephalitis (Wang, et al., 2003, Welte, et
al., 2008). Here, we noted that at day 3 post-infection, the total number of splenic Vγ1+ T
cells in the Vγ4 T cell-depleted mice was significantly enhanced compared to those in
controls (Figs. 4A, P < 0.05). This difference was sustained even at later stages of infection
(d7). The number of αβ T cells, nevertheless, was not different between the two groups (Fig.
4B, P > 0.05). To further determine if Vγ4+ cells suppress other T cell subset proliferation,
splenic γδ T cells or CD90+ T cells were isolated from controls and Vγ4+ cell-depleted
mice at days 0 and 2 post-infection and were CFSE labeled, treated with anti-CD3 for 3
days. T cell proliferation was measured by flow cytometry analysis. As shown in Fig. 4C,
γδ T cells of day 2-infected mice had a higher proliferation rate in the absence of Vγ4+ T
cells (58% ± 0.9%, P < 0.01) compared to those of controls (45% ± 1.0%). There was no
difference in the proliferation rate for either naïve γδ T cells or αβ T cells isolated from
naïve or infected mice (Figs. 4C & 4D, P > 0.05). Together, these results suggest that Vγ4 T
cells may be involved in regulating the other splenic γδ subset (Vγ1+) T cell response
during WNV infection.
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To understand the underlying mechanisms by which Vγ4+ cells suppress splenic Vγ1+ cell
expansion, we measured the production of the regulatory cytokines TGF-β and IL-10 by
Vγ4+ cells in WNV-infected mice. While both splenic Vγ1+ and Vγ4+ populations of naïve
or WNV infected mice produced TGF-β, the latter had a greater potential (Figs. 5A, P <
0.05). Both splenic Vγ1+ and Vγ4+ populations produced IL-10 upon ex vivo stimulation
with PMA and ionomycin; but there was no difference in IL-10 production between the two
splenic γδ T cell subsets (Fig. 5B). In Vγ4+ T cell-depleted mice, there was a 70% and 82%
reduction in TGF-β (Fig. 5C) and IL-10 expressions (Fig. 5D) in blood at day 3 post-
infection. We next asked whether these regulatory cytokines played a role in anti-CD3-
stimulated γδ T cell proliferation in vitro. Our results showed that the difference in the
proliferation rate of γδ T cells between WNV-infected controls and Vγ4+ cell-depleted
mice was diminished, if treated with a TGF-β inhibitor, but not with the neutralization
antibody for the IL-10 receptor (Fig. 6A). These data further suggest that Vγ4+ T cells may
suppress the proliferation of other γδ T cell subsets during WNV infection by production of
TGF-β.

Vγ4+ cells contributed to increased levels of IL-10 during WNV infection
IL-10 is known to be involved in WNV pathogenesis (Schneider, et al., 2007, Bai, et al.,
2009). WNV infection was diminished in IL-10-deficient mice, and this ultimately increased
the survival rate (Schneider, et al., 2007, Bai, et al., 2009). Here, we noted that there was a
61% reduction in IL-10 production by splenic T cells of WNV-infected Vγ4+ T cell-
depleted mice upon stimulation with PMA and ionomycin (Fig. 6B). These findings, when
combined with the results from Fig. 5D, indicate that Vγ4+ T cells might promote IL-10
levels during WNV infection. Although Vγ4+ T cells produced IL-10 during WNV
infection, they also suppressed the expansion of Vγ1+ T cells, which were shown to produce
IL-10 (Fig. 5B). To investigate this possible conflict, we measured IL-10-producing Vγ1+ T
cells in control and Vγ4+ T cell-depleted mice. We have found that the number of Vγ1+

IL-10- T cells significantly increased in Vγ4+ cell-depleted mice at day 3 post-infection
(Fig. 6C). Nevertheless, there was no difference in the number of Vγ1+ IL10+ splenic T
cells between these two groups of mice (Fig. 6C). This suggests that Vγ4+ T cells suppress
the proliferation of non-IL-10 producing-Vγ1+ T cells during WNV infection. Furthermore,
Bai et al. reported that CD4+ T cells were the major cellular resource for IL-10 during WNV
infection (Bai, et al., 2009). We also noted that IL-10-producing αβ T cells were
significantly reduced in Vγ4+ cell-depleted mice (Fig. 6D), which may indicate a role of
Vγ4+ cells in promoting IL-10-producing αβ T cells during WNV infection. Combined
together, these results suggest to us that Vγ4+ cells directly or indirectly contribute to the
increasing levels of IL-10 during WNV infection.

Discussion
WNV can gain access to the brain after a brief viremia in its periphery. Further, WNV
induced-CNS disease might be caused by direct infection in neurons, and/or by bystander
damage from the immune response to the pathogen (Sampson & Armbrustmacher, 2001,
Xiao, et al., 2001, Shrestha, et al., 2003, Wang, et al., 2003). Hence, it is critical to control
virus dissemination in the periphery and to limit virus entry and inflammation in the CNS. In
this study, we found Vγ4+ T cells might contribute to a higher viremia and/or more
inflammatory responses in the brain, including an increase in infiltrating monocytes, CD8+

T cells and neutrophils at the late stage of infection.

IL-17 producing γδ T cells were involved in the exacerbation of the disease in a collagen-
induced arthritis model (Roark, et al., 2007) or autoimmune encephalomyelitis (Sutton, et
al., 2009). IL-17 is known to increase inflammation by recruiting cells, such as neutrophils
or macrophages to the sites of infection (DiTirro, et al., 1998, Weaver, et al., 2007). Here,
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we noted that Vγ4+ T cells were one of the major sources of IL-17 production during WNV
infection, although the percentage of IL-17-producing γδ T cells was much lower than those
reported in our earlier study for IFN-γ and TNF-α production (Welte, et al., 2008).
Surprisingly, in vivo blocking of IL-17 signaling led to no differences in host susceptibility
to WNV infection. There were also no differences in the viral load of blood and brain and
levels of brain leukocytes between the two groups. These results may indicate that IL-17
production by Vγ4+ cells is not needed for the promotion of the viral pathogenesis that we
noted previously (Welte, et al., 2008).

γδ T cell subsets can be immunoregulatory, either in autoimmune and allergic diseases, or
in limiting tissue pathology in response to infection (Hayday & Tigelaar, 2003). Here, we
also reported that following WNV infection, Vγ4+ cells suppressed the protective Vγ1+ T
cell expansion, but not of αβ T cells in a TGF-β–dependent manner. This differential
suppression effect could be due to differences in the expansion patterns of the two subsets of
T cells during WNV infection. Earlier studies suggested that γδ T cell expansion was more
dramatic than that of αβ T cells in response to WNV infection (Wang, et al., 2003). γδ T
cells induced by TGF-β were reported to mediate a potent immunosuppressive effect on
anti-CD3-stimulated T cell activation and proliferation partially by upregulation of FoxP3
expression (Kang, et al., 2009). In line with this finding, we also noted a numeric decrease in
FoxP3 expression by γδ T cells in Vγ4+ T cell-depleted vs. sham-depleted mice at day 3
post-infection, as assessed by the percentage and mean fluorescence intensity, whereas no
differences were detected in αβ T cells between these two groups of mice (data not shown).
The underlying mechanism of TGF-β–mediated suppression on γδ T cell-expansion during
WNV infection is still under investigation.

The suppressive effect of Vγ4+ cells on Vγ1+ cell-expansion may contribute to viral
pathogenesis in two ways. First, Vγ1+ T cells are the major splenic γδ T cell subpopulation
to expand during WNV infection, and they produce IFN-γ, limit virus replication, and
contribute to ultimate protection of the host from lethal encephalitis. Inhibition of Vγ1+ T
cell-expansion thereby enhances viremia, which could lead to more virus dissemination into
the CNS and induce encephalitis, as shown in our earlier work (Welte, et al., 2008). Second,
the suppressive effect of Vγ4+ cells on Vγ1+ cell-expansion may indirectly contribute to
higher IL-10 levels during WNV infection. IL-10 is known to be involved in WNV
pathogenesis (Schneider, et al., 2007, Bai, et al., 2009). In this study, both Vγ1+ and Vγ4+

T cells were shown to produce IL-10 following WNV infection. In addition, Vγ4+ T cells
suppressed the expansion of the non-IL-10-producing Vγ1+ cells and promote IL-10
production by αβ T cells. The mechanisms by which Vγ4+ cells promote the IL-10
production by CD4+ T cells are not clear yet. An early study reported that Vγ1+ cells
reduced IL-10-producing CD4+CD25+ αβ T cells in the lungs of ovalbumin-sensitized and
challenged mice (Hahn, et al., 2008). We speculate that Vγ4+ cells may increase IL-10
producing CD4+ αβ T cells by suppressing the non-IL-10-producing Vγ1+ cells. Vγ1+ cells
are known to expand and be activated at the early stage of WNV infection. In comparison,
induction of IL-10 expression by CD4+αβ T cells reaches the peak at the late stage of
infection (day 5, Bai, et al., 2009). Here, we observed an apparent effect of Vγ4+ cell-
depletion on reduction of viremia only at day 7 post-infection. Although viremia may extend
by 1–2 days due to a high dose of viral challenge, it is likely that Vγ4+ T cells enhance
viremia predominantly by promoting IL-10- producing αβ T cells indirectly via the
production of TGF-β. This effect may ultimately lead to more WNV entry into the brain,
which are associated with increased neuronal damage, and a greater inflammatory response
in the CNS. Our previous findings suggest that Vγ4+ T cells have a higher potential for
producing TNF-α, a cytokine known to be involved in blood brain barrier compromise,
which also leads to more WNV entry and inflammatory cell infiltration into the CNS (Welte,
et al., 2008). Taken together, Vγ4+ T cells might contribute to a higher viremia and/or more

Welte et al. Page 7

FEMS Immunol Med Microbiol. Author manuscript; available in PMC 2013 March 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



inflammatory responses in the brain via production of both proinflammatory cytokine and
regulatory cytokines during WNV infection.

Little is known about the role of T cell-mediated pathology in WNV-related brain damage.
Our data now provide the first evidence that Vγ4+ cell-mediated immune responses play an
important role in WNV pathogenesis.
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Figure 1. Vγ4+-cell-depleted mice had less viremia and a reduced inflammatory response and
pathology in the brain following WNV infection
A. Viral load was determined in blood by Q-PCR in non-infected (NF) and WNV-infected
mice. n = 3–7. B. Hematoxylin and eosin stained mouse brain sections at day 10 post-
infection. Top left panel. Control showing leptomeningitis (arrows) and subpial microglial
hypertrophy (arrowheads). Top right panel. Vγ4+ T cell-depleted animal showing absence
of leptomeningitis. Bottom left panel. Control showing perivascular cuffing (arrow),
microglial proliferation, and an inflammatory nodule (arrowhead). Scale bar = 50 microns.
Bottom right panel. Vγ4+ T cell-depleted animal showing absence of perivascular cuffing or
parenchymal hypercellularity due to inflammation. C- D. CD11b (C) and CD8 levels (D) of
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non-infected (NF) and WNV-infected mouse brains were measured by Q-PCR. E. Number
of neutrophils in mouse brains at day 10 post-infection. n = 4–7. Data are presented as
means ± SEM. *P < 0.05 for control vs. Vγ4+-T-cell-depleted mice.
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Figure 2. Vγ4+ T cells produced IL-17 during WNV infection
A. Splenic T cells of naïve (day 0) or day 3-infected mice were cultured ex vivo with PMA
plus ionomycin and stained for Vγ1 or Vγ4, and IL-17 and gated on each γδ T cell subset
for analysis of the percentage of Vγ1+ IL-17+ or Vγ4+ IL-17+. n = 3–4. B. Vγ4+ T-cells
were detected in WNV-infected mouse brains (day 7) by flow cytometry (top panel) and
PCR analysis (bottom panel). Top panel: Cells were gated on CD3+CD45+ leukocytes.
Bottom panel: Brain cDNA samples from two WNV-infected mice were used. Spleen cDNA
was used as a positive control (Pos). Negative control (Neg): non-infected mouse brain. C.
Brain leukocytes of day 7-infected mice were cultured ex vivo with PMA plus ionomycin
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and stained for Vγ4 and IL-17 and gated on total leukocytes for analysis of the percentage
of Vγ4+ IL-17+. D. Supernatant of splenic T cells of non-infected (NF) or WNV-infected
mice (IF) were treated with PMA plus ionomycin for 24 h and measured for IL-17
production, n = 7. E-F. Vγ4+-cell-depleted mice had a reduced IL17 production in blood
(E) at day 3 and in brain (F) at day 7 post-infection, as determined by Q-PCR. n = 3–4. *P <
0.05 or **P < 0.01 for control vs. Vγ4+-T-cell-depleted mice.
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Figure 3. Viral load and inflammatory responses in anti-IL-17-treated mice
Mice were treated with neutralizing antibody to IL-17 or isotype control antibody, followed
by WNV infection. A. mice were monitored daily for survival following infection. P > 0.05
for control antibody-treated mice (n = 5) vs. anti-IL-17-treated (n = 5). B- C. Viral loads in
blood (B) and brain (C) of control and anti-IL-17-treated mice were measured by Q-PCR. D-
E. Monocytes (D) and CD8 T cell levels (E) in non-infected (NF) and WNV infected mouse
brains were measured by Q-PCR. F. Neutrophil number in mouse brains at day 7 post-
infection. n = 4–7.
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Figure 4. There were more Vγ1+-cells in the spleens of Vγ4+-cell-depleted mice during WNV
infection
A- B. splenic T cells of non-infected (NF) or WNV-infected mice were stained for Vγ1 or
TCRαβ. Total number of Vγ1+-cells (A) or αβ T cells (B) per spleen was shown. n = 4–6. *
P < 0.05 for control vs. Vγ4+-T-cell-depleted mice. C- D. In vitro T cell proliferation assay.
γδ+ (C) or CD90+ splenocytes (D) of controls or Vγ4+-cell-depleted mice were isolated
from non-infected (NF) or WNV-infected mice (day 2, IF), labeled with CFSE, and cultured
for 72 h with anti-CD3. Data shown are the percentage of T cell proliferation by flow
cytometric analysis of CFSE. In D, CD90+ splenocytes were stained TCRαβ, αβ T cells
were gated for analysis of the proliferation rate.
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Figure 5. Vγ4+ T cells produced TGF-β and IL-10 during WNV infection
A- B. Splenic T cells of non-infected (NF) and day 3 infected mice (IF) were cultured ex
vivo with PMA plus ionomycin and stained for Vγ1 or Vγ4, and TGF-β (A) or IL-10 (B).
Cells were gated on each γδ T cell subset for analysis of the percentage of Vγ1+ TGF-β+ or
Vγ4+ TGF-β+. C- D. TGF-β (C) or IL-10 (D) expression in blood in non-infected mice or at
day 3 post-infection as determined by Q-PCR. *P < 0.05 or **P < 0.01 compared to control
alone.
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Figure 6. Vγ4+ cells suppressed Vγ1+-T-cell expansion via TGF-β and contributed to higher
level of IL-10 during WNV infection
A. In vitro γδ T cell proliferation assay. γδ T cells of controls or Vγ4+-T-cell-depleted mice
at day 2-post infection were labeled with CFSE and stimulated with anti-CD3 for 72h in the
presence of anti-IL-10 receptor (α-IL-10 R) or isotype control (IgG) or TGF-β inhibitor
(TGFβ-I). n = 3–4 per group. B- D. Splenic T cells of non-infected (NF) or WNV-infected
(day 3, IF) controls or Vγ4+-T-cell-depleted mice were cultured ex vivo with PMA plus
ionomycin. B, supernatant was measured for IL-10 production by Bioplex, n = 7. C- D, cells
were harvested and stained for Vγ1 or TCRαβ, and IL-10. Total splenic T cells were gated
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for analysis of the percentage of IL-10 producing or non-producing Vγ1 or TCRαβ
populations. *P < 0.05 or **P < 0.01 for control vs. Vγ4+-T-cell-depleted mice.
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