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ABSTRACT CD8� T cells are crucial components of immunity and play a vital role in
recovery from West Nile virus (WNV) infection. Here, we identify a previously unrec-
ognized function of interleukin-17A (IL-17A) in inducing cytotoxic-mediator gene ex-
pression and promoting CD8� T cell cytotoxicity against WNV infection in mice. We
find that IL-17A-deficient (Il17a�/�) mice are more susceptible to WNV infection and
develop a higher viral burden than wild-type (WT) mice. Interestingly, the CD8� T
cells isolated from Il17a�/� mice are less cytotoxic and express lower levels of
cytotoxic-mediator genes, which can be restored by supplying recombinant IL-17A in
vitro and in vivo. Importantly, treatment of WNV-infected mice with recombinant IL-
17A, as late as day 6 postinfection, significantly reduces the viral burden and in-
creases survival, suggesting a therapeutic potential for IL-17A. In conclusion, we re-
port a novel function of IL-17A in promoting CD8� T cell cytotoxicity, which may
have broad implications in other microbial infections and cancers.

IMPORTANCE Interleukin-17A (IL-17A) and CD8� T cells regulate diverse immune
functions in microbial infections, malignancies, and autoimmune diseases. IL-17A is a
proinflammatory cytokine produced by diverse cell types, while CD8� T cells (known
as cytotoxic T cells) are major cells that provide immunity against intracellular
pathogens. Previous studies have demonstrated a crucial role of CD8� T cells in re-
covery from West Nile virus (WNV) infection. However, the role of IL-17A during
WNV infection remains unclear. Here, we demonstrate that IL-17A protects mice
from lethal WNV infection by promoting CD8� T cell-mediated clearance of WNV. In
addition, treatment of WNV-infected mice with recombinant IL-17A reduces the viral
burden and increases survival of mice, suggesting a potential therapeutic. This novel
IL-17A–CD8� T cell axis may also have broad implications for immunity to other mi-
crobial infections and cancers, where CD8� T cell functions are crucial.

KEYWORDS CD8 T cell, IL-17A, West Nile virus

West Nile virus (WNV) is a neurotropic flavivirus primarily transmitted to humans by
infected mosquitoes, but it can also be acquired through blood transfusion,

organ transplantation, and congenital infection (1). After mosquito inoculation, WNV
infects keratinocytes and skin-resident dendritic cells (Langerhans cells), and the latter
cells can carry virus to draining lymph nodes and cause viremia (2, 3). Subsequently,
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WNV disseminates to peripheral organs, such as the spleen and liver, and then to the
spinal cord and brain. WNV can cause neuronal injury and death, potentially leading to
encephalitis, meningitis, and poliomyelitis (1). As of now, no vaccine or specific treat-
ment is available for neurological sequelae of human WNV infection.

Despite intensive investigations over the past 15 years, the immunopathogenesis of
WNV infection is still not well understood. In brief, type I interferons (IFNs) (4, 5), the
complement system (6), and humoral immunity (7, 8) limit viremia and control WNV
dissemination to the brain. Components of cell-mediated immunity, including CD4� (9)
and CD8� (10) T cells, have been shown to clear WNV from the central nervous system
(CNS) and to limit viral persistence. In contrast, the roles of neutrophils, NK cells, and
��-T cells are still unclear (11–13). Cytokine signaling of interleukin-23 (IL-23) (14),
gamma interferon (IFN-�) (15), and IL-1� (16) has been shown to protect against WNV
infection, whereas IL-10 (17) and IL-22 (18) have been shown to favor WNV pathoge-
nicity. The role of tumor necrosis factor alpha (TNF-�) remains elusive (19, 20), and the
functions of many other cytokines have not been studied in WNV infection.

IL-17A, a major cytokine of the IL-17 family, was identified in 1993 as cytotoxic T
lymphocyte antigen 8 (21). Previous studies have demonstrated that IL-17A signaling
regulates diverse immune functions, including the expression of various inflammatory
cytokines and chemokines, activation and recruitment of leukocytes, and production of
antibodies (22, 23). IL-17A has often been described as a mediator of inflammation (24)
with a prominent role in allergic and autoimmune diseases, including multiple sclerosis
(25, 26), rheumatoid arthritis (27), psoriasis (28), asthma (29), and Crohn’s disease (30).
However, the role of IL-17A may be either beneficial or detrimental in the host response
to bacterial and fungal infections. For instance, IL-17A may enhance neutrophil recruit-
ment and protect against bacterial and fungal pathogens, such as Klebsiella pneu-
moniae and Escherichia coli (31–33), Listeria monocytogenes (34), Mycobacterium tuber-
culosis (24), Francisella tularensis (35), Chlamydia muridarum (36), Candida albicans (37,
38), and Pneumocystis jirovecii (39). Conversely, IL-17A may facilitate toxoplasmosis (40)
and certain fungal infections (41). The role of IL-17A in viral infection is also not clear.
For example, genetically constructed vaccinia virus (VV) expressing IL-17A (VVIL-17A)
caused more severe disease in mice (42), but VVIL-17A was also reported to be less
virulent, and IL-17-deficient (Il17a�/�) mice were more susceptible to VV infection (43).
In addition, IL-17A was implicated in priming T cell responses during lymphocytic
choriomeningitis virus (LCMV) hepatitis (44) and mediating the immunopathogenicity
of viral infections, such as influenza virus (45), respiratory syncytial virus (46, 47), murine
encephalomyelitis virus (48), and hepatitis B virus (49) infections.

We previously reported that Toll-like receptor 7 (TLR7) mediates IL-23-dependent
protective immune responses against WNV infection in mice (14). IL-23 is known as a
prime regulator for stabilization and maintenance of CD4� T helper 17 (Th17) cells,
which are the major cell type secreting IL-17A (50–52). Since IL-17A is also described as
a mediator of CNS inflammation (25, 26) and a factor contributing to blood-brain barrier
permeability (53), we hypothesized that IL-17A may play a crucial role in the host
immune response to WNV infection. Indeed, here, we report that IL-17A protects mice
from lethal WNV infection and demonstrate a novel function of the cytokine in
promoting CD8� T cell cytotoxicity.

RESULTS
WNV infection induces expression of Il17a and Il17ra in humans and mice. We

previously reported that WNV induces IL-23 production in mice in a TLR7-dependent
manner (14). Considering the role of IL-23 in Th17 cell stabilization and IL-17A produc-
tion (52), we hypothesized that IL-17A may play a role in WNV infection. To test this, we
measured the expression of Il17a in human cells infected with WNV in vitro. Human
peripheral blood mononuclear cells (hPBMCs) isolated from healthy human volunteers
without a history of WNV infection were infected with WNV (multiplicity of infection
[MOI] � 0.1 and 5) for 24 h and 48 h in vitro. WNV-infected hPBMCs were collected, total
RNA was isolated, and cDNA synthesis and quantitative real-time PCR (qPCR) were
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performed to measure transcripts of Il17a and cellular �-actin as a housekeeping gene.
The qPCR results showed that Il17a gene expression was upregulated in WNV-infected
hPBMCs (Fig. 1A), which was further confirmed by measuring IL-17A production in
hPBMC culture supernatants (Fig. 1B) by an enzyme-linked immunosorbent assay
(ELISA). To relate these in vitro results to WNV infection in humans, we used ELISA to
measure the production of IL-17A in the sera of human cases with active WNV infection
(fever or neuroinvasive disease) or with a history of recovery from neuroinvasive WNV
disease and healthy controls who had no history of WNV infection. The cases with

FIG 1 WNV induces expression of Il17a and Il17ra in both humans and mice. (A) Il17a transcripts were measured
by qPCR and expressed as RFC after normalization to cellular �-actin in human PBMCs infected with WNV for 24
h or 48 h. (B) IL-17A production in culture supernatant of WNV-infected hPBMCs measured by ELISA. (C) Levels of
IL-17A in sera of human WNV patients and healthy controls measured by ELISA. (D) RFC of Il17a transcripts after
normalization to cellular �-actin in mouse splenocytes (MOI � 0.1). (E) IL-17A production measured by ELISA in
plasma of Il23p19�/� mice and their littermate WT control mice (7 to 9 weeks old) infected with WNV (1,000 PFU
i.p.). (F and G) WT (C57BL/6) mice were infected with WNV (1,000 PFU i.p.), and expression of Il17a (F) and Il17ra
(G) transcripts was measured in brain tissue by qPCR. Shown are means and standard errors of the mean (SEM). The
data represent the results of two independent experiments performed in triplicate and analyzed by one-way
ANOVA. (E, F, and G) The data represent the results of two independent experiments (n � 5 mice/group) analyzed
by a two-tailed Student t test; ns, no significant difference (P � 0.05).
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active disease and those with a longstanding history of neuroinvasive WNV disease
showed a trend of levels of IL-17A in sera higher than those in WNV fever cases and
healthy controls (Fig. 1C), with no difference between the last two. These results
demonstrate that WNV infection induces the production of IL-17A in humans and
suggest that the cytokine may play a role in WNV infection.

To expand upon these findings, we used a mouse model of WNV infection because
it reflects various aspects of human WNV disease (14, 17, 54). Splenocytes isolated from
C57BL/6J mice were infected with WNV (MOI � 0.1) in vitro for 24 h and 48 h, and the
expression of the Il17a gene was measured by qPCR. Similar to hPBMCs, Il17a transcript
levels were upregulated at both 24 and 48 h postinfection (hpi) in mouse splenocytes
infected with WNV in vitro (Fig. 1D). To further measure Il17a expression in mice and to
test whether its production was IL-23 dependent, we intraperitoneally (i.p.) infected a
group of wild-type (WT) littermates and IL-23-deficient (Il23p19�/�) mice (both were in
a mixed C57BL/6 � 129 background) with 1,000 PFU of WNV and measured IL-17A
protein in plasma by ELISA. The results showed that WNV infection in mice induced
IL-17A production (Fig. 1E), but the level of the cytokine was undetectable in serum
samples from mock-infected control mice (data not shown). Moreover, there was
approximately 80% reduction in Il17a expression in Il23p19�/� mice at 3 days postin-
fection (dpi), suggesting that IL-17A production during WNV infection in mice largely
depends on IL-23 signaling (Fig. 1E). Since astrocytes, microglia, and brain-infiltrating
immune cells express functional interleukin-17 receptor A (IL-17RA) under brain-
inflammatory conditions (55), we measured the expression of Il17a and Il17ra genes in
brains of WNV-infected mice. For this, we infected a group of WT mice with WNV (1,000
PFU i.p.), sacrificed them at various time points to collect the brains, and measured
levels of Il17a and Il17ra transcripts by qPCR. Indeed, there was significantly upregu-
lated expression of both the Il17a (Fig. 1F) and Il17ra (Fig. 1G) genes in brains of
WNV-infected mice compared to uninfected controls. Collectively, these results indicate
that WNV infection elevates the expression of both Il17a and Il17ra, suggesting a
possible role of IL-17A in WNV infection.

IL-17A protects mice from lethal WNV infection. To investigate the role of IL-17A
in WNV pathogenesis, we used a mouse model of WNV encephalitis (14). IL-17A-
deficient (Il17a�/�) and WT control (7- to 8-week-old, sex-matched, strain C57BL/6J)
mice were challenged via i.p. injection with 1,000 PFU of WNV (14), a dose that kills
approximately 40 to 50% of WT animals. Morbidity and mortality were monitored twice
daily for 21 days. We found strikingly greater susceptibility of Il17a�/� mice (20%
survival) than of WT control mice (60% survival) to lethal WNV infection (Fig. 2A). To
exclude the possibility of an inoculation-route-specific response, we also challenged
Il17a�/� and WT mice with 100 PFU of WNV via the footpad (17) and performed survival
analysis. Similar to the i.p. route, footpad inoculation showed that Il17a�/� mice were
more susceptible to WNV infection (Fig. 2B). Together, these data suggest that IL-17A
protects mice from lethal WNV infection.

To further study the role of IL-17A in controlling WNV infection, we compared the
virological profiles of WNV-infected Il17a�/� and WT mice. Measurement of WNV
viremia by qPCR revealed no difference at 2 dpi; however, a 3-fold increase in the
transcript level of the WNV envelope (WNV-E) gene (WNVE) was observed at 4 dpi in
WNV-infected Il17a�/� mice compared to WT controls (Fig. 2C). To assess the viral
burden in peripheral organs, we sacrificed WNV-infected mice; collected liver, spleen,
and brain samples at selected time points; and performed a qPCR analysis. Compared
to WT controls, we found an approximately 2-fold increase in WNVE transcripts in the
livers of Il17a�/� mice (Fig. 2D). Consistent with the survival results, there were about
6-fold (at 7 dpi) and 30-fold (at 8 dpi) increases in WNVE transcripts in the brains of
WNV-infected Il17a�/� mice compared to WT controls (Fig. 2E). Although there was no
difference in the viral burdens in spleens of WT versus Il17a�/� mice at 4 dpi, Il17a�/�

mice had significantly (about 3-fold) higher levels of WNVE transcripts at 8 dpi (Fig. 2F).
These data demonstrate that mice deficient in IL-17A develop a higher viral burden in
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blood and liver at 4 dpi and have deficient clearance of WNV from the brain and spleen
at 8 dpi, leading to greater WNV susceptibility. Collectively, these results indicate that
IL-17A plays a protective role during WNV infection.

WNV infection promotes leukocyte infiltration into brains of Il17a�/� mice.
IL-17A has been shown to recruit leukocytes, including neutrophils, during microbial
infections (31, 32) and under inflammatory conditions (56). Since we observed a higher
WNV burden in brains of Il17a�/� mice, we asked if this was related to IL-17A-mediated
control of leukocyte infiltration into the brain during WNV infection. To investigate this,

FIG 2 Il17a�/� mice are more susceptible to WNV infection. Seven- to 9-week-old WT (C57BL/6J) and Il17a�/� mice
were infected with WNV via the i.p. (1,000 PFU) or footpad (100 PFU) route and monitored for mortality twice daily
for 21 days; survival percentages were compared using the Kaplan-Meier survival and log-rank tests. (A and B)
Survival curves after i.p. inoculation (A) and footpad inoculation (B). (C to F) In i.p.-inoculated mice, qPCR was
performed to measure WNV-E RNA in blood (C), liver (D), brain (E), and spleen (F), with viral burdens expressed as
the ratio of WNV-E RNA copies to cellular �-actin transcripts. The ratios of viral loads between WT and Il17a�/� mice
(means and SEM) were compared by two-tailed Student t tests; ns, no significant difference (P � 0.05).
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FIG 3 Leukocyte infiltration into the CNS is elevated in WNV-infected Il17a�/� mice. Seven- to 9-week-old WT (C57BL/6J) and Il17a�/�

mice were challenged i.p. with WNV (1,000 PFU). (A and B) PBS-perfused brains were isolated at 6 dpi, and WNV antigen (green signal)
and CD45 (leukocyte common antigen; red) (A) or CD11b (macrophage and microglial marker; red) (B) was detected with a Nikon A1R
confocal microscope (original magnification, �20). DAPI (blue signal) was used as a nuclear counterstain; representative images are
shown. (C) Brain leukocytes isolated at 6 dpi were characterized by flow cytometry after probing with antibodies against WNV-E, CD45,
CD4, CD8, and CD11b. The signal colors used in the dot plots and the percentages of positive cells within gated populations are shown
on the right. The data represent the results of two independent experiments (n � 5 mice per group for each experiment). Boxes
indicate CD45hi cells, upper circles indicate CD3� T cells, and lower circles indicate CD11b� cells. (D and E) Expression of Ccl5 (D) and
Ccr5 (E) genes at the mRNA level was measured by qPCR in the blood of WNV-infected mice at 2 and 4 dpi. (F to H) mRNA levels of
Ccl5 (F), Cxcl10 (G), and Cxcr3 (H) genes were measured by qPCR in brains of WNV-infected mice at 8 dpi. The gene expression data
were normalized to cellular �-actin mRNA and compared by two-tailed Student t tests; ns, no significant difference (P � 0.05).
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we performed confocal microscopy to detect WNV-E antigen, CD45 (a panleukocyte
marker), and CD11b (a microglial and macrophage marker) in brain sections of WNV-
infected Il17a�/� and WT mice sacrificed at 6 dpi. We focused on the olfactory bulb,
because we have shown that this brain region is most sensitive to WNV infection (14,
17, 19). Consistent with the qPCR measurement of WNVE RNA in brain tissue (Fig. 2E),
the confocal imaging revealed more WNV-E antigens in the brains of WNV-infected
Il17a�/� mice than in WT controls (Fig. 3A and B). Similar results were also obtained in
other brain regions, including the cerebral cortex, brain stem, cerebellum, and striatum
(data not shown). Unexpectedly, confocal imaging results showed more CD45� (Fig.
3A) and CD11b� (Fig. 3B) leukocytes in the brains of WNV-infected Il17a�/� mice than
in WT controls. To confirm these data and further quantify brain-infiltrating immune
cells, we performed flow cytometric analysis of brain leukocytes isolated from WT and
Il17a�/� mice infected (i.p.) with 1,000 PFU of WNV for 6 days. We characterized CD45�,
CD11b�, CD3� CD4�, and CD3� CD8� cell populations, as previously described (14).
Consistent with the confocal imaging results, we observed a trend toward elevation of
all the leukocyte populations in the brains of WNV-infected Il17a�/� mice compared to
WT controls (Fig. 3C). To test whether the greater leukocyte infiltration into WNV-
infected Il17a�/� mouse brains was affected by leukocyte expansion or differentiation
in the periphery, we compared leukocyte populations in spleens of Il17a�/� and WT
mice infected with WNV. There was no difference in the leukocyte populations in
spleens of WNV-infected Il17a�/� and those of WT mice (data not shown), suggesting
that more leukocytes in the brain may not be due to the possible effects of IL-17A on
leukocyte expansion in the periphery.

To further dissect the mechanism by which more leukocytes migrate into the brains
of WNV-infected Il17a�/� mice, we performed qPCR to measure the expression of
selected chemokine genes (Cxcl1, Cxcl10, and Ccl5) known to mediate recruitment of
leukocytes. There was significantly elevated expression of Ccl5 (Fig. 3D) and its receptor,
Ccr5 (Fig. 3E), in the blood of WNV-infected Il17a�/� mice at 4 dpi but no difference in
the expression of other chemokines, such as Cxcl1 and Cxcl10 (data not shown). In
addition, there was a significant increase in Ccl5 expression (Fig. 3F) in the brains of
WNV-infected Il17a�/� mice at 8 dpi but no difference in the expression of other
leukocyte-recruiting chemokines or chemokine receptors, such as Cxcl10 (Fig. 3G) and
Cxcr3 (Fig. 3H). These results may imply a link between deficient IL-17A and higher Ccl5
expression that could contribute to more leukocyte homing to the brains of Il17a�/�

mice during the course of WNV infection.
IL-17A does not affect innate inflammatory responses or antibody production.

WNV infection induces potent type I IFN responses in mice, which play a critical role in
controlling both viremia and encephalitis (4). We tested by qPCR and ELISA whether
IL-17A deficiency alters type I IFN expression during WNV infection. The qPCR results
showed no difference in Ifn-� expression in the blood of Il17a�/� versus WT control
mice at 4 dpi (Fig. 4A). Similarly, no difference in the expression of the Ifn-� gene was
observed in blood (Fig. 4B), spleen (Fig. 4C), liver (Fig. 4D), and brain (Fig. 4E) samples
from WNV-infected Il17a�/� versus WT control mice measured at various time points.
To further confirm these results, we also measured IFN-� protein in the plasma of
WNV-infected WT and Il17a�/� mice at 3 dpi by ELISA and found no difference in IFN-�
expression (Fig. 4F). These results suggest that the type I IFN response remains
unaltered in Il17a�/� mice during WNV infection. We also assessed the possible role of
IL-17A in inflammatory responses during WNV infection by measuring inflammatory
cytokine expression in plasma by ELISA. Again, there was no difference in levels of
IL-1�, IL-6, IL-10, IFN-�, IL-12 p40, and TNF-� in plasma from WNV-infected Il17a�/�

versus WT control mice at both 1 and 3 dpi (Fig. 4G to L). In addition, no significant
difference in the expression of these cytokines was detected by qPCR in brains of
WNV-infected Il17a�/� versus WT control mice at 8 dpi (data not shown). We next asked
if IL-17A has direct antiviral activity against WNV infection, which has been shown for
some other cytokines, such as TNF-� (20, 57) and IL-6 (58). However, no effect on
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FIG 4 Antiviral, inflammatory, and antibody responses of Il17a�/� mice during WNV infection. Seven- to 9-week-old WT (C57BL/6J) and Il17a�/� mice were
infected (i.p.) with 1,000 PFU of WNV. Blood, plasma, and tissue samples were collected at the indicated time points for cytokine and anti-WNV-E IgM
measurement. (A to E) Expression of Ifn-� gene transcripts in blood (A) and expression of Ifn-� gene transcripts in blood (B), spleen (C), liver (D), and brain (E)
were measured by qPCR (normalized to cellular �-actin mRNA). (F to L) Protein levels of IFN-�, IL-1�, IL-6, IL-10, IFN-�, IL-12p40, and TNF-� in plasma were
measured by ELISA. (M and N) Replication of WNV was analyzed by qPCR in Raw 264.7 (M) and Neuro 2a (N) cells that were pretreated with mouse recombinant
IL-17A (1 to 100 ng/ml) for 6 h, followed by infection with WNV (MOI � 1) for 24 h. (O) Anti-WNV-E IgM in plasma was measured by ELISA. The data (means
and SEM) represent the results of at least two independent experiments performed in triplicate and analyzed by one-way ANOVA (M and N) or two-tailed
Student t tests (A to L and O); ns, no significant difference (P � 0.05).

Acharya et al. Journal of Virology

January 2017 Volume 91 Issue 1 e01529-16 jvi.asm.org 8

http://jvi.asm.org


replication of WNV was observed in Raw 264.7 cells (mouse macrophages) (Fig. 4M) and
Neuro 2a cells (mouse neuroblasts) (Fig. 4N) that were pretreated with mouse recom-
binant IL-17A (1 to 100 ng/ml), suggesting that IL-17A may not have a direct antiviral
effect against WNV replication.

Besides type I IFN, the humoral immune response also plays an important role in
clearance of WNV from the blood and peripheral organs and limits viral dissemination
to the CNS (7). Although the role of IL-17A in humoral immunity is not well understood,
it has been shown that B cells express IL-17RA (59), whereas Th17 cells (major IL-17A
producers) promote antibody production by B cells (60). To test the possible effect of
IL-17A in humoral immune responses during WNV infection, we compared WNV-E-
specific IgM antibody production in WNV-infected Il17a�/� and WT mice by ELISA.
Il17a�/� and WT mice produced similar levels of anti-WNV-E IgM when measured at 3,
5, and 7 dpi (Fig. 4O). These results collectively demonstrate that the higher viral load
in Il17a�/� mice is likely not due to altered type I IFN, inflammatory cytokines, antibody
responses, or a direct antiviral effect of IL-17A.

IL-17A facilitates CD8� T cell cytotoxicity. Brain-infiltrating leukocytes play a vital
role in clearing WNV from the CNS during WNV infection (9, 10, 14). In particular, CD8�

T cells are crucial for clearance of WNV from the CNS and spleen (10, 12, 61, 62). Despite
a modest elevation trend of brain-infiltrating CD8� T cells in Il17a�/� mice, the viral
burden in the brains of these mice was higher than in WT controls (Fig. 2E). In addition,
Il17a�/� mice were also deficient in clearing WNV from the spleen (Fig. 2F). Therefore,
we hypothesized that CD8� T cells in Il17a�/� mice may be functionally defective in
their ability to clear WNV-infected target cells. To test this, we infected WT and Il17a�/�

mice i.p. with a sublethal dose of WNV (100 PFU) to prolong the course of WNV
infection. This is important, because CD8� T cells play a major role in clearing
WNV-infected cells during the later phase (days 8 to 12) of infection (10, 61), and most
Il17a�/� mice infected with a higher dose (e.g., 1,000 PFU or more) develop severe
disease and die during this period. At 10 dpi, the mice were sacrificed, and splenic
CD8� T cells were purified using a negative antibody selection method. The purified
effector CD8� T cells were then cocultured with the target cells (MC57GLWNV-E) or
control cells (MC57GLvector) for 4 h. The target cells express the ectodomain of WNV-E
in a pcDNA3.1 vector, while the control cells express only the parent vector (10). The
cytotoxicity of effector CD8� T cells to WNV-specific target cells was assessed by
measuring the quantity of intracellular lactate dehydrogenase released into culture
supernatants from the lysed target cells. Strikingly, the cytotoxicity assay showed about
2-fold reduction in cytotoxicity of CD8� T cells isolated from WNV-infected Il17a�/�

mice in comparison to WNV-infected WT mice (Fig. 5A). These results demonstrate that
CD8� T cells from Il17a�/� mice failed to mount an effective target cell-specific
cytotoxic response during WNV infection.

Cytotoxic CD8� T cells employ granule (e.g., perforin and granzyme) exocytosis and
Fas-Fas ligand (FasL)-dependent mechanisms to kill target cells (63). To test whether
IL-17A regulates the expression of cytotoxicity mediator genes, we performed qPCR
assays in blood, spleens, livers, and brains of WT and Il17a�/� mice that were infected
with WNV (100 PFU) for 10 days. Interestingly, the expression levels of perforin-1 (Fig.
5B), granzyme A (Fig. 5C), granzyme B (Fig. 5D), and Fas-ligand (FasL) (Fig. 5E) were
significantly lower in most of these tissues collected from Il17a�/� mice than in those
from WT controls. Although CD8� cells are the major cells that express these cytotoxic
mediators, other cells, such as NK cells, may also express the genes and contribute to
cytotoxic effector function by a mechanism similar to that of CD8� T cells. To specif-
ically test if the attenuated cytotoxicity of CD8� T cells in Il17a�/� mice was due to the
lower expression of these cytotoxic-mediator genes, we performed qPCR to measure
the expression of perforin-1, granzyme A, granzyme B, and FasL in CD8� T cells purified
from spleens of WNV-infected WT and Il17a�/� mice at 10 dpi. Consistent with the
cytotoxicity assay results, the qPCR showed that CD8� T cells isolated from the Il17a�/�

mice had significantly reduced expression of perforin-1 (Fig. 5F), granzyme A (Fig. 5G),

IL-17A Promotes CD8� T Cell Cytotoxicity Journal of Virology

January 2017 Volume 91 Issue 1 e01529-16 jvi.asm.org 9

http://jvi.asm.org


granzyme B (Fig. 5H), and FasL (Fig. 5I) compared to WT controls. To test if these
cytotoxicity mediators were also less expressed in other immune cells in Il17a�/� mice,
we performed qPCR assays on CD8-negative (CD8�) splenocytes (mixed immune cells,
including NK cells) isolated from WNV-infected WT and Il17a�/� mice at 10 dpi. In

FIG 5 Reduced cytotoxicity of CD8� T cells from Il17a�/� mice. Seven- to 9-week-old WT (C57BL/6J) and Il17a�/� mice
were infected (i.p.) with WNV at 100 PFU for 10 days. (A) Purified splenic CD8� T cells were cocultured with target
(MC57GLWNV-E) or control (MC57GLvector) cells at a 50:1 effector/target ratio for 4 h, and cytotoxicity was assayed by
measuring the release of intracellular lactate dehydrogenase in culture supernatants. (B to I) RFC in transcripts of
perforin-1 (B and F), granzyme A (C and G), granzyme B (D and H), and FasL (E and I) in blood, spleen, liver, and brain (B
to E) and splenic CD8� T cells or CD8� cells (F to I) from WT or Il17a�/� mice measured by qPCR (normalized to cellular
�-actin mRNA). (J and K) RFC in the expression of perforin-1 (J) and granzyme A (K) in the spleens of CHIKV-infected (105

PFU i.p.) WT and Il17a�/� mice was measured at 12 dpi by qPCR. The data (means and SEM) in panels A to I represent
the results of three independent experiments (n � 3 mice/group); the data in panels J and K represent the results of two
independent experiments (n � 3 mice/group). ns, no significant difference (P � 0.05).
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contrast to the CD8� cells, we found no difference in the expression of perforin-1,
granzyme A, granzyme B, and FasL genes in CD8� splenocytes from Il17a�/� mice (Fig.
5F to I). Whereas in WNV-infected WT mice the expression of these cytotoxicity marker
genes was significantly higher in CD8� than CD8� cells, no such differences were
detected between CD8� and CD8� cells isolated from Il17a�/� mice (Fig. 5F to I). In
addition, there was no difference in the expression of these cytotoxicity marker genes
between uninfected Il17a�/� and WT mice (data not shown). To further test whether
the IL-17A-mediated cytotoxicity mediator expression is specific to WNV or common
across viral infections, we measured the expression of cytotoxicity mediator genes in
WT and Il17a�/� mice infected with chikungunya virus (CHIKV), a single-stranded RNA
virus belonging to the genus Alphavirus of the family Togaviridae. Similar to WNV, we
found significantly reduced expressions of perforin-1 (Fig. 5J) and granzyme A (Fig. 5K)
in the splenocytes isolated from CHIKV-infected Il17a�/� mice compared to WT con-
trols. Collectively, these results suggest that IL-17A promotes the expression of the
cytotoxicity mediators and facilitates CD8� T cell cytotoxicity during infections with
WNV and other viruses, such as CHIKV.

IL-17A induces cytotoxic-mediator gene expression in a CD4� T cell-
independent manner. The role of IL-17A in regulating the expression of cytotoxic

mediators in CD8� T cells has not been previously reported. To further investigate and
confirm this, we isolated splenocytes from WNV-infected WT mice at 8 dpi; cultured
them with recombinant IL-17A (50 ng/ml) ex vivo for 24 h; and measured the expression
of perforin-1, granzyme A, granzyme B, and FasL genes by qPCR assay. The treatment
with recombinant IL-17A significantly upregulated the expression of perforin-1, gran-
zyme A, and granzyme B, but not FasL (Fig. 6A to D), in the splenocytes isolated from
WNV-infected WT mice. Similar results were obtained when splenocytes were isolated
from WNV-infected Il17a�/� mice and treated with recombinant IL-17A ex vivo (Fig. 6A
to D). To assess the possible role of CD4� T cells in IL-17A-mediated expression of
cytotoxic mediators, we depleted CD4� T cells from the splenocytes isolated from
WNV-infected Il17a�/� and WT mice at 8 dpi and cultured CD4� splenocytes with
recombinant IL-17A (50 ng/ml) ex vivo for 24 h. The supply of recombinant IL-17A
induced expression of the cytotoxic mediators even in the absence of CD4� T cells (Fig.
6A to D), suggesting that IL-17A-mediated induction of cytotoxic-mediator expression
in CD8� T cell is independent of CD4� T cells.

IL-17A exerts its function through IL-17A receptor (IL-17R), which is a heterodimeric
receptor complex of IL-17RA and IL-17RC. Although the signaling pathway downstream
of IL-17R is not completely understood, one common pathway that has been charac-
terized is the activation of the classical NF-�B pathway (23, 64). Upon binding to IL-17A,
the SEFIR (similar expression to fibroblast growth factor genes and IL-17 receptor)
domain of IL-17R recruits the signaling adaptor ACT-1, which further recruits an
essential upstream activator of the classical NF-�B pathway called TRAF6 (64). To test if
IL-17A signaling in WNV-infected cells occurs via ACT-1, we measured the expression of
Act-1 in splenocytes and CD8� T cells isolated from WNV-infected mice and treated ex
vivo with recombinant IL-17A, as described above. The qPCR results showed that IL-17A
treatment upregulated the expression of the Act-1 gene in splenocytes (Fig. 6E) and
CD8� T cells (Fig. 6F) isolated from WNV-infected mice. To further test if IL-17A-
mediated expression of cytotoxicity mediators involves NF-�B activation, we treated
splenocytes isolated from WNV-infected WT mice with recombinant IL-17A in the
presence of Bay-11-7082 (an inhibitor of NF-�B) and measured the expression of the
cytotoxicity mediators, as described above. Consistent with previous reports (65, 66),
Bay-11-7082 inhibited IL-17A-mediated Cxcl1 expression, which involves the NF-�B
pathway. However, inhibition of NF-�B did not inhibit but, interestingly, further up-
regulated the IL-17A-mediated expression of perforin-1, granzyme A, and granzyme B
(Fig. 6G). These data indicate that IL-17A-mediated expression of cytotoxicity mediators
may involve ACT-1 but may occur independently of the NF-�B pathway, which requires
further investigation.
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IL-17A promotes the expression of cytotoxic-mediator genes in CD8� T cells.
IL-17R is expressed by virtually all cell types and tissues examined (59, 67, 68). CD8� T
cells also express IL-17R (59, 69); however, the functional role of this receptor in CD8�

T cell biology has not yet been recognized. To test if IL-17A may directly promote
cytotoxic-mediator expression in CD8� T cells, we treated CD8� T cells purified (�80 to
90% pure) from spleens of WNV-infected WT mice with the recombinant IL-17A (50
ng/ml) ex vivo for 24 h and then measured the expression of cytotoxicity mediators by
qPCR. IL-17A treatment significantly induced the expression of perforin-1 (Fig. 7A),
granzyme A (Fig. 7B), and granzyme B (Fig. 7C), but not FasL (Fig. 7D), in CD8� T cells
purified from WNV-infected WT mice. Similar results were also obtained in CD8� T cells
purified from WNV-infected Il17a�/� mice (Fig. 7A to D). In a separate experiment, we
cultured splenocytes from WNV-infected Il17a�/� and WT mice with recombinant
IL-17A (50 ng/ml) ex vivo for 24 h, separated CD8� T cells from CD8� cells, and then

FIG 6 IL-17A promotes expression of cytotoxic-mediator genes independently of CD4� T cells. (A to D) Seven- to 9-week-old WT (C57BL/6J) and
Il17a�/� mice (n � 6 mice/group) were infected (i.p.) with 100 PFU of WNV and sacrificed at 8 dpi to isolate splenocytes and CD8� T cells.
Splenocytes or CD4� T cell-depleted splenocytes (CD4� splenocytes) were cultured with or without recombinant mouse IL-17A (rIL17A) (50 ng/ml)
for 24 h ex vivo, and RFC of transcripts of perforin-1 (A), granzyme A (B), granzyme B (C), and FasL (D) was measured by qPCR (normalized to cellular
�-actin mRNA). (E and F) Splenocytes (E) or purified CD8� T cells (F) were cultured ex vivo with or without recombinant IL-17A (50 ng/ml) for 24
h, and expression (RFC) of Act-1 was by measured qPCR. (G) RFC of indicated genes in splenocytes cultured ex vivo for 24 h with or without rIL17A
(50 ng/ml) in the presence of Bay-11-7082 (4 �M) or dimethyl sulfoxide (DMSO) as a vehicle control (�0.05%). All the data (means and SEM)
represent the results of two independent experiments (n � 3 mice/group) compared by two-tailed Student t tests. (A to F) All the data from WT
and Il17a�/� mice were normalized to the respective mock-treated controls. *, P � 0.05; **, P � 0.005; ns, not significant (P � 0.05).
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FIG 7 IL-17A induces cytotoxicity mediator gene expression in CD8� T cells. (A to D) Seven- to 9-week-old WT (C57BL/6J) and
Il17a�/� mice (n � 6) were infected (i.p.) with 100 PFU of WNV and sacrificed at 8 dpi to collect their spleens, followed by
magnetic separation of CD8� T cells. (A to D) RFC of transcripts of perforin-1 (A), granzyme A (B), granzyme B (C), and FasL (D)
was measured by qPCR in CD8� or CD8� T cells cultured ex vivo for 24 h with or without recombinant mouse IL-17A (50 pg/ml).
(E) Eight-week-old Il17a�/� mice (n � 4 per group) infected with WNV (100 PFU i.p.) were treated i.p. with recombinant IL-17A
(2.5 �g/mouse) or PBS (control) at 6 dpi and sacrificed at 8 dpi to characterize brain leukocytes by flow cytometry. The mean
fluorescence intensities of perforin and granzyme A within the gated CD45hi CD8� cells (green) are shown on the right. All the
data (means and SEM) represent the results of two independent experiments compared by two-tailed Student t tests. (A to
D) All the data from WT and Il17a�/� mice were normalized to the respective mock-treated controls. ns, no significant
difference (P � 0.05).
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measured the expression of cytotoxic mediators by qPCR. Consistently, IL-17A treat-
ment induced the expression of cytotoxic mediators in CD8� T cells (data not shown),
but not in CD8� cells (Fig. 7A to D). To further confirm the role of IL-17A in promoting
the expression of the cytotoxic mediators in brain CD8� T cells in vivo, we infected
Il17a�/� mice with WNV (100 PFU), treated them with recombinant IL-17A (2.5 �g per
mouse at 6 dpi), and performed flow cytometric analysis of brain leukocytes. The results
showed that treatment of WNV-infected Il17a�/� mice with recombinant IL-17A sig-
nificantly induced the production of perforin and granzyme A in brain-infiltrating CD8�

T cells (Fig. 7E). Taken together, these results suggest that IL-17A promotes the
expression of cytotoxic-mediator genes in CD8� T cells during WNV infection in mice.

IL-17A has therapeutic potential against WNV infection. Since CD8� T cells are
essential to clear WNV from the CNS at a later phase of infection, we hypothesized that
recombinant IL-17A treatment in vivo may offer protection from WNV infection by
promoting cytotoxicity of CD8� T cells. To test if IL-17A may serve as a therapeutic
reagent to treat WNV infection in mice, we infected WT female mice with WNV (100
PFU) via the i.p. route. At 6 dpi, mice were injected with carrier-free mouse recombinant
IL-17A (eBioscience) or phosphate-buffered saline (PBS) as a control via the i.p. route for
survival analysis. Mice that received recombinant IL-17A showed a significantly in-
creased survival rate compared to the PBS-treated control mice (Fig. 8A). Consistent
with the survival results, mice treated with recombinant IL-17A also showed lower viral
burdens in the brain than the PBS-treated control mice at 8 dpi (Fig. 8B). To test if the
effect of the recombinant IL-17A treatment involves promotion of cytotoxicity of CD8�

T cells, we also measured the expression of the cytotoxicity mediators in splenic CD8�

and CD8� T cells. Consistent with reduced viral burden and increased survival, admin-
istration of recombinant IL-17A in WNV-infected mice induced expression of the
cytotoxic mediators in CD8� T cells, but not in CD8� T cells (Fig. 8C to F), which was
in agreement with our in vitro results. In addition, we also detected increased expres-
sion of granzyme A, granzyme B, and FasL in brain tissues of WNV-infected mice after
IL-17A treatment (Fig. 8G). Collectively, these results suggest a novel and promising
therapeutic role of IL-17A in facilitating WNV clearance by promoting CD8� T cell
cytotoxicity.

DISCUSSION

This study reveals a novel role of IL-17A in facilitating WNV clearance by inducing
the expression of cytotoxic-mediator genes and promoting CD8� T cell cytotoxicity.
Specifically, we report here that (i) WNV induces IL-17A expression in both mice and
humans; (ii) Il17a�/� mice generate a higher viral burden and are more susceptible to
WNV infection; (iii) CD8� T cells purified from Il17a�/� mice are less cytotoxic and
express lower levels of cytotoxic mediators, i.e., perforin-1, granzyme A, granzyme B, and
FasL; and, most importantly, (iv) in vivo supply of recombinant IL-17A as late as day 6
postinfection significantly reduces the viral burden in the brain and increases the
survival rate of WNV-infected mice, suggesting a therapeutic potential of IL-17A.

IL-17A is a pleiotropic cytokine that plays key roles in infection (70), inflammation
(71), and autoimmune diseases (72). Further, it regulates the expression of a number of
cytokines, including IL-1�, IFN-�, and TNF-� (22, 73). Considering their critical roles in
WNV pathogenesis (15, 16, 19, 20), it is plausible that IL-17A may control the expression
of these cytokines during WNV infection. However, we did not detect significant
differences in the expression of IL-1�, IFN-�, and TNF-� in WNV-infected Il17a�/� mice
compared to WT controls. These results suggest the likelihood that IL-17A-mediated
protective immunity against WNV infection may not be associated with functions
controlled by these cytokines. Previous studies have suggested that type I IFNs (anti-
viral cytokines), which can potently suppress IL-17A expression (74, 75), play a prom-
inent role in controlling WNV infection (4, 5). Again, we did not detect any change in
the expression of type I IFNs in Il17a�/� mice versus WT control mice during WNV
infection. Moreover, IL-17A has been suggested to regulate the humoral immune
response (60, 76, 77); however, we did not see such an effect during WNV infection in
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mice. Despite unaltered inflammatory response, type I IFN expression, and humoral
immune response, Il17a�/� mice generated higher viral burdens, suggesting that
IL-17A-mediated protective immunity during WNV infection is independent of these
immune responses.

WNV invades the CNS and infects neurons and CNS-resident cells, such as microglia
and astrocytes, which leads to production of chemokines and cytokines that recruit
peripheral leukocytes into the brain (10, 14, 78, 79). We previously reported that IL-23
has an important role in recruiting CD11b� monocytes and macrophages into the CNS
to control WNV infection (14). Considering the role of IL-23 in producing IL-17A, and the
role of both of these cytokines in inducing and sustaining leukocyte recruitment to
infected sites (80, 81), we hypothesized that leukocyte migration into the CNS would be

FIG 8 Recombinant IL-17A treatment reduces the WNV burden, increases cytotoxicity markers, and increases survival of WNV-infected
mice. WT (C57BL/6J) mice (8-week-old females) were infected with 100 PFU of WNV via the i.p. route. At 6 dpi, the mice were injected i.p.
(2.5 �g/mouse) with carrier-free mouse rIL17A or PBS. (A) Survival percentages were compared using the Kaplan-Meier survival and
log-rank tests. (B to G) The viral burden in the brain (B) and the transcripts of perforin-1, granzyme A, granzyme B, and FasL in splenic CD8�

and CD8� T cells (C to F) and the brain (G) were measured by qPCR and compared by two-tailed Student t tests. ns, no significant
difference (P � 0.05).
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reduced in Il17a�/� mice. Surprisingly, we detected a modestly elevated leukocyte
influx into WNV-infected Il17a�/� mouse brains by both flow cytometry and confocal
microscopy. In dissecting the mechanism, we found that the expression of Ccl5 (whose
product is also known as RANTES) was elevated in both the CNS and the peripheral
tissues of WNV-infected Il17a�/� mice compared to WT controls. CCL5 plays a protec-
tive role in WNV, influenza virus, and parainfluenza virus infections by promoting
leukocyte trafficking to infected tissues (78, 82). Also, Ccl5 expression sustains CD8� T
cell responses during influenza virus (82), parainfluenza virus (82), and chronic LCMV
(83) infections. The upregulation of Ccl5 in Il17a�/� mice may be due to several reasons.
First, the higher viral load in Il17a�/� mice could trigger stronger Ccl5 expression (84,
85). Second, the presence of IL-17A in WT mice may suppress Ccl5 expression, since
IL-17A can downregulate Ccl5 expression (86, 87). Although increased Ccl5 expression
may account for a modest elevation in brain-infiltrating leukocytes in Il17a�/� mice, it
did not result in protection of the mice from WNV infection, implying a possible
functional defect in brain-infiltrating effector leukocytes in Il17a�/� mice.

It has been reported that mice treated with anti-IL-17A antibody show an approx-
imately 20% reduced survival rate compared to the control mice after a lethal WNV
challenge (88). However, no difference in the WNV burden was observed between
anti-IL-17A antibody-treated and control mice (88). In contrast, our results clearly
demonstrate that Il17a�/� mice are more susceptible to WNV infection. The discrep-
ancy between these two studies may be due to the transient effects of anti-IL-17A
treatment compared to complete genetic deficiency of IL-17A in Il17a�/� mice. In
addition, we cannot rule out the possibility that the genetic deficiency of IL-17A may
have other, secondary immune system effects that may also contribute to the different
outcomes compared to temporarily blocking IL-17A signaling by antibody administra-
tion. More to this point, ��-T cells produce IL-17A in the early phase, whereas CD4�

Th17 cells become the major IL-17A producer during the late phase of infection (34).
Thus, the administration of anti-IL-17A antibody in an early phase of WNV infection (0
and 5 dpi) (88) may not have sufficiently blocked IL-17A production and function during
the later phase of infection. Indeed, we found that IL-17A was not essential for
controlling viremia at 2 dpi but became critical for reducing viremia at 4 dpi and
clearing viruses from the spleen and brain at 8 dpi. Thus, it appears that IL-17A-
mediated protective immunity against WNV infection predominantly occurs during the
late phase of infection, which requires further investigation.

CD8� T cells play a critical role in clearance of viruses from the CNS (10, 89, 90).
CD8� T cells can control viral infection directly by inducing apoptosis of virus-infected
cells via perforin, granzyme, or Fas-FasL interactions (63, 91) or indirectly by immune-
mediated noncytolytic clearance of viruses from neurons by producing cytokines, such
as TNF-� and IFN-� (89, 90). Mice deficient in the expression of cytotoxic mediators,
such as perforin and FasL, or cytokines, such as TNF-� and IFN-�, exhibit increased
mortality and viral burden in the CNS and peripheral organs following WNV infection
(12, 15, 20, 61, 62, 92). However, we did not detect any significant difference in the
expression of cytokines, including TNF-� and IFN-�, between WNV-infected WT and
Il17a�/� mice, suggesting that IL-17A-mediated control of WNV by CD8� T cells may
occur independently of the effects of these cytokines. We report here that CD8� T cells
isolated from Il17a�/� mice have significantly reduced cytotoxicity compared to WT
controls, which may explain the higher viral burden and lower survival rates of Il17a�/�

mice, despite elevated leukocyte infiltration (including CD8� T cells) into the CNS. While
we are not certain whether CD8� T cells predominantly contribute to WNV clearance
by causing cytolysis of WNV-infected neurons due to lower major histocompatibility
complex class I (MHC-I) expression in these cells (93, 94), it is likely that CD8� T cells can
cause cytolysis of WNV-infected nonneural cells, such as infiltrating macrophages and
neutrophils, and microglia in the CNS, thus facilitating virus clearance (10, 12, 13, 62).
In line with reduced cytotoxicity, CD8� T cells from Il17a�/� mice had significantly
reduced expression of perforin-1, granzyme A, granzyme B, and FasL in most of the
tissues examined during WNV infection. However, the induction of FasL by recombinant
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IL-17A was differentially affected in our experiments. For instance, in vitro IL-17A
treatment did not induce the expression of FasL in CD8� T cells, while it was induced
after in vivo administration of IL-17A. This discrepancy is likely due to the experimental
conditions, or it may reflect different roles of IL-17A in regulating the expression of
these cytotoxic mediators, which requires further investigation. Although NK cells (a
type of CD8� cells) also express these genes and mediate the apoptosis of target cells,
we did not detect a difference in the expression of cytotoxic mediators in CD8� cell
populations isolated from WNV-infected WT and Il17a�/� mouse spleens. This indicates
that NK cells may not play a prominent role in IL-17A-mediated cytotoxicity during
WNV infection. This notion is consistent with the previous reports that NK cells have
little or no role in controlling WNV infection (12). Thus, our data suggest that IL-17A
signaling protects mice from WNV infection by upregulating the expression of cytotoxic
mediators, thereby promoting CD8� T cell cytotoxicity. It is worthy of note that CD8�

T cells have also been shown to have an immunopathological role when mice were
infected intravenously with a high dose (108 PFU) of WNV (strain Sarafend), resulting in
100% mortality with a 6-day mean survival time (95). However, such an immunopa-
thology role of CD8� T cells was likely not due to their cytotoxic functions, because
these cells are usually activated after 1 week postinfection. In support of this, the same
study and many other reports also showed a recovery role of CD8� T cells when mice
were infected with low doses (102 to 103 PFU) of WNV, which is similar to the current
study (12, 92, 95–98). In addition, Th17 cells and IL-17A have been implicated in
inflammation and immunopathology associated with autoimmune diseases (25–27)
and some virus-induced chronic CNS diseases (48, 99, 100), suggesting that Th17/IL-17A
axis may have different implications under such immunopathological and chronic
inflammatory conditions.

A wide variety of immune cells, including CD4� Th17 cells, ��-T cells, NK T cells, and
CD8� T cells, can produce IL-17A (23, 88). In addition, the IL-17A receptor (IL-17R) is
expressed ubiquitously in virtually all cell types and tissues examined (67, 68, 86).
Although CD8� T cells can produce IL-17A and also express its cognate receptor (59,
69), the link between IL-17A and CD8� T cell cytotoxic function has not been previously
recognized. In theory, it is possible that IL-17A may affect CD8� T cell development
and/or function by acting on these cells either directly or indirectly through other cell
types. Since we found similar levels of CD8� T cells and CD4�/CD8� ratios in spleno-
cytes isolated from Il17a�/� and WT mice infected with WNV, it appears that CD8� T
cell development remains unaltered in Il17a�/� mice and that IL-17A may largely
control CD8� T cell function during WNV infection. This hypothesis was confirmed by
ex vivo treatment of splenocytes with recombinant IL-17A isolated from WNV-infected
Il17a�/� and WT mice, which showed upregulation of perforin-1, granzyme A, and
granzyme B expression in CD8� T cells by IL-17A in a CD4� T cell-independent manner.
These results suggest that IL-17A can induce the expression of cytotoxic mediators by
acting directly on CD8� T cells. Importantly, administration of a single dose of recom-
binant IL-17A to WNV-infected mice even as late as 6 dpi induced the expression of
cytotoxic mediators in CD8� T cells, dramatically reduced the viral burden in the brain,
and increased the survival rate, suggesting a promising therapeutic role of IL-17A
against WNV infection.

The role of IL-17A in promoting the expression of cytotoxic mediators in CD8� T
cells has not been previously reported, and the signaling mechanism by which IL-17A
mediates the expression of cytotoxicity mediators and regulates CD8� T cell cytotox-
icity is not currently understood. Both CD4� Th17 cells and ��-T cells, the major cells
that produce IL-17A, have been previously shown to promote CD8� T cell cytotoxicity
during infection (101, 102) and autoimmune disease (103) and in cancers (104, 105).
Also, NK cells treated with IL-17A upregulate the expression of perforin and granzyme
genes and cytotoxic functions (106), which provides additional evidence that IL-17A
signaling can induce the expression of cytotoxicity mediators. These reports support
our current findings and suggest that IL-17A may facilitate cytotoxicity of CD8� T cells
under diverse disease conditions.
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In conclusion, this study uncovered a novel function of IL-17A in promoting CD8�

T cell cytotoxicity during WNV infection in mice. Further studies are warranted to better
understand the regulation of IL-17A production during WNV infection and to dissect
the specific mechanism by which IL-17A induces the expression of cytotoxicity medi-
ator genes and promotes CD8� T cell cytotoxicity in the context of WNV infection and
other diseases, which may help to exploit novel IL-17A-based therapeutic strategies.

MATERIALS AND METHODS
Ethics statement and biosafety. Written informed consent was obtained from all human volunteers

and human WNV cases prior to inclusion in this study. The protocol for human subjects was reviewed and
approved by the University of Southern Mississippi (USM) Institutional Review Board (protocol CH-
R11120601). All animal experimental procedures were reviewed and approved by the Institutional
Animal Care and Use Committee at USM (protocol 12041201). All the in vitro experiments and animal
studies involving live WNV were performed by certified personnel in biosafety level 3 (BSL3) laboratories
following standard biosafety protocols approved by the USM Institutional Biosafety Committee.

Virus stock and animal studies. The low-passage WNV isolate CT2741 (107) was provided by John
F. Anderson at the Connecticut Agricultural Experiment Station. The WNV stocks used in this study were
prepared by propagating the viruses in Vero cells through a single passage and titrated in Vero cells by
plaque-forming assay as previously described (54). Vero cells (ATCC CCL-81) were cultured in a 37°C
incubator with 5% CO2 in Dulbecco’s modified Eagle medium (DMEM) (Life Technologies) supplemented
with 10% fetal bovine serum (FBS). Il17a�/� mouse breeding pairs (C57BL/6J background) were provided
by Richard A. Flavell at the Yale University School of Medicine, and WT control mice (C57BL/6J) were
purchased from the Jackson Laboratory (Bar Harbor, ME). Il23p19�/� breeding pairs on a mixed C57BL/6 �
129 background were obtained from the Mutant Mouse Regional Resource Center (MMRRC). The mice were
housed under standard conditions in the animal facility at USM. Gender-matched 7- to 9-week-old Il17a�/�

and WT control mice were infected with 1,000 PFU of WNV by i.p. injection in 100 �l of PBS containing 5%
gelatin (14). For footpad inoculation, 100 PFU of WNV in 50 �l PBS containing 1% FBS was injected into the
mouse footpad after isoflurane anesthesia (17). The infected animals were observed twice daily for up to 21
days for morbidity and mortality.

Cell culture and in vitro infection. hPBMCs were isolated from the blood of healthy human
volunteers using Ficoll-Paque Plus (GE Healthcare). To isolate murine splenocytes, healthy C57BL/6J mice
(7 weeks old) were euthanized and spleens were collected to make a single-cell suspension. After red
blood cell lysis, both mouse splenocytes and hPBMCs were purified and cultured in DMEM (Life
Technologies) supplemented with 10% FBS, 2 mM L-glutamine, and 1% nonessential amino acids. The
cells were infected with WNV (MOI � 0.1, 1, or 5) and collected in Trireagent (Molecular Research Center)
at 24 h and 48 h for total RNA extraction.

qPCR. Total RNA was extracted from cells or animal tissues (i.e., blood, spleen, and brain) using a
Trireagent or RNeasy kit with on-column DNA digestion (Qiagen). First-strand cDNA was synthesized
using an iScript cDNA synthesis kit (Bio-Rad). WNVE RNA copy numbers were quantified using probe-
based qPCR and normalized to the cellular �-actin gene, as previously described (54). qPCR assays for
cytokine, chemokine, and other immunological marker genes were performed using SYBR green super-
mix (Bio-Rad), and data are presented either as the relative fold change (RFC) by the ΔΔCT method using
�-actin as a housekeeping gene or as a copy number target gene/cellular �-actin ratio. Primer sequences
for mouse (54) and human (108) �-actin were previously described. Primer sequences for human Il17a (F,
5=-TGTGATCTGGGAGGCAAAGT-3=; R, 5=-GATCTCTTGCTGGATGGGGA-3=) and mouse Il17a (F, 5=-TCTCCA
CCGCAATGAAGACC-3=; R, 5=-TTTCCCTCCGCATTGACACA-3=), perforin-1 (F, 5=-TGTTCCTCCTGGGCCTTTTC-
3=; R, 5=-CCATACACCTGGCACGAACT-3=), granzyme-A (F, 5=-CACGTGAGGGGGATCTACAAC-3=; R, 5=-TCTC
CCCCATCCTGCTACTC-3=), granzyme-B (F, 5=-TGCTACTGCTGACCTTGTCTC-3=; R, 5=-CCATGTAGGGTCGAGA
GTGG-3=), fasL (F, 5=-GAACTGGCAGAACTCCGTGA-3=; R, 5=-TGAGTGGGGGTTCCCTGTTA-3=), Ifn-� (F, 5=-TT
CCCCTGACCCAGGAAGAT-3=; R, 5=-CTTCTGCTCTGACCACCTCC-3=), Ifn-� (F, 5=-TGTCCTCAACTGCTCTCCAC-
3=; R, 5=-ATCTCTGCTCGGACCACCAT-3=), and Act-1 (F, 5=-GAGGACGAGCATGGCTTACA-3=; R, 5=-TGGCATT
TGGGAAGAGCACA-3=) were designed using NCBI’s primer-designing tool and synthesized by Integrated
DNA Technologies.

ELISA. IL-17A, IFN-�, IL-1�, IL-6, IL-10, IFN-�, IL-12p40, TNF-�, and anti-WNV-E IgM antibody in the
plasma of WNV-infected (1,000 PFU i.p.) mice were measured using an ELISA kit (R&D Systems) following
the manufacturer’s instructions. The levels of IL-17A in culture media and the sera of human WNV cases
and healthy controls were measured with an ELISA kit from Enzo Life Sciences.

Confocal microscopy. Brains were collected from WNV-infected (1,000 PFU i.p.) mice after intrac-
ardial PBS perfusion, fixed overnight in 4% paraformaldehyde (PFA) at 4°C, and cryoprotected in sucrose.
Paramedian sagittal sections (25 �m) of the brain were preblocked for 30 min at room temperature and
then probed overnight at 4°C with a combination of primary antibodies against CD11b, CD45, and WNV
antigen (anti-WNV antibody was provided by John F. Anderson; the other antibodies were purchased
from BD Biosciences). After a PBS wash, the sections were probed with appropriate fluorescently labeled
secondary antibodies for 1 h at room temperature, counterstained with DAPI (4=,6-diamidino-2-
phenylindole) (Invitrogen), and mounted in fluorescent mounting medium (ProLong Gold). Images were
acquired in independent channels using a Nikon A1R confocal microscope.

Flow cytometry. Brains were collected from WNV-infected (1,000 PFU i.p.) mice after intracardial PBS
perfusion and processed into a single-cell suspension. Brain leukocytes were isolated using a discontin-
uous Percoll gradient (GE Healthcare) and probed with CD45, CD4, CD8, and CD11b (BD Biosciences or
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eBioscience). After staining, the cells were washed two times in flow cytometry buffer (FCB) (PBS with 2%
FBS) and fixed in 4% PFA for 15 min. For intracellular staining, cells were permeabilized and probed with
antibodies against perforin and granzyme A (eBioscience). The cells were then washed and resuspended
in FCB. Data were acquired on a flow cytometer (BD LSRFortessa) and analyzed with FlowJo or FACSDiva
software (BD Biosciences).

CD8� T cell isolation and cytotoxicity assay. Spleens were collected from WNV-infected (100 PFU
i.p.) mice at 10 dpi. Splenic CD8� T cells were isolated by negative antibody selection with magnetic
beads using the mouse CD8� T Lymphocyte Enrichment Set-DM (BD Biosciences). The purity of CD8� T
cells was examined by flow cytometry after staining with fluorescently labeled anti-CD3 and anti-CD8
antibodies (eBioscience). The cytotoxicity of CD8� T cells was measured as described previously (10) with
some modifications. Briefly, purified CD8� T cells (�80 to 90% purity) were cocultured for 4 h in 96-well
plates with target cells expressing the ectodomain of WNV-E (MC57GLWNV-E) or control cells containing
the expression vector (MC57GLvector) (given by Michael S. Diamond) with effector-to-target cell ratios of
50:1. CD8� T cell cytotoxicity was measured using an LDH Cytotoxicity Detection kit (Thermo Scientific).
Transcripts of perforin-1, granzyme A, granzyme B, and FasL genes in purified CD8� T cells and CD8� cells
were measured by qPCR, as described above.

Ex vivo and in vivo IL-17A treatment assay. For ex vivo studies, splenocytes were isolated from
WNV-infected (100 PFU i.p.) mice at 8 dpi, and splenic CD8� T cells were purified as described above. In
some experiments, CD4� T cells were depleted from splenocytes using CD4 Magnetic Particles-DM (BD
Biosciences). The splenocytes, purified CD8� T cells, or CD4� splenocytes were cultured for 24 h in the
presence of mouse recombinant IL-17A (50 ng/ml; eBioscience). In some experiments, splenocytes were
cultured for 24 h in the presence of mouse recombinant IL-17A (50 ng/ml) and subjected to CD8� T cell
purification. Expression of perforin-1, granzyme A, granzyme B, and FasL in splenocytes, CD8� T cells, and
splenic CD8� cells was measured by qPCR, as described above.

For in vivo IL-17A treatment and survival studies, WT female mice (8 weeks old) were inoculated with
WNV (100 PFU) via the i.p. route. At 6 dpi, the mice were treated (2.5 �g/mouse) i.p. with carrier-free
mouse recombinant IL-17A (eBioscience) or PBS and monitored daily for mortality and morbidity for up
to 21 days. Randomly selected mice were euthanized at 8 dpi, and the WNV burden in the brain and the
expression of the cytotoxic mediators in splenic CD8� and CD8� T cells were measured by qPCR as
described above.

Statistical analyses. Data were analyzed using a two-tailed Student t test or analysis of variance
(ANOVA) in GraphPad Prism (GraphPad Software; version 6), with a P value of �0.05 considered
statistically significant.
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