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ABSTRACT The mouse model of West Nile virus (WNV), which is a leading cause of
mosquito-borne encephalitis worldwide, has provided fundamental insights into the
host and viral factors that regulate viral pathogenesis and infection outcome. In particu-
lar, CD8� T cells are critical for controlling WNV replication and promoting protection
against infection. Here, we present the characterization of a T cell receptor (TCR)-
transgenic mouse with specificity for the immunodominant epitope in the WNV NS4B
protein (here referred to as transgenic WNV-I mice). Using an adoptive-transfer model,
we found that WNV-I CD8� T cells behave similarly to endogenous CD8� T cell re-
sponses, with an expansion phase in the periphery beginning around day 7 postinfec-
tion (p.i.) followed by a contraction phase through day 15 p.i. Through the use of in vivo
intravascular immune cell staining, we determined the kinetics, expansion, and differenti-
ation into effector and memory subsets of WNV-I CD8� T cells within the spleen and
brain. We found that red-pulp WNV-I CD8� T cells were more effector-like than white-
pulp WNV-I CD8� T cells, which displayed increased differentiation into memory precur-
sor cells. Within the central nervous system (CNS), we found that WNV-I CD8� T cells
were polyfunctional (gamma interferon [IFN-�] and tumor necrosis factor alpha [TNF-�]),
displayed tissue-resident characteristics (CD69� and CD103�), persisted in the brain
through day 15 p.i., and reduced the viral burden within the brain. The use of these
TCR-transgenic WNV-I mice provides a new resource to dissect the immunological mech-
anisms of CD8� T cell-mediated protection during WNV infection.

IMPORTANCE West Nile Virus (WNV) is the leading cause of mosquito-borne en-
cephalitis worldwide. There are currently no approved therapeutics or vaccines for
use in humans to treat or prevent WNV infection. CD8� T cells are critical for con-
trolling WNV replication and protecting against infection. Here, we present a com-
prehensive characterization of a novel TCR-transgenic mouse with specificity for the
immunodominant epitope in the WNV NS4B protein. In this study, we determine the
kinetics, proliferation, differentiation into effector and memory subsets, homing, and
clearance of WNV in the CNS. Our findings provide a new resource to dissect the im-
munological mechanisms of CD8� T cell-mediated protection during WNV infection.

KEYWORDS brain, CD8� T cells, spleen, West Nile virus, neuroimmunology, viral
pathogenesis

West Nile virus (WNV) is a positive-sense single-stranded RNA virus that belongs to
the family Flaviviridae and is transmitted by mosquito vectors (1). Since its

introduction into the United States in 1999, WNV has remained the leading cause of
mosquito-borne encephalitis (1, 2). WNV infection is generally asymptomatic in the vast
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majority of individuals; however, symptomatic individuals can present with arthralgia,
myalgia, and cephalea. A small percentage of WNV-infected individuals may also
progress to encephalitis that can be fatal or result in permanent neurologic deficits (3,
4). Neuroinvasive WNV infection is more prevalent among elderly and immunodeficient
individuals (5). Currently, there are no antivirals or vaccines approved for use in humans
to treat or prevent WNV infection.

Studies in humans infected with WNV have provided valuable insights into the
correlates of protective immune responses. Postmortem central nervous system (CNS)
tissues from individuals who have succumbed to WNV infection show generalized
parenchymal infiltration of CD3� T cells, which colocalize to areas of viral antigen (6, 7).
Observations in the peripheral blood of symptomatic WNV-infected patients found that
neuroinvasive disease was correlated with atypical CD4� T cells that expressed Th1 and
Th2 cytokines simultaneously (8). Additional studies have found a positive correlation
between symptomatic WNV disease and increased T cell immunoglobulin domain-
containing molecule 3 (Tim-3) expression on CD8� T cells, strongly suggesting that
WNV may induce T cell-inhibitory molecules as a mechanism to dampen T cell immune
responses (9). Combined, the data show that T cells play an integral role in mediating
clinical disease progression and infection outcome in humans.

WNV infection of mice recapitulates many aspects of viral pathogenesis observed in
WNV-infected humans (10). Through the use of the murine model, several components
of the innate and adaptive immune response have been found to control WNV
replication, tissue tropism, and infection outcome. Following WNV infection, CD8� T
cells are activated and reach peak expansion in the periphery by day 7 postinfection
(p.i.), followed by CXCR3-dependent trafficking to the CNS (11). There, CD8� T cells
control virus dissemination, limit neuronal injury, and mediate viral clearance through
cytolytic (Fas, TRAIL, and perforin) and, potentially, noncytolytic mechanisms (12–15).
Recently, the CD8� T cell immunodominant epitope within WNV was identified, which
has provided insight into the dynamics of virus-specific CD8� T cell responses during
WNV infection (16, 17). However, we still have a rudimentary understanding of the
kinetics, differentiation, expansion, and trafficking of WNV-specific CD8� T cells to the
CNS during infection.

In this study, we present the generation and characterization of a novel T cell
receptor (TCR)-transgenic mouse with specificity for the immunodominant epitope in
the WNV NS4B protein (here referred to as transgenic WNV-I mice). Using an adoptive-
transfer model, we found that WNV-I CD8� T cells behave similarly to endogenous
CD8� T cell responses, with an expansion phase in the periphery beginning around day
7 p.i., followed by a contraction phase through day 15 p.i. Through the use of in vivo
intravascular (i.v.) antibody immune cell staining, we determine that the kinetics,
expansion, and differentiation into effector and memory subsets of WNV-I CD8� T cells
are influenced by anatomic location within the spleen. Within the CNS, we found that
WNV-I CD8� T cells are polyfunctional (gamma interferon [IFN-�] and tumor necrosis
factor alpha [TNF-�]); display a tissue-resident phenotype, characterized by increased
CD69 and CD103 expression; and persist through day 15 p.i. Most importantly, WNV-I
cells were able to reduce the viral burden within the brains of WNV-infected mice.

RESULTS
Titration of WNV-I T cells during WNV infection. CD8� T cells are essential for

regulating protection against WNV infection (17). However, studying CD8� T cells in the
context of WNV infection has been challenging due to the lack of a T cell-transgenic
system. Previous studies identified the Db binding immunodominant peptide epitope
within WNV NS4b (SSVWNATTAI) following infection of C57BL/6 mice (16, 17). In this
study, we report the generation of a TCR-transgenic mouse with specificity for this
immunodominant epitope found within the WNV NS4B protein (here referred to as
WNV-I mice) (Fig. 1A). We isolated and stained peripheral blood mononuclear cells
(PBMCs) from naive WNV-I TCR-transgenic mice with a Db-NS4b tetramer (18) and
found that more than 95% of the CD8� T cells were WNV specific, which is consistent
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with other T cell-transgenic mouse models (Fig. 1B) (19, 20). Following WNV infection
of C57BL/6 mice, WNV-specific CD8� T cells peak on day 7 p.i. within the spleen (Fig.
2A). To determine an optimal number of WNV cells that could be tracked during
infection, we adoptively transferred between 5 � 103 and 5 � 106 WNV-I CD8� T cells
into congenically marked mice and evaluated the expansion of WNV-I CD8� T cells on
day 7 p.i. (Fig. 2B). Three days following adoptive transfer, recipient mice were infected
with 100 PFU of WNV isolate TX 2002-HC (WNV-TX) through the subcutaneous (s.c.)
route. In the spleen, we observed a substantial increase in recovery/expansion of WNV-I
CD8� T cells following transfer of either 5 � 103 (52-fold) or 5 � 104 (59.8-fold) cells
(Fig. 2C). Interestingly, we observed a dramatic reduction in this ratio in WNV-infected
recipient mice that received either 5 � 105 (3.1-fold) or 5 � 106 (1.1-fold) WNV-I CD8�

T cells. Based on these findings, we proceeded to use 5 � 104 WNV-I CD8� T cells as
an optimal number of transgenic cells to transfer into recipient mice for analyzing CD8�

T cell responses during WNV infection.
WNV-specific CD8� T cells accumulate within the RP of the spleen. In vivo

intravascular immune cell staining has been demonstrated to be a valuable technique
for identifying tissue-resident immune cells (21, 22). Next, we combined adoptive
transfer of WNV-I CD8� T cells with in vivo intravascular immune cell staining to better
understand the dynamics and composition of WNV-specific CD8� T cell responses in
the spleen during WNV infection (Fig. 3A and B). As a baseline, uninfected mice showed
an accumulation of WNV-I-specific CD8� T cells within the white pulp (WP) versus the
red pulp (RP) of the spleen on day 3 posttransfer (Fig. 3C). This finding is consistent with
previous studies using P14 CD8� T cells (23). Following WNV infection, we observed

FIG 1 Generation of WNV-I CD8� T cells. (A) WNV genome showing structural proteins (blue) and nonstructural
proteins (red). The peptide sequence for the immunodominant epitope in the NS4B protein is shown. (B) Flow
cytometry staining of peripheral blood obtained from naive C57BL/6J (left) or WNV-I (right) mice using a
WNV-specific tetramer (NS4B) and anti-CD8 antibody.
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FIG 2 Titration of WNV-I-specific CD8� T cells. (A) Expansion of endogenous WNV-specific CD8� T cells
during WNV-I infection. (B) Experimental design. Increasing amounts of WNV-I CD8� T cells were
transferred to congenically marked mice 3 days prior to infection. The mice were infected with WNV-TX

(Continued on next page)
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strong skewing in the frequency of WNV-I CD8� T cells within the RP compared to the
WP of the spleen (Fig. 3C). On day 7 p.i., we observed a reduction in the frequency of
WNV-I CD8� T cells within the WP with a concomitant increase in the frequency of
WNV-I CD8� T cells within the RP. The frequency of WNV-I CD8� T cells within the RP
was higher than in the WP on day 15 p.i. (RP, 67.9% � 3% versus WP, 27.1% � 4%;
P � 0.05). Interestingly, the total number of WNV-I CD8� T cells expanded through day
7 p.i. and contracted through day 15 p.i. (Fig. 3D).

We next evaluated the functional properties of WNV-specific CD8� T cell responses
within the spleen. Following ex vivo restimulation with a peptide carrying the immu-
nodominant WNV CD8� T cell epitope, we observed both single- and double-positive
IFN-�- and TNF-�-secreting cells through day 15 p.i. Interestingly, cytokine responses
between RP and WP WNV CD8� T cells were heterogeneous in nature, but peak
responses occurred on day 7 p.i. (Fig. 3E to H). The frequency of IFN-� single-positive
(RP, 34% � 5.2% versus WP, 26.4% � 3.7%; P � 0.05) WNV-I CD8� T cells were slightly,
yet significantly, higher in the RP than the WP on day 7 p.i. In contrast, cell counts and
frequencies of TNF-� single-positive (WP, 1.6% � 0.7% versus RP, 0.5% � 0.6%; P �

0.05) and IFN-� and TNF-� double-positive (WP, 33.4% � 6.7% versus RP, 6.7% � 2.8%;
P � 0.05) WNV-I CD8� T cells were slightly, yet significantly, higher in the WP than in
the RP at 7 and 11 days p.i., respectively. Combined, our findings demonstrate that the
WNV-I CD8� T cells are functional and respond during WNV infection. Furthermore, the
anatomic location within the spleen has a strong influence on the distribution and
cytokine potential of CD8� T cell responses during WNV infection.

Effector and memory WNV-specific CD8� T cell differentiation within the
spleen. We next characterized differentiation into effector and memory WNV-specific
CD8� T cell subsets during infection (Fig. 4A and B). We observed that KLRG1 (RP, mean
fluorescence intensity [MFI] of 325.8 � 44.2, versus WP, 62.5 � 30.3; P � 0.05) and CD44
(RP, MFI of 354 � 30.9, versus WP, 205 � 40; P � 0.05), two cell surface markers of
effector T cell differentiation, showed significantly increased expression on WNV-I CD8�

T cells within the RP compared to the WP of the spleen on day 7 p.i. Interestingly, WP
WNV-I CD8� T cells on days 7 and 11 p.i. displayed KLRG1 expression similar to that of
naive WNV-I CD8� T cells. Compared to naive CD8� T cells, ICOS, which is a marker
typically found on activated CD8� T cells (24); Ki-67, which is a molecule expressed on
cells that have undergone recent proliferation; and perforin, which is a T cell effector
molecule, were similarly upregulated on WNV-I CD8� T cells within the RP or WP on day
7 or 11 p.i.

We next evaluated memory markers on WNV-I CD8� T cells within the RP or WP
during WNV infection. CD27, a marker typically found on central and effector memory T
cells (25–27), was expressed at significantly higher levels on WP than RP WNV-I CD8� T cells
on days 7 (WP, MFI of 368.6 � 21.2, versus RP, 280 � 9.0; P � 0.05) and 11 (WP, MFI of
379 � 49.4, versus RP, 239.3 � 3; P � 0.05) p.i. In contrast, CD62L, a marker of memory
CD8� T cell differentiation, was downregulated to a greater extent on RP than WP
WNV-I CD8� T cells or naive T cells on days 7 (RP, MFI of 631 � 186, versus WP, 869 �

134.4; P � 0.05) and 11 (RP, MFI of 667.5 � 189.6, versus WP, 932 � 189.2; P � 0.05)
p.i. Expression of CD69, a marker of tissue-resident memory CD8� T cells, on WNV-I
CD8� T cells did not change relative to naive CD8� T cells on day 7 p.i., but WP WNV-I
CD8� T cells did show increased expression on day 11 p.i. (WP, MFI of 27.6 � 8.1, versus
RP, 21.5 � 5.5; P � 0.05). We next evaluated memory precursor effector cell (MPEC)
(KLRG-1-CD127�) and short-lived effector cell (SLEC) (KLRG-1�CD127�) subsets on

FIG 2 Legend (Continued)
(100 PFU) via the s.c. route. WNV-I CD8� T cells in the spleen were evaluated on day 7 p.i. WT, wild type,.
(C) (Top) (Left and middle) Frequency (left) and counts (middle) of WNV-I CD8� T cells recovered from
adoptive transfers on day 7 p.i. (Right) Fold change recovery calculated relative to the initial input of
WNV-I CD8� T cells. (Bottom) Representative flow cytometry plots for individual adoptive-transfer
conditions. The data are representative of the results of two independent experiments (n � 3 or 4 mice
per group). The error bars indicate standard deviations.
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FIG 3 Distribution of WNV-I CD8� T cells in the spleen during WNV infection. (A) Experimental design. WNV-I CD8� T cells (5 � 104) were transferred into
congenically marked mice. Three days later, the recipients were infected with 100 PFU of WNV-TX s.c., and on the day of sacrifice, the mice received 10 �g of
allophycocyanin-labeled anti-CD8 antibody for 5 min through the intravenous route. (B) Gating strategy to determine the anatomic location of WNV-I CD8�

T cells in the spleen. (C and D) Frequency (C) and cell counts (D) of WNV-I CD8� T cells present in RP or WP compartments during WNV infection. (E) Frequencies
of IFN-�-single-positive, TNF-�-single-positive, and IFN-�- TNF-�-double-positive cells in the spleen. (F to H) Cell counts of IFN-�- and TNF-�-single- and
double-positive WNV-I CD8� T cells in the spleen. The data are representative of the results of two independent experiments (n � 4 to 9 mice per group). *,
P � 0.05; paired t test.
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FIG 4 Effector and memory CD8� T cell differentiation during WNV infection. WNV-I CD8� T cells (5 � 104) were transferred into congenically marked mice.
Three days later, the recipients were infected with 100 PFU of WNV-TX s.c., and on the day of sacrifice, the mice received 10 �g of allophycocyanin-labeled
anti-CD8 antibody for 5 min through the intravenous route. (A and B) Mean fluorescence intensity (MFI) (A) and representative histograms (B) on day 7 p.i. (C)

(Continued on next page)
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WNV-I CD8� T cells found within the spleen (Fig. 4C to E). We observed a greater
frequency of SLECs in the RP than in the WP of the spleen on days 7 (RP, 25.5% � 1.3%
versus WP, 8.4% � 1.24%; P � 0.05) and 11 (RP, 32.5% � 4.3% versus WP, 4% � 1.5%;
P � 0.05) p.i. (Fig. 4C). Conversely, we observed a significant enrichment of MPECs
within the WP compared to the RP of the spleen on days 7 (2.1% � 0.4% versus 0.17% �

0.1%; P � 0.05), 11 (26.5% � 3.0% versus 15.7% � 1.5%; P � 0.05), and 15 (16.16% � 3.4%
versus 6.7% � 1.7%; P � 0.05) p.i. (Fig. 4D). While CD122, CD25, interleukin 15 receptor
(IL-15R), and CD103, which are additional markers of T cell memory, were upregulated on
WNV-I CD8� T cells compared to naive CD8� T cells, no differences in expression were
observed between WNV-I CD8� T cells located within the RP and those in the WP.

We next evaluated homing molecules typically found on effector CD8� T cells
during virus infection. CXCR3, a chemokine receptor that has previously been impli-
cated in promoting CD8� T cell trafficking to the CNS during WNV infection (11), was
expressed at significantly higher levels on WNV-I CD8� T cells in the WP than on those
in the RP on days 7 (WP, MFI of 83.5 � 8.8, versus RP, 50.4 � 7.7; P � 0.05) and 11 (WP,
MFI of 178.1 � 12.2, versus RP, 79.6 � 15.4; P � 0.05) p.i. CCR7 was not expressed on
WNV-I CD8� T cells more than in naive controls at either time point.

Lastly, we measured the expression of the T cell inhibitor markers PD-1, Lag-3, and
Tim-3 on WNV-I CD8� T cells. We found that PD-1 and Lag-3 were not differentially
expressed on RP or WP WNV-I CD8� T cells compared to naive CD8� T cells. However,
we did observe a modest, yet significant, increase in Tim-3 expression on RP compared
to WP WNV-I CD8� T cells on day 11 p.i. (RP, MFI of 17.7 � 1.9, versus WP, 14.3 � 1.6;
P � 0.05). Altogether, these data indicate that WNV-I CD8� T cells display asymmetric
phenotypic characteristics depending on their anatomic location within the spleen. Our
data indicate that effector WNV-I CD8� T cells tend to accumulate in the RP and
memory precursor cells accumulate in the WP of the spleen.

Polyfunctional WNV-I CD8� T cells infiltrate the brain on day 7 postinfection.
Next, we used in vivo intravascular immune cell staining to differentiate between
intravascular and brain-resident (BR) CD8� T cells during WNV infection (Fig. 5A and B).
Similar to endogenous NS4B-specific CD8� T cell responses during WNV infection (28,
29), WNV-I CD8� T cells infiltrated the CNS beginning on day 7 p.i. and remained in the
brain parenchyma through day 15 p.i. (Fig. 5C and D). Interestingly, from day 7 p.i.
onward, a majority of the WNV-I CD8� T cells were identified as brain resident rather
than localized within the vasculature.

We next evaluated the functional properties of brain-resident WNV-I CD8� T cells
following ex vivo peptide restimulation. Similar to WNV-specific CD8� T cells within the
spleen, we observed both single- and double-positive IFN-�- and TNF-�-secreting
WNV-I CD8� T cells through day 15 p.i. On days 7 and 11 p.i., IFN-�- and TNF-�-double-
positive cells were more prevalent and had higher cell counts than individual single-
positive cells on brain-resident WNV-I CD8� T cells (Fig. 5E to H). By day 15 p.i.,
brain-resident WNV-I CD8� T cells showed markedly reduced cytokine responses. These
findings demonstrate that early during CNS neuroinvasion, WNV-specific CD8� T cell
responses are multifunctional and the cells secrete both IFN-� and TNF-�.

WNV-I CD8� T cells in the brain parenchyma acquire a tissue-resident pheno-
type. We next examined the expression of surface markers on brain-resident and
intravascular WNV-I CD8� T cells during WNV infection (Fig. 6A and B). We observed a
significant decrease in KLRG1 expression on BR compared to i.v. WNV-I CD8� T cells on
days 7 (BR, MFI of 47.5 � 32.7, versus i.v., 123.5 � 32.3; P � 0.05) and 11 (BR, MFI of
1.7 � 3.9, versus i.v., 77.38 � 28.5; P � 0.05) p.i. Similarly, CD44 expression was
significantly decreased on brain-resident compared to intravascular WNV-I CD8� T
cells on day 11 p.i. (BR, MFI of 447 � 205.3, versus i.v., 782.8 � 133.2; P � 0.05). We

FIG 4 Legend (Continued)
Frequencies of WNV-I CD8� T SLECs in the WP and RP. (D) Frequencies of WNV-I CD8� T MPEC phenotypes in the WP and RP. (E) Representative flow cytometry
plots of WNV-I CD8� T SLECs and MPECs during WNV infection. The data are representative of the results of two independent experiments (n � 4 or 5 mice
per group). *, P � 0.05; paired t test.
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FIG 5 WNV-I CD8� T cells are polyfunctional in the brain parenchyma. (A) WNV-I CD8� T cells (5 � 104) were transferred into congenically marked mice.
Three days later, the recipients were infected with 100 PFU of WNV-TX s.c., and on the day of sacrifice, the mice received 10 �g of allophycocyanin-labeled
anti-CD8 antibody for 5 min through the i.v. route. (B) Gating strategy to determine the anatomic location of WNV-I CD8� T cells in the brain. (C and
D) Frequency (C) and cell counts (D) of brain-resident and intravascular WNV-I CD8� T cells during the course of WNV infection. (E) Percentages of
IFN-�-single-positive, TNF-�-single-positive, and IFN-�- TNF-�-double-positive cells in the brain. (F to H) Cell counts of IFN-�- and TNF-�-single- and
double-positive WNV-I CD8� T cells recovered from the brain. The data are representative of the results of two independent experiments with at least
4 mice per time point. *, P � 0.05; paired t test.
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observed a significant reduction in ICOS expression in both vasculature and brain
parenchyma WNV-I CD8� T cells relative to naive CD8� T cells. While slightly increased
over naive CD8� T cells, Ki-67 showed no difference between brain-resident and
intravascular WNV-I CD8� T cells. Intriguingly, perforin expression was profoundly
decreased on brain-resident WNV-I CD8� T cells compared to naive CD8� T cells. Both
CXCR3 and CCR7 showed little to no expression on either brain-resident or intravascular
WNV-I CD8� T cells compared to naive CD8� T cells. Altogether, these findings strongly
suggest that WNV-I CD8� T cells undergo dynamic changes as they enter the brain
region, with reduced activation and proliferation.

In terms of cell surface expression of memory markers, we observed profound, yet
similar, downregulation of CD62L, CD127, CD122, and CD25 expression on brain-
resident and intravascular WNV-I CD8� T cells compared to naive CD8� T cell controls.
Interestingly, CD27 and IL-15R showed increased expression on brain WNV-I CD8� T
cells compared to naive CD8� T cell controls; however, no significant differences were
observed between brain-resident and intravascular cells.

As CD8� T cells enter a tissue during pathogen infection, they acquire a tissue-
resident phenotype characterized by upregulation of CD69 (30) and CD103 (31, 32)
expression. We observed increased expression of CD69 and CD103 on brain-resident

FIG 6 WNV-I CD8� T cells are tissue-resident T cells in the CNS. WNV-I CD8� T cells (5 � 104) were transferred into congenically marked mice. Three days later,
the recipients were infected with 100 PFU of WNV-TX s.c., and on the day of sacrifice, the mice received 10 �g of allophycocyanin-labeled anti-CD8 antibody
for 5 min through the i.v. route. (A and B) MFI (A) and representative histograms (B) on day 7 p.i. The data are representative of the results of two independent
experiments with at least 5 mice per condition. *, P � 0.05; paired t test.
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WNV-I CD8� T cells compared to naive CD8� T cells on day 7 and day 11 p.i.
Interestingly, CD69, but not CD103, displayed differential expression on brain-resident
versus intravascular WNV-I CD8� T cells, suggesting that CD69 is a marker of tissue-
resident CD8� T cells within the brain on day 7 (BR, MFI of 212.4 � 40.6, versus i.v.,
118.8 � 33.3; P � 0.05) and on day 11 (BR, MFI of 367.5 � 104.9, versus i.v., 243.5 � 9;
P � 0.05) p.i.

The inhibitory receptor PD-1, but not Lag-3 or Tim-3, showed significantly increased
expression on brain-resident compared to intravascular WNV-I CD8� T cells or naive
CD8� T cells on day 7 (BR, MFI of 377.8 � 60.0, versus i.v., 284 � 5; P � 0.05) and day
11 (BR, MFI of 531.5 � 74.7, versus i.v., 402 � 51.8; P � 0.05) p.i. Altogether, these data
indicate that WNV-I CD8� T cells undergo dynamic changes as they differentiate into
brain-resident CD8� T cells.

WNV-I CD8� T cells reduce the viral burden. We next evaluated the antiviral
potential of the WNV-I CD8� T cells to reduce the WNV burden in the periphery and
CNS. We adoptively transferred 5 � 103 or 5 � 104 WNV-I CD8� T cells into C57BL/6J
recipient mice and infected the mice with WNV-TX 3 days posttransfer. Spleen and
brain tissues were harvested on days 4 and 8 p.i. On day 4 p.i., we observed a slight
reduction in viral titers in the spleen with increasing amounts of WNV-I CD8� T cells
transferred into the recipient mice (Fig. 7A). On day 8 p.i., the viral titers were below the
limit of detection in the spleens of all the experimental groups. In the brain, we
detected WNV in the brains of mice that received 5 � 103 (2 out of 10 mice) or 5 � 104

(1 out of 9 mice) WNV-I CD8� T cells on day 4 p.i., although these differences were not
statistically significant. Most importantly, on day 8 p.i., we observed a statistically
significant reduction in the WNV burden in mice that received 5 � 103 (76-fold
reduction; P � 0.05) or 5 � 104 (400-fold reduction; P � 0.05) WNV-I CD8� T cells
compared to mice that received no WNV-I CD8� T cells (Fig. 7B). Altogether, these
findings demonstrate that WNV NS4B-specific CD8� T cells are sufficient to reduce the
WNV burden in the CNS.

DISCUSSION

In this study, we report the generation of TCR-transgenic mice to track and study
virus-specific CD8� T cell responses during WNV infection. We combined in vivo
intravascular immune cell staining to characterize circulating and tissue-resident CD8�

T cell responses. Using an optimized number of transgenic WNV-I CD8� T cells, we
found that anatomic location within the spleen, brain, and vasculature influences the
activation and effector functions of virus-specific CD8� T cells during WNV infection.
Most importantly, we found that the transgenic WNV-I CD8� T cells were able to reduce
the viral burden in the CNS during WNV infection.

FIG 7 WNV-I CD8� T cells reduce the viral burden in C57BL/6J mice. WNV-I CD8� T cells (5 � 103 or
5 � 104) were transferred into C57BL/6J mice, and the mice were infected with WNV-TX via the s.c. route
3 days posttransfer. Tissues were harvested on days 4 and 8 p.i., and the viral burdens within the spleen
(A) and brain (B) were determined by focus-forming assay. The data are represented as focus-forming
units (FFU) per gram of tissue and are combined (n � 9 to 11 mice in total) from the results of two
independent experiments with at least 5 mice per experimental condition. *, P � 0.05; one-way ANOVA.
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Adoptive transfer of TCR-transgenic CD8� T cells is a powerful way to track and
study virus-specific CD8� T cell responses during infection. During our initial charac-
terization of WNV-I CD8� T cells, we observed that increasing the number of WNV-I
CD8� T cells by 10- or 100-fold resulted in a dramatic reduction in the recovery of
WNV-I CD8� T cells on day 7 p.i. This phenomenon, also referred to as a “ceiling” of the
effector T cell response, has been observed in other experimental model systems (33)
and pathogen infection (34, 35). It is plausible that increasing the initial frequency of
WNV-I CD8� T cells results in altering viral pathogenesis (36) or the kinetics of T cell
expansion or proliferative burst (37). Further studies are needed to better understand
how the initial frequency of TCR-transgenic cells impacts the viral pathogenesis and
kinetics of CD8� T cell activation and expansion during WNV infection.

In the spleen, we observed that WNV-I CD8� T cells are preferentially distributed
within the RP compared to the WP of the spleen. In both the RP and WP, WNV-I CD8�

T cells differentiated into effector cells, as determined by cell surface expression of
KLRG1, CD44, CD69, and CXCR3 and their ability to secrete inflammatory cytokines
(TNF-� and IFN-�). Similar to lymphocytic choriomeningitis virus (LCMV) infection, we
also observed preferential expansion of SLECs and MPECs within the RP and WP of the
spleen, respectively. It is possible that a combination of factors, such as antigen-
presenting cell (APC) activation (38), viral replication, and regulatory T cells (23), may
promote the differential expansion and polyfunctionality of WNV-I CD8� T cells within
the spleen during virus infection.

WNV-specific CD8� T cells migrate to the CNS around 7 days p.i. and persist in the
CNS through 6 months post-WNV infection despite the lack of detection of viral RNA
within the brain (39, 40). In a similar manner, we found that CNS-resident WNV-I CD8�

T cells (CD69� CD103�) persisted in the CNS through day 15 p.i. In other models,
specifically LCMV and vesicular stomatitis virus (VSV), virus-specific CD8� T cells have
been reported to accumulate within the CNS following pathogen clearance (30, 31).
However, it is not yet clear what role, if any, these tissue-resident CD8� T cells play in
mediating immune homeostasis within the CNS. A potential hypothesis is that virus-
specific CD8� T cells may persist in the CNS to block subsequent viral infections or virus
reactivation. Furthermore, it will be interesting to determine the host factors that
regulate maintenance of WNV-specific CD8� T cells within the brain and whether
antigen is required for CD8� T cell persistence within the brain following WNV
clearance.

The mechanisms by which CD8� T cells mediate clearance within the CNS during
WNV infection have been studied but are not yet well defined. Recent studies using
global knockout mice and endogenous CD8� T cells have identified potential host
factors, including TNF-�, IFN-�, TRAIL, and perforin, as important mediators in control-
ling WNV replication within the CNS (12, 13). Furthermore, dendritic cell (DC)-CD8� T
cell interactions within the CNS, as well as IL-1 signaling, have also been shown to play
important roles in programming protective CD8� T cells during WNV infection (41).
These transgenic WNV-I CD8� T cells can now be used to more accurately dissect
mechanisms that mediate viral control within the CNS and protection against lethal
WNV infection.

In summary, we have presented the generation and characterization of a novel WNV
TCR-transgenic mouse that can be used to better understand CD8� T cell responses
during WNV infection. These mice are available to the scientific community and will
allow future studies to uncover mechanisms underlying differentiation into memory
CD8� T cells, homing to the CNS, maintenance of tissue-resident CD8� T cells within
the CNS, and mechanisms of neuroprotection during WNV infection.

MATERIALS AND METHODS
Ethics statement. This study was carried out in accordance with the recommendations in the Guide

for the Care and Use of Laboratory Animals of the National Institutes of Health. Animal experiments were
approved and performed in accordance with the guidelines of the Institutional Animal Care and Use
Committee at Emory University (protocol number YER-2002219-111016N).
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Cells and viruses. BHK-21 cells were cultured in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), HEPES, L-glutamine, sodium pyruvate, antibiotic-
antimycotic solution, and nonessential amino acids. WNV isolate TX 2002-HC (WNV-TX) was described
previously (42), and its titer was determined by a standard plaque assay on BHK-21 cells. Working stocks
were generated by passaging WNV-TX twice on Vero cells (ATCC CCL81) and used for in in vivo
experiments.

Mouse experiments. Inbred C57BL/6J mice were commercially obtained (Jackson Laboratories, Bar
Harbor, ME). WNV-I TCR-transgenic mice were obtained from the Bevan laboratory and were described
previously (43). All the mice were genotyped and bred under specific-pathogen-free conditions in the
rodent facility at Yerkes National Primate Research Center at Emory University. The methods for mouse
use and care were in accordance with the Emory University Institutional Animal Care and Use Committee
guidelines. Age-matched 8- to 12-week-old mice were inoculated subcutaneously in the left rear footpad
with 100 PFU of WNV-TX in a 10-�l inoculum diluted in phosphate-buffered saline (PBS) supplemented
with 2% heat-inactivated FBS. Mock-infected mice were inoculated in a similar manner with diluents
alone. The mice were monitored daily for morbidity and mortality.

Generation of transgenic WNV-I CD8� T cells. To generate the TCR-transgenic mice with specificity
for the WNV immunodominant epitope, a cytotoxic T cell specific for the SSVNWNATTA/Db epitope, the
rearranged TCR� and -� chain cDNAs were cloned into a targeting construct and injected into C57BL/6
mouse eggs (Fig. 1A). Magnetically sorted T cells from infected C57BL/6 mice that were heterozygous for
a TCR� locus deletion (to avoid any possibility of having two TCR� chains in the same cell) were
cocultured with T cell-depleted, irradiated splenic antigen-presenting cells pulsed with 1 �M NS4B
peptide. The frequency of NS4B/Db-specific cells was assayed at the initiation of culture and at day 2 or
3 of culture. T cell blasts were fused with the TCR��-negative BW5147 lymphoma cell line using
polyethylene glycol (PEG). Hybridoma cells were screened for surface expression of CD3, CD4, and CD8
and for pan-TCR�. Antigen specificity for NS4B was screened by the ability to produce IL-2, measured by
enzyme-linked immunosorbent assay (ELISA), in response to stimulation with WNV peptide plus spleen
antigen-presenting cells. The TCR specificity was identified by a combination of flow cytometry and PCR.
Isolated RNA was used to make cDNA and amplified using the C� and C� primers and V gene-specific
primers designed to amplify V gene subfamilies for sequencing. After the chains were sequenced, the V
region segment was amplified and inserted into a cassette vector that contained C� or C� constant
region cDNA sequences, as well as 100 to 200 bases of genomic sequence that contained a poly(A)
sequence. The full-length cDNAs were cloned into the pcDNA3 human CD2 vector for injection into
C57BL/6 eggs at the University of Washington Transgenic Facility. Following generation of the mice, we
isolated peripheral blood mononuclear cells from the WNV-I transgenic mice and stained the cells with
a WNV tetramer specific for the NS4B immunodominant epitope (43).

WNV-I CD8� T cell adoptive transfers. WNV-I CD8� T cells were isolated from splenocyte suspen-
sions using the CD8� T cell negative-selection kit (BioLegend, San Diego, CA; catalog no. 480007)
following the manufacturer’s instructions. In most of the experiments, 5 � 104 WNV-I CD8� T cells, unless
otherwise specified, were adoptively transferred into congenically marked mismatched C57BL6/J mice in
200 �l of FBS-free DMEM via tail vein injection. Three days posttransfer, the mice were infected with 100
PFU WNV-TX through the s.c. route in the left rear footpad and monitored daily as described above.

In vivo intravascular staining. In vivo intravascular staining of T cells was done as previously
described (21, 23). At each time point, 10 �g of allophycocyanin-labeled anti-CD8� antibody (Tonbo
Biosciences, San Diego, CA; catalog no. 20-1886) was administered intravenously in a volume of 200 �l.
Five minutes post-antibody delivery, the mice were euthanized by isoflurane overdose. Whole blood,
spleens, lymph nodes, and brains were collected immediately after euthanasia. Successful intravascular
staining was defined as greater than 95% of in vivo and ex vivo double-stained CD8� T cells in blood and
less than 5% in lymph nodes.

Splenocyte isolation. Spleens were collected, mechanically dispersed, and washed with 10 ml of
ice-cold PBS. Red blood cells were lysed in 1 ml of ACK lysing buffer (Lonza, Basel, Switzerland) for 5 min
on ice and washed with 10 ml of PBS. Single-cell suspensions were centrifuged for 5 min at 1,250 rpm
at 4°C. The cell pellet was resuspended in 10 ml of PBS and passed through a 70-�m Falcon cell strainer
(Corning Life Sciences, Corning, NY) and then centrifuged and resuspended in 1 ml fluorescence-
activated cell sorting (FACS) buffer (PBS supplemented with 2% FBS and 10 mM EDTA). Single-cell
suspensions were generated for antibody staining and CD8� T cell ex vivo restimulation assays.

Intracerebral lymphocyte (ICL) isolation. Brains were harvested, mechanically dispersed using a
10-ml syringe plunger, and resuspended in 5 ml of PBS supplemented with 50 �g/ml Liberase (Roche,
Basel, Switzerland) and 50 �g/ml DNase I (Akron Biotech, Boca Raton, FL) and digested for 15 min at
room temperature (RT). The homogenized brains were washed with 10 ml of cRPMI medium (10% FBS,
nonessential amino acids, 50 �M �-mercaptoethanol, 10 mM HEPES, 50 IU/ml [each] penicillin and
streptomycin). The digested brains were resuspended in 5 ml of cRPMI and passed through a 70-�m
Falcon cell strainer. Immune cells were isolated after centrifugation at 2,000 rpm for 20 min at 4°C under
a 30% Percoll cushion (GE, Uppsala, Sweden).

Flow cytometry and antibodies. Immune cells from the brain and spleens were strained in FACS
buffer with Fc blocking anti-mouse CD16/CD32 antibody (clone 2.4G2; Tonbo Bioscience), washed
with FACS buffer, and stained for 30 min at room temperature with WNV Db-restricted NS4b tetramer
conjugated to APCs (produced at the NIH Tetramer Core Facility at Emory University, Atlanta, GA).
Following tetramer staining, the cells were stained with directly conjugated mouse-specific anti-
bodies to CD3 (clone 2C11), CD8 (clone 53-6.7), CD62L (clone MEL14), CD44 (clone IM7), KLRG-1
(clone 2F1), CD45.1 (clone A20), and CD45.2 (clone 104) (Tonbo Bioscience); CD127 (clone SB/199),
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CD103 (clone OX-62), CXCR3 (clone CXCR3-173), PD-1 (clone J43), Tim-3 (clone SD12), CD69 (clone
H1.2F3), CD122 (clone 5H4), Lag3 (clone T47-530), CD25 (clone 7D4), and IL-15R (clone DNT15Ra) (BD
Bioscience); and CCR-7 (clone 4B12) (BioLegend). Following 30 min incubation at 4°C, the immune
cells were washed with PBS and stained for dead cells in PBS with Ghost 510 dye (1:1,000 dilution;
Tonbo Bioscience). The cells were washed with 200 �l of FACS buffer and fixed with Erilyse fixing
buffer (BD Bioscience).

Ex vivo T cell assays. Single-cell suspensions (1 � 106 cells) were seeded in 96-well U-bottom
tissue culture-treated plates in 100 �l cRPMI. Lymphocytes were stimulated with 1 �g/ml of the WNV
NS4b peptide (SSVWNATTAI) in the presence of Golgi Stop (BD Bioscience) for 5 h at 37°C. Following
peptide stimulation, the cells were washed with FACS buffer and stained for cell surface markers and
dead cells as described above. The lymphocytes were then incubated with 100 �l of permeabiliza-
tion buffer (Tonbo Biosciences) for 60 min, washed twice with 200 �l of fixation buffer (Tonbo
Biosciences), resuspended in 50 �l of FACS buffer, and stained with antibodies against IFN-� (clone
AN-18; BioLegend) and TNF-� (clone C9B7W; BD Bioscience) for 30 min at 4°C. The cells were washed
with FACS buffer, and flow cytometry was performed on a BD LSRII machine using BD FACSDiva
software. Flow cytometry data analysis was performed using FlowJo software version 10.1r5
(TreeStar, Ashland, OR).

Focus-forming assay. WNV-infected mice were euthanized by overdose with isoflurane and
perfused with 20 ml PBS. Spleens and brains were removed, weighed, placed in soft-tissue-
homogenizing tubes (Omni International, Kennesaw, GA) containing 500 �l of PBS with 1% heat-
inactivated FBS, and homogenized using a Precellys 24 (Bertin Technologies, France) at 1,500 rpm
for 20 s. Focus-forming assays were performed as previously described with minor modifications
(44). Briefly, tissue homogenates were diluted in DMEM supplemented with 1% FBS and used to
infect Vero cells for 1 h at 37°C. The cells and inoculum were overlaid with methylcellulose
(Opti-MEM [Corning Cellgro], 1% antibiotic/antimycotic [Corning Cellgro], 2% FBS, 2% methylcellu-
lose [Sigma-Aldrich]) and incubated for 72 h at 37°C. The cells were washed with PBS, fixed with 200
�l of 4% paraformaldehyde (PFA), washed twice with PBS, and permeabilized (PBS supplemented
with 2% saponin [Sigma-Aldrich] and 2% FBS or permeabilization solution). The cells were incubated
with humanized WNV E16 antibody (kindly provided by Michael Diamond) in permeabilization
solution for 2 h at RT. The cells were washed twice with PBS, followed by incubation with anti-human
horseradish peroxidase (HRP)-conjugated secondary antibody (HRP-conjugated goat anti-mouse
IgG) in permeabilization solution (1:1,200 dilution; Jackson ImmunoResearch, West Grove, PA)
diluted 1:3,000 in permeabilization solution for 2 h at RT. Foci were developed with TrueBlue
peroxidase substrate (SeraCare, Milford, MA). The plates were read on a CTL-ImmunoSpot S6 Micro
Analyzer and counted with the help of ImageJ software version 1.51f. Counts were normalized to the
weight of the tissue, and titers were expressed as focus-forming units per gram.

Statistical analyses. Statistical analyses were performed in GraphPad 6 (Prism, La Jolla, CA, USA).
Statistical significance was calculated using a paired t test for normally distributed data. One-way analysis
of variance (ANOVA) was used for multiple comparisons. P values of �0.05 were considered statistically
significant.
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