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CXCR3 is a G-protein-coupled receptor preferentially expressed by activated T cells, NK cells, and dendritic
cells. Signaling through gamma interferon-regulated chemokines CXCL9, CXCL10, CXCL11, and CXCR3
plays a critical role in the immune response of many viral pathogens. However, the relevance of CXCR3 for
optimal T-cell activation and the induction of regulatory transcription factors (i.e., T-bet and eomesodermin)
relative to host immune defense against genital herpes simplex virus type 2 (HSV-2) infection have been poorly
defined. In this study, we evaluated the requirement of CXCR3 expression during genital HSV-2 infection using
mice deficient in CXCR3 (CXCR3�/�) along with wild-type (WT) controls, assessing the resistance of mice to
viral infection and focusing on the cytokine/chemokine response, phenotypic analysis of recruited leukocytes,
and functional analysis of CD8� T cells. CXCR3�/� mice showed a heightened sensitivity to infection com-
pared to WT animals in terms of the viral burden in infected tissues as well as elevated mortality. The poor
response of CXCR3�/� mice to viral infection was associated with reduced cytotoxic T-lymphocyte activity
through the impairment of T-bet, perforin, and granzyme B expression by CD8� T cells. Corresponding with
the defective cytolytic activity, a reduction in recruitment of plasmacytoid dendritic cells and CD80 expression
in CD11c� dendritic cells in the draining lymph nodes of CXCR3�/� mice were detected. Collectively, the
results provide a new perspective to CXCR3 signaling for the appropriate activation of CD8� T cells required
for host defense against genital HSV-2 infection.

Herpes simplex virus type 2 (HSV-2), the most common
cause of genital herpes, is a highly successful neurotropic virus
which can lead to lifelong infection with episodic reactivation
(11, 12, 56). Evidence suggests that the development and ac-
tivation of CD8� T cells are critical to the control of genital
HSV-2 infection in both the human population and mice (9,
23, 33). However, asymptomatic shedding of HSV-2, even in
the presence of CD8� cytotoxic T lymphocytes (CTLs), and
the production of a viral glycoprotein that indirectly inactivates
NK cells are significant attributes for the successful mainte-
nance of the pathogen in the population (4, 43). The worldwide
prevalence of genital herpes and incidence of HSV-2 among
human immunodeficiency virus/AIDS patients are indicative of
a major public health impact (36, 37).

The development of a mouse model of genital HSV-2 infec-
tion has allowed investigators to identify and characterize cells
and pathways critical to the control of virus replication and
spread (30, 40). A number of cellular constituents of the innate
and adaptive immune response, including neutrophils, macro-
phages, NK cells, NK T cells, dendritic cells (DCs), T cells, and
B cells, have been shown to contribute to resistance to genital
HSV-2 infection (2, 9, 10, 13, 17, 32). These cells operate

through direct physical contact with virally infected cells or via
the secretion of soluble factors that inactivate virus or block
viral replication. Leukocyte migration to sites of infection (e.g.,
vaginal tract) is associated with the upregulation of adhesion
molecules and expression of chemokines, including CCL2 and
CCL5 (14, 22, 41). Mice deficient in one of the receptors for
CCL5, CCR5, show an increase in susceptibility to genital
HSV-2 infection associated with a reduction in the expansion
of NK cells in the spleen and a deficiency in the recruitment of
NK cells to the nervous system (51). A more recent study
reported a number of chemokines expressed in vaginal tissue
following HSV-2 infection in addition to CCL2 and CCL5,
including CCL3, CXCL1, CXCL9, and CXCL10 (49). Like
CCR5-deficient mice, CXCL9-deficient (CXCL9�/�) and
CXCL10-deficient (CXCL10�/�) mice are more susceptible to
genital HSV-2 infection than fully competent, wild-type (WT)
animals, as shown by a decrease in cumulative survival as well
as an increase in viral titers recovered in vaginal, spinal cord,
and brain stem tissue (52). In the case of CXCL9�/� and
CXCL10�/� mice, the susceptibility correlates with a transient
delay or decrease in the recruitment of NK cells and HSV-
specific CD8� T cells to vaginal tissue and the nervous system,
even though comparable levels of effector cells are recovered
in the spleen and draining lymph nodes of infected mice.

The present study was undertaken to determine if the fate of
mice deficient in the lone receptor for CXCL9 and CXCL10,
CXCR3, paralleled that of CXCL9�/� and CXCL10�/� mice
in response to genital HSV-2 infection. Precedence for such a
study stems from previous findings that show that mice defi-
cient in CXCR3 (CXCR3�/�) do not respond in a manner
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consistent with the response of CXCL10�/� mice following
ocular HSV-1 infection (57, 59). The present findings clearly
show that CXCR3�/� mice are susceptible to genital HSV-2
infection, similar to CXCL9�/� and CXCL10�/� mice. How-
ever, the sensitivity to the pathogen is not attributable to a
recruitment deficiency of effector T cells and/or NK cells but,
rather, to a defect in the cytolytic activity of CD8� effector T
cells.

MATERIALS AND METHODS

Virus. A clinical isolate of HSV-2 obtained from Charity Hospital (New
Orleans) was maintained at �80°C and propagated in Vero cells (African green
monkey kidney fibroblasts, ATCC CCL-81; American Type Culture Collection).
The virus stock (3 � 107 PFU/ml) was diluted in RPMI 1640 medium containing
10% fetal bovine serum, gentamicin, and anti-mycotic-antibiotic solution (com-
plete medium; Invitrogen Life Technologies, Gaithersburg, MD) at 37°C, 5%
CO2, and 95% humidity immediately before infection.

Mice and infection. Six- to eight-week-old female C57BL/6 mice (The Jackson
Laboratory, Bar Harbor, ME) and CXCR3�/� female mice backcrossed to the
C57BL/6 genetic background for eight and nine generations were used (54). The
transgenic gBT.I-1 mice were originally generated by Francis R. Carbone (Uni-
versity of Melbourne) (34). Mice were rendered susceptible to genital HSV-2
using medroxyprogesterone acetate (Depo-Provera; Pharmacia & Upjohn Diag-
nostics, New York, NY), infected with HSV-2 (2,000 PFU/vagina) intravaginally,
as described previously (40), and exsanguinated at various times postinfection
(p.i.) for analysis. Bone marrow (BM) chimeras were generated by irradiating
C57BL/6 female mice (CD45.1�) using 2 sublethal doses of 650 rad at 4-h
intervals. Mice were reconstituted with BM cells (5 � 106 cells) from either
congenic WT (CD45.2�) or CXCR3�/� mice retro-orbitally (intravenously
[i.v.]). Mouse chimeras were kept under sterile conditions for 14 days and
maintained for 12 weeks before implementation of the experiments. All proce-
dures and use of animals were approved by the University of Oklahoma Health
Sciences Center and Dean A. McGee Eye Institute animal care and use com-
mittees.

Virus plaque assay. Tissue (vagina, spinal cord, and brain stem) was removed
from infected mice at various times p.i., placed into complete medium (500 �l),
and homogenized using a tissue homogenizer (Fisher Scientific). Supernatants
were clarified (10,000 � g for 1 min) and assessed for viral titers by plaque assay,
as described previously (15).

Histological analysis. Spinal cords and brain stems were removed from in-
fected mice on day 7 p.i., placed into 10% neutral buffered formalin at 4°C for
24 h, and frozen, and paraffin sections were generated. Sections (10 �m) were
processed for immunohistological analysis using hematoxylin and eosin staining
and Nikon epifluorescence microscopy.

Suspension array and ELISA. Detection of CXCL1, CCL2, CCL3, CCL5, and
gamma interferon (IFN-�) was performed using a suspension array system (Bio-
Rad, Richmond, CA) or an enzyme-linked immunosorbent assay (ELISA)
(CXCL9 and CXCL10; R&D Systems, Minneapolis, MN). Samples were ana-
lyzed in duplicate, along with a standard provided. The weight of each tissue was
determined in order to normalize the amount of each cytokine/chemokine per
mg of tissue weight.

Flow cytometry. Cells residing in organized lymphoid, vaginal, spinal cord, and
brain stem tissue were phenotyped by flow cytometry, as described previously
(52). In some experiments, 500-�l peripheral blood mononuclear cell samples
were taken from the ventricle of anesthetized mice prior to perfusion with saline.
The following antibodies were used for the identification of cell populations or
to determine expression of chemokine receptors; anti-CD3 (17A2), anti-CD4
(RM4-5), anti-CD8� (53-6.7) or anti-NK1.1 (PK136), anti-CD45 (30-F11), anti-
F4/80 (MCA497FA), anti-GR1 (RB6-8C5), anti-CD11c (HL3), anti-B220 (RA3-
6B2), anti-CCR5 (C34-3448), and anti-CXCR3 (220803). The antibodies were
obtained from BD Pharmingen, except for anti-F4/80 (Serotec) and anti-CXCR3
(R&D Systems). After being labeled, cells were washed, fixed, and resuspended
in 1� phosphate-buffered saline (PBS) containing 1% bovine serum albumin. A
known number of fluorescent beads (Invitrogen Life Technologies) was imme-
diately added to the sample and then analyzed on a Coulter Epics XL flow
cytometer (Beckman Coulter). The absolute number of leukocytes (CD45hi) in
the tissue was determined by multiplying the ratio of the total number of beads
added per sample divided by the number of beads collected by the number of
CD45hi events by the sample dilution factor. For tetramer staining, cells were
labeled with HSV peptide gB498–505 (SSIEFARL)-specific major histocompati-

bility complex tetramer (MHC Tetramer Lab, Houston, TX) for 60 min. Cells
were washed and labeled with anti-CD8 and anti-CD45, fixed in 1% paraformal-
dehyde, resuspended in 1� PBS, and analyzed by flow cytometry.

CTL assay. The CTL assay was performed, as described previously (52). In
brief, MC57G (CRL-2295, American Type Culture Collection) were infected
with HSV-2 at a multiplicity of infection of 3 for 8 h at 37°C, 5% CO2, and 95%
humidity. The cells were labeled with 0.5 �M carboxyfluorescein diacetate suc-
cinimidyl ester (CFSE, Invitrogen) and mixed with the desired number of iso-
lated leukocytes from the processed spinal cords and inguinal/iliac lymph nodes
(ILN) of mice at an effector-to-target cell ratio of 10:1. After 4 h of incubation,
cells were stained with propidium iodide (PI) (0.5 �g), washed, resuspended in
1� PBS, and analyzed by flow cytometry. The percent cytotoxicity was calculated
by dividing the number of PI-labeled CFSE-expressing cells by the total number
of CFSE-expressing cells multiplied by 100. The background level was deter-
mined by using target cells without effector cells and target cells incubated with
spleen cells from uninfected mice.

In vivo proliferation assay. CD8� T cells were purified from transgenic gBT-
I.1 mice by using MACS columns (Miltenyi Biotec, Auburn, CA). The enriched
CD8� T cells were labeled with 5 �M CFSE and transferred (1 � 106) to WT or
CXCR3�/� mice infected 24 h earlier with HSV-2 (2,000 PFU/vagina) via a
retro-orbital route. A total of 24 or 72 h after cell transfer, mice were exsangui-
nated, and ILN and spleens were removed and processed for analysis by flow
cytometry. The number of CFSE-positive CD8� T cells residing in ILN and the
spleen were determined, as were the number of cell divisions.

Adoptive transfer experiment. Equivalent numbers (1 � 106 cells) of CD8� T
cells purified from the spleens of HSV-2-infected WT, gBT.I-1, and CXCR3�/�

mice using MACS columns were transferred retro-orbitally to CXCR3�/� recip-
ient mice separately and immediately infected with HSV-2 (2,000 PFU/vagina).
On day 7 p.i., mice were exsanguinated, and tissues were processed for viral titers
by plaque assay.

Intracellular staining. Cells (1 � 106) isolated from infected ILN or spinal
cords were restimulated with 20 �g of HSV gB498–505 peptide (SSIEFARL) in
the presence of monensin (Sigma Aldrich, St. Louis, MO) in a 24-well culture
plate at 37°C for 4 h. Cultured cells were washed, incubated with anti-mouse
CD16/32, and stained for surface antigens with fluorescein isothiocyanate-CD8
(53-6.7) and phycoerythrin (PE)–Cy5–anti-CD45 (30-F11). Cells were washed,
fixed, and permeabilized with 100 �l of BD Cytofix/Cytoperm buffer (BD Phar-
mingen, San Diego, CA). Next, cells were washed and stained with PE-conju-
gated granzyme B (16G6; eBioscience, San Diego, CA), PE-conjugated perforin
(eBioOMAK-D; eBioscience), or PE-conjugated T-bet (4B10; Santa Cruz Bio-
technology, Santa Cruz, CA). Then, cells were washed and resuspended in 1 ml
of 1� PBS with 1% bovine serum albumin and analyzed by flow cytometry.

Statistics. All statistical analyses were carried out using the GB-STAT pro-
gram (Dynamic Microsystems, Silver Spring, MD). One-way analysis of variance
and Tukey’s post hoc t test were used to determine significant (P � 0.05)
differences between WT and CXCR3�/� mice.

RESULTS

CXCR3�/� mice are highly susceptible to genital HSV-2
infection. CXCR3 signaling plays a critical role in the immune
response to many viral pathogens, including lymphocytic cho-
riomeningitis virus (LCMV), murine gammaherpesvirus 68,
dengue virus, and respiratory syncytial virus (16, 24, 25, 28). To
understand the contribution of CXCR3 in the host defense
against genital HSV-2 infection, sensitivity of WT and
CXCR3�/� mice was initially evaluated by measuring the sur-
vival and viral burden of HSV-2-infected mice. The lack of
CXCR3 confers mice that are highly susceptible to virus infec-
tion, with elevated mortality and an increase in perigenital
lesions at two different inocula of HSV-2 (20,000 PFU/vagina
and 2,000 PFU/vagina) (Fig. 1A and B). In contrast, WT mice
were found to show greater resistance to infection, as deter-
mined by a delay in mortality and the number of survivors at
each infectious dose (Fig. 1A and B). Consistent with this
finding, CXCR3�/� mice were found to shed more infectious
virus in the vaginal lumen from day 5 to 7 p.i. (Fig. 1C) and
more virus in the vaginal tissue on day 3 p.i. compared to the

VOL. 83, 2009 CXCR3-DEPENDENT MATURATION OF CD8� T CELLS 9487



shedding of WT mice (Fig. 1D). Likewise, CXCR3�/� mice
harbored significantly higher viral loads in the vagina, spinal
cord, and brain stem on day 7 p.i. (Fig. 1E). Interestingly,
significantly higher viral titers were recovered only from the

cervical section of the spinal cord but not from the thoracic or
lumber sections in CXCR3�/� mice (Fig. 1F). Taken together,
CXCR3�/� mice show enhanced sensitivity to genital HSV-2
infection based on an increase in mortality and viral titers in

FIG. 1. CXCR3�/� mice are highly susceptible to genital HSV-2 infection. (A and B) C57BL/6 (WT) and CXCR3�/� mice (14 mice/group)
were rendered susceptible to infection using medroxyprogesterone acetate, infected with 20,000 PFU HSV-2/vagina (A) or 2,000 PFU HSV-2/
vagina (B), and monitored for survival over 30 days p.i. The results are displayed as survival means � standard errors of the means for each time
point, summarized from three independent experiments. *, P was �0.05 when comparing WT and CXCR3�/� mice. (C) Virus titers obtained from
vaginal lavage fluid from HSV-2 (2,000 PFU/vagina)-infected WT and CXCR3�/� mice (six mice/group) at the indicated times. *, P was �0.05
when comparing WT and CXCR3�/� mice. (D and E) Vaginal, spinal cord, and brain stem tissue were processed and assayed for viral titers on
day 3 (D) and day 7 (E) p.i. *, P was �0.05 when comparing WT and CXCR3�/� mice. (F) Spinal cords were processed and dissected into three
sections (cervical, thoracic, and lumbar) and assayed for viral titers. The viral titer is expressed as the mean log PFU � standard error of the mean.
The bars represent means � standard errors of the means from three independent experiments. *, P was �0.05 when comparing WT and
CXCR3�/� mice.
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vaginal tissue and the central nervous system (CNS). Consis-
tent with this observation, a significant increase in neuropa-
thology, evident by an increase in infiltrating cells, loss of
neurons, and degeneration of tissue, was found in the spinal
cord and brain stem of CXCR3�/� mice (Fig. 2).

CXCR3 expression on hematopoietic cells is important in
order to contain viral infection. To examine the consequences
of CXCR3 expression on hematopoietic-derived cells versus
resident cells for protection against genital HSV-2 infection,
WT and CXCR3�/� BM chimeras were generated and evalu-
ated for sensitivity to HSV-2. As controls, WT and CXCR3�/�

mice were also included in the experiment, and sensitivity was
assessed, measuring viral shedding and viral titers at the pri-
mary site of infection (i.e., vaginal tissue). CXCR3�/� BM
chimeras were found to shed more infectious virus in the vag-
inal lumen from day 3 to day 7 p.i. than WT or WT BM
chimeras but were consistent with levels shed by CXCR3�/�

mice (Fig. 3A). In addition, WT and WT BM chimeric mice
harbored less virus in vaginal tissue on day 7 p.i. than
CXCR3�/� or CXCR3�/� BM chimeric mice (Fig. 3B). Taken
together, CXCR3 expression on leukocytes but not nonhema-
topoietic-derived resident cells contributes to resistance to
HSV-2 infection in vaginal tissue. Whether the contribution is
at the level of recruitment of leukocytes to the infected tissue
or because of other events associated with induction of the
adaptive immune response is addressed below.

CXCR3�/� mice express elevated chemokine/cytokine levels
in infected tissue. The local production of cytokines/chemo-
kines in response to genital HSV-2 infection influences leuko-
cyte recruitment (49). To determine if cytokine/chemokine
levels were modified in the absence of CXCR3 expression

following HSV-2 infection, candidate cytokine/chemokines
were surveyed at various times p.i. Of all the cytokine/chemo-
kines evaluated, only CXCL9 and IFN-� were significantly
reduced in the draining inguinal/iliac lymph nodes (ILN) of
CXCR3�/� mice compared to those of WT mice on day 3 p.i.
(Fig. 4A) but not on day 7 p.i. (data not shown). Whereas
CCL2 was the only chemokine significantly increased in the
vaginal tissue of CXCR3�/� mice on day 3 p.i. (Fig. 4B),
elevated levels of CXCL1 and CCL2 were found on day 7 p.i.
(Fig. 4C). In comparison, there was an increase in CXCL1,
CCL2, CCL3, and CCL5 levels in the spinal cord of the recep-
tor knockout mice on day 7 p.i. (Fig. 4D). Within the brain
stem, CXCL1 and CCL2 were elevated in CXCR3�/� mice on
day 7 p.i. (Fig. 4E). Since no infectious virus was recovered in
the spinal cord or brain stem of mice at day 3 p.i., no analysis
of the levels of cytokines/chemokines were conducted at this
time point. Collectively, the results suggest that an increase in
select chemokines (i.e., CXCL1, CCL2, CCL3, and CCL5) in
HSV-2-infected CXCR3�/� mice corresponds with elevated
infectious virus recovered in the tissue.

Recruitment of Gr1� F4/80� macrophages into infected tis-
sue is elevated in HSV-2-infected CXCR3�/� mice. CXCR3
signaling has been reported to be critical for the chemoattrac-
tion of activated Th1 cells, CTLs, NK cells, macrophages, and
DCs to inflammatory sites (1, 26, 44). To identify possible
changes in leukocyte recruitment to infected tissue as well as
cells residing in the ILN and the spleen in CXCR3�/� mice
following HSV-2 infection, tissues were analyzed for leukocyte
populations gating on CD45hi-expressing cells that discrimi-
nate infiltrating leukocytes from the resident microglia popu-
lation (exhibiting CD45lo-to-CD45med phenotype) in the CNS

FIG. 2. An increase in neuropathology is evident in HSV-2-infected CXCR3�/� mice. Following medroxyprogesterone acetate treatment, WT
and CXCR3�/� mice (six mice/group) were infected with HSV-2 (2,000 PFU/vagina). On day 7 p.i., mice were exsanguinated, and the brain stem
and spinal cord were removed from each mouse and processed for histological analysis using hematoxylin and eosin staining. Tissues from
uninfected WT mice were used as a control. The magnification used is �200. The data are representative of three independent experiments.
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(5) (Fig. 5A). The total number of leukocytes recruited to the
vaginal, spinal cord, and brain stem tissue of CXCR3�/� mice
was elevated throughout the acute infection, which became
clearly significant in all tissues surveyed by day 7 p.i. (Fig. 5B).
Ironically, no significant difference in the absolute number of
neutrophils (data not shown), NK, CD4� T cells, CD8� T cells,
or HSV-specific CD8� T cells was observed infiltrating the
spinal cord, brain stem or vagina on day 7 p.i. (Fig. 5C) or at
any earlier time points (data not shown). In addition to a lack
of change in the recruitment of T cells, neutrophils, or NK cells
to infected tissue, there was no numerical difference in cell
types residing in the ILN or the spleen (data not shown).
However, the total number of activated macrophages (F4/80�

Gr1�) infiltrating the CNS and vagina of CXCR3�/� mice was
significantly elevated by day 7 p.i. (Fig. 5C), consistent with the
elevation in CCL2 expression at these sites at this time point
(Fig. 4).

Change in dynamics of CXCR3 expression in circulation
and tissue following genital HSV-2 infection. Since the data
listed above indicated that the absence of CXCR3 had no
significant effect on the recruitment of T cells to sites of infec-
tion following exposure to HSV-2, we compared the expression
levels of chemokine receptors on these cells. Following HSV-2
exposure, there was a significant increase in the number of
circulating CD4� and CD8� T cells in WT mice (Fig. 6).
Moreover, there was a significant increase in the number of
circulating CD4� and CD8� T cells expressing CXCR3 fol-
lowing infection in WT mice (Fig. 6). In contrast to peripheral
blood T lymphocytes, only intracellular but not surface expres-
sion of CXCR3 was detected in T-cell subsets residing in vag-
inal, spinal cord, and brain stem tissue following infection
(data not shown). In contrast, CCR5 expression was unaltered
on CD4� T cells (data not shown) and CD8� T cells localized
in the infected tissue or ILN in response to HSV-2 infection
(Fig. 7). Since T cells and NK cells express both CXCR3 and
CCR5, it is likely that the lack of a significant change in the
recruitment of these cells to HSV-2-infected tissue, when com-
paring WT and CXCR3�/� mice, may be due, in part, to the
CCR5 expression in the effector cells of CXCR3�/� mice that
can respond to CCR5 ligands (e.g., CCL3 and CCL5) ex-
pressed at equivalent or elevated levels in the tissue of infected
CXCR3�/� mice compared to the CCR5 expression in WT
mice (Fig. 4).

The cytolytic activity of CD8� T cells is reduced in HSV-2-
infected CXCR3�/� mice. Although the absence of CXCR3
was found to increase sensitivity to genital HSV-2 infection,
there was no demonstrable difference in effector cell (NK cell,
total T-cell, or HSV gB-specific CD8� T-cell) numbers in the
infected tissue of CXCR3�/� mice (Fig. 5C). To address the
conundrum, Percoll gradient-enriched leukocytes from the spi-
nal cord or ILN of WT and CXCR3�/� mice were evaluated
for CTL activity (Fig. 8A). Cells extracted from spinal cord
preparations of CXCR3�/� mice were less efficient in the lysis
of HSV-2-infected target cells than WT leukocytes (Fig. 8B,
left). Likewise, ILN cells obtained from CXCR3�/� HSV-2-
infected mice also showed a reduction in cytolytic activity com-
pared to ILN cells obtained from WT animals (Fig. 8B, right).
Since the cytolytic activity levels of effector cells from
CXCR3�/� ILN and spinal cord samples were reduced in
comparison to that of matching WT samples, we interpreted
the results to suggest that the environment driving effector cell
development in CXCR3�/� mice may not be optimal in com-
parison to that of WT mice.

Mobilization and activation of DCs are reduced in draining
lymph nodes of CXCR3�/� mice. As antigen presentation is a
requisite for the generation of CTLs, the mobilization and
activation of DC populations in the ILN of HSV-2-infected
CXCR3�/� and WT mice were analyzed. A significant reduc-
tion in the number of conventional DCs (B220� CD11c�) in
the lymph nodes of CXCR3�/� mice was observed on day 3 p.i.
(Fig. 9A). Similarly, the number of plasmacytoid DC (B220�

CD11c�) in the lymph nodes of CXCR3�/� mice was also
reduced compared to that of WT animals on day 3 and 7 p.i.
(Fig. 9B). In addition, both the cell number and percentage of
CD80-expressing DCs from CXCR3�/� mice were reduced in
comparison to the those of the WT DCs on day 3 p.i. (Fig. 9C).

In addition to investigating costimulatory molecule expres-

FIG. 3. Viral titers of HSV-2-infected WT and CXCR3�/� BM
chimera mice. (A) WT, CXCR3�/�, WT BM chimera, and CXCR3�/�

BM chimera mice (nine mice/group) were infected with HSV-2 (2,000
PFU/vagina), and at the indicated time points, vaginal lavage fluid was
collected and assayed for viral titers. *, P was �0.05 when comparing
WT and CXCR3�/� mice. (B) Vaginal tissue collected from HSV-2-
infected mice (nine mice/group) on day 7 p.i. was assayed for deter-
mination of the viral load. The viral titers are expressed as log PFU �
standard errors of the means. The bars represent means � standard
errors of the means from three independent experiments. *, P was
�0.05 when comparing WT and CXCR3�/� mice.
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sion, other factors may also play a role, such as IFN-�, which
has been associated with CD8� T-cell activation (38). How-
ever, there was no difference in the level of IFN-� in the ILN
of WT and that of CXCR3�/� mice at day 3 or day 7 p.i. (data
not shown). Interleukin-18 (IL-18), which plays a significant
role in stimulating DC migration and activation for antigen

presentation in draining lymph nodes (7, 45), was also inves-
tigated. Like IFN-�, IL-18 levels within ILN were not different
when comparing the two genotypes (data not shown). To test
the possibility that negative signaling molecules, including pro-
grammed death ligand 1 (PDL-1) and PDL-2 (39), might also
be involved, the expression of these molecules was analyzed on

FIG. 4. Chemokine/cytokine levels in the tissue of HSV-2-infected WT and CXCR3�/� mice. WT and CXCR3�/� mice (six mice/group) were
infected with HSV-2 (2,000 PFU/vagina). The mice were exsanguinated at the indicated times p.i., and ILN (day 3) (A), vaginal tissue (day 3) (B),
vaginal tissue (day 7) (C), spinal cords (day 7) (D), and brain stems (day 7) (E) were removed, processed, and assessed for the indicated analyte
using a suspension array system or an ELISA (for CXCL9 and CXCL10). Samples were analyzed in duplicate, along with a standard provided to
generate standard curves for each analyte. The weight of the tissue was used to normalize the amount of cytokine/chemokine per milligram of tissue
weight, and bars represent the means � standard errors of the means from two independent experiments. P was �0.01 (**) and �0.05 (*) when
comparing the WT and CXCR3�/� mice.
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FIG. 5. Leukocyte infiltration into HSV-2-infected tissue. (A) WT and CXCR3�/� mice (six mice/group) were infected with HSV-2 (2,000
PFU/vagina) and exsanguinated at the indicated time p.i., and tissues were removed, processed, and analyzed for CD45hi cell population and
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ILN DCs. However, no significant difference in PDL-1 or
PDL-2 levels on draining lymph node DCs from HSV-2-in-
fected WT and CXCR3�/� mice was observed (data not
shown). Taken together, IFN-�, IL-18, PDL-1, and PDL-2 do
not appear to play a role. Instead, CXCR3 expression influ-
ences mobilization as well as CD80 expression in DCs in the
lymph nodes, which is consistent with aberrant effector cell
maturation, which in this case is CTL activity.

Migration but not proliferation of transferred HSV-specific
CD8� T cells is affected in organized lymphoid tissue of
CXCR3�/� mice. Since CD80 expression was diminished on
DCs, and CXCL9 levels were reduced in the ILN of
CXCR3�/� mice, it stands to reason that such changes may
alter migration and/or proliferation of cells in situ. To address
this hypothesis, carboxyfluorescein diacetate succinimidyl ester
(CFSE)-labeled CD8� effector T cells from gBT-I.1 transgenic
mice, in which the T-cell receptor (TCR) is specific for HSV
gB (34), were adoptively transferred into WT and CXCR3�/�

mice infected 24 h earlier. The labeled transgenic T cells were
monitored for migration to the organized lymphoid tissue as
well as for the capacity to divide. Twenty-four hours posttrans-
fer, the number of transgenic T cells migrating to the ILN and
the spleen of WT mice was greater than the number of those
migrating to the ILN and the spleen of CXCR3�/� mice (Fig.

10A and B). However, the proliferation of the cells residing in
the lymph nodes was equivalent between these mouse geno-
types (Fig. 10A and C). Within 72 h posttransfer, there was a
significant reduction in the proliferation of CFSE-labeled gBT-
I.1 T cells in the ILN and the spleen of HSV-2-infected
CXCR3�/� mice in comparison to that of infected WT con-
trols (Fig. 10A to C). However, the deficiency in the number of
CFSE-labeled gBT-I.1 transgenic T cells to undergo multiple
divisions is likely due to the number of labeled cells entering
the lymphoid tissue, since the percentage of cells undergoing
each round of division did not change when comparing WT to
CXCR3�/� mice (Fig. 10C).

T-bet, perforin, and granzyme B expression by CD8� T cells
are reduced in CXCR3�/� mice. Previous studies suggest that
CD8� T cells control viral infection through two main path-
ways, the perforin- and granzyme-mediated cytolytic pathway
and/or Fas-Fas ligand (FasL)-mediated apoptosis (3, 9, 21, 61).
Since T-bet has been found to regulate perforin, granzyme B,
and FasL expression by CD8� T cells (35, 46, 48), T-bet ex-
pression in CD8� T cells was assessed. The results show that
the number of CD8� T cells expressing T-bet was reduced 50%
in CXCR3�/� mice compared to that in WT mice following
viral infection (Fig. 11A). Furthermore, the mean fluorescence
intensity (MFI) of T-bet expression by CD8� T cells from
CXCR3�/� mice was also reduced, suggesting that on a per-
cell basis of cells expressing T-bet, there was less T-bet protein
present (Fig. 11B).

To address the cytolytic machinery involved in CD8� T cell
effector activity, effector molecule expression was determined.
FasL expression could not be detected in CD8� T cells resid-
ing in the spinal cord and ILN of HSV-2-infected mice (data
not shown). Therefore, this pathway was eliminated as a likely
contributor to CD8� T cell-directed cytolysis. In comparison,
perforin and granzyme B were readily detected in CD8� T
cells in the draining lymph nodes (Fig. 11C and D) and spinal
cord (Fig. 11E and F). There was a reduction in the absolute
number of CD8� T cells expressing perforin and granzyme B
in the ILN of CXCR3�/� mice compared to that of WT mice
(Fig. 11C). MFIs of both perforin and granzyme were also
reduced by CD8� T cells from lymph nodes of CXCR3�/�

mice in comparison to those of WT mice (Fig. 11D). In addi-
tion, the percentage and number (data not shown) of CD8� T
cells expressing perforin and perforin MFI were also reduced
in the spinal cord of CXCR3�/� mice (Fig. 11E and F). How-
ever, there was no significant difference in the number of
CD8� T cells expressing granzyme B residing in the spinal cord
of CXCR3�/� mice compared to that of WT mice.

Adoptive transfer of WT or transgenic HSV gB-specific
CD8� T cells into CXCR3�/� recipients restores resistance to
genital HSV-2 infection. The outcome of this study has found
an association between greater sensitivity to genital HSV-2

surface characteristics, as shown by the representative flow plots in the spinal cord indicating CD45hi gate cells, NK cells (NK1.1� CD3�), CD4�

T cells (CD3� CD4�), CD8� T cells (CD3� CD8�), and HSV gB-specific CD8� T cells (CD8� Tetramer�). (B) The absolute number of CD45hi

cell population in vaginal, spinal cord, and brain stem tissue samples were determined by flow cytometry. The day 0 time point represents
uninfected controls. *, P was �0.05 when comparing WT and CXCR3�/� mice. (C) The absolute number of NK cells, CD4� T cells, CD8� T cells,
HSV gB-specific CD8� T cells, and macrophages in infected tissues on day 7 p.i. were determined by flow cytometry. The bars represent standard
errors of the means from three independent experiments. *, P was �0.05 when comparing WT and CXCR3�/� mice.

FIG. 6. CXCR3 expression in peripheral blood T cells. Blood was
drawn from uninfected WT or HSV-2-infected WT mice (six mice/
group) on day 7 p.i. and processed to isolate cells. Purified cells were
stained with anti-CXCR3, anti-CD4, or anti-CD8 and were analyzed
using a flow cytometer, as described in Materials and Method. Bars
represent means � standard errors of the means from three indepen-
dent experiments. *, P was �0.05 when comparing infected and unin-
fected mice.
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infection in CXCR3�/� mice and CD8� T-cell activation, as
measured by cytolytic activity and effector molecule expres-
sion. If indeed a deficiency in CD8� T cell activation and
function is the principal reason for the phenotype displayed by
CXCR3�/� mice in response to HSV-2, then the establishment
of a intact complementary CD8� T-cell population should
restore resistance to the infected CXCR3�/� host. To address
this hypothesis, CD8� T cells from HSV-2-infected mice were
adoptively transferred into CXCR3�/� recipients, and viral
replication was monitored in the infected tissue of recipient
animals. CXCR3�/� mice that did or did not (control) receive
CD8� T cells from immunized CXCR3�/� mice possessed
significantly more virus in the vagina, brain stem, and spinal
cord than WT mice (Fig. 12). In contrast, CXCR3�/� recipi-
ents of CD8� T cells from immunized WT or HSV gB-specific
TCR transgenic mice possessed virus titers at or below WT
controls (Fig. 12). This result underscores the importance of
developing an optimal CTL response against genital HSV-2
infection that is compromised in CXCR3�/� mice as a result of
improper CD8� T-cell activation.

DISCUSSION

CXCR3 signaling induces multiple functions of CD8� T
cells, including the chemotaxis, activation, and antiviral im-
mune response elicited by IFN-�-regulated ligands CXCL9,
CXCL10, and CXCL11 (1, 6, 8, 26, 44). In the present study,
we demonstrate that the effector function of CD8� T cells
relies on CXCR3 signaling, which is critical for protection
against genital HSV-2 infection. Although a similar clinical
outcome was reported for CXCR3�/� mice infected with den-
gue virus (16), other viral pathogens, including LCMV (28),
gammaherpesvirus 68 (24), and HSV-1 (57), were found to
have no apparent effect or modestly improved clinical outcome
to infection. Consequently, the role of CXCR3 in host resis-
tance to virus infection is likely dependent on the specific
pathogen, the site of infection, and the effector cells required
to control virus replication. In the case of genital HSV-2 in-
fection, the results demonstrate the necessity for an optimal
CTL response that is greatly influenced by CXCR3 signaling.

TCR stimulation induces expression of the T-box transcrip-

FIG. 7. CCR5 expression in HSV-2-infected T cells. Following medroxyprogesterone acetate treatment, WT and CXCR3�/� mice (six
mice/group) were infected with HSV-2 (2,000 PFU/vagina). On day 7 p.i., mice were exsanguinated, and the ILN, vaginal tissue, brain stem, and
spinal cord were removed from each mouse and processed for CCR5 expression by flow cytometry. Cells were stained with anti-CCR5, anti-CD4
or anti-CD8, and anti-CD45 and analyzed by flow cytometry. Only CD8� CCR5� cell data are shown. Bars represent the means � standard errors
of the means from three independent experiments.
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FIG. 8. Cytolytic activity of CD8� T cells is reduced in HSV-2-infected CXCR3�/� mice. WT and CXCR3�/� female mice (six mice/group)
were infected with HSV-2 (2,000 PFU/vagina. On day 7 p.i., mice were exsanguinated, and spinal cords and ILN were processed and assessed for
CTL activity. (A) Representative flow histograms showing background PI incorporation into CFSE-labeled HSV-2-infected target cells incubated
without effector cells, effector cells incubated without HSV-2-infected target cells, target cells incubated with uninfected WT splenocytes (SC), and
cytolytic activity of effector cells from spinal cords and lymph nodes (LN) of WT mice and CXCR3�/� mice. (B) Preparations from spinal cords
(left) and ILN (right) were assayed for CTL activity at an effector-to-target cell ratio of 10:1. The dotted line indicates the background PI
incorporation in CSFE-labeled targets cells. The bars represent the means � standard errors of the means from two independent experiments. *,
P was �0.05 when comparing WT and CXCR3�/� mice.

9495



tion factor T-bet, the master regulator of T-cell function capa-
ble of controlling the expression of effector molecules, includ-
ing IFN-�, perforin, granzymes, and CXCR3 (35, 46, 48). T-bet
has been reported to play an important role for induction of a
vaccine-induced, anti-HSV-2 immune response associated with
IFN-� production by CD4� T cells (47). However, no function
has been attributed for CD8� T cells. In response to other
pathogens, T-bet-deficient mice are unable to clear LCMV and
vaccinia virus in part through a defect in IFN-� production by
virus-specific CD8� T cells (19, 29). However, T-bet is not
required for protection against murine cytomegalovirus or the
bacterial pathogen Listeria monocytogenes (53, 55). The con-
flicting results could be due to a number of factors that con-
tribute to the host-adaptive immune response. One candidate
molecule, eomesodermin (Eomes), a paralogue of T-bet, is
believed to complement the function of T-bet in the differen-
tiation of CD8� T cells (42). The redundant role of T-bet and
Eomes has been demonstrated using compound mutant
Eomes�/� Tbx21�/� mice, which display reduced CD122, per-
forin, and granzyme B expression by NK cells and CD8� T
cells (18). Though Eomes protein expression was not measured
in this study, mRNA levels were evaluated by real-time PCR.
The results showed that Eomes mRNA expression by CD8� T
cells from CXCR3�/� mice was not significantly different com-
pared to that from WT controls (data not shown). T-bet has
been reported to regulate CXCR3 expression in Th1 cells,
coinciding with cell trafficking to inflammatory sites (27). In
response to infection, CXCR3�/� mice showed no defect in
the recruitment of T cells to sites of infection but displayed
diminished cytolytic activity associated with reduced expres-
sion of T-bet, perforin, and granzyme B by CD8� T cells. As a
result, viral clearance from the infected tissues was grossly
affected, leading to the elevated mortality of mice. These find-
ings are consistent with previous studies that reported that
impairment in T-bet expression leads to reduced perforin and
granzyme B production by CD8� T cells (20, 46). Since per-
forin, granzyme B, and T-bet expression were evaluated fol-
lowing stimulation of CD8� T cells to the HSV gB498–505

peptide, it is assumed that the cells responding to the peptide
are HSV gB-specific CD8� T cells.

Like a previous study that reported the internalization of
surface CXCR3 after ligand binding (31), our results also dem-
onstrate that activated T cells lose surface expression of
CXCR3 once they are recruited to the tissue, suggesting strict
regulation of expression in T cells. In addition, the absence of
CXCR3 does not alter CCR5 expression in T cells, suggesting
functional redundancy between CXCR3 and CCR5 in the re-
cruitment of T cells following viral infection. Previously, we
reported that the lack of CCR5 expression had no significant
impact on T cell recruitment, but rather, was associated with
NK cell mobilization to the CNS following genital HSV-2 in-
fection (51). Taken together, the results suggest that CXCR3-
and CCR5-expressing effector T and NK cells act in concert to
maximize resistance to genital HSV-2, in terms of reacting to
local replication in the vaginal tract and spread into the CNS.

The increase in viral titers recovered from HSV-2-infected
CXCR3�/� mice correlated with the levels of activated mac-
rophages presumably recruited by CCL2 expression to the
spinal cord and brain stem. Consequently, CCL2 may be a
product of macrophages that have migrated in excessive num-

FIG. 9. DC infiltration into the ILN of HSV-2-infected mice is
reduced in the absence of CXCR3. WT and CXCR3�/� mice (six
mice/group) were infected with HSV-2 (2,000 PFU/vagina) and sub-
sequently exsanguinated at the indicated time points p.i. ILN samples
were processed and analyzed for B220� CD11c� DCs (A), plasmacy-
toid DCs (CD11c� B220�) (B), and total CD11c� DCs expressing
CD80 (C) by flow cytometry on day 3 p.i. The data are displayed as the
means � standard errors of the means from three independent exper-
iments. *, P was �0.05 when comparing WT and CXCR3�/� mice.
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FIG. 10. In vivo proliferation of virus-specific CD8� T cells. CD8� T cells from gBT.I-1 mice were enriched from spleen preparations by
using MACS columns and labeled with CFSE (5 �M) for 15 min. Cells (1 � 106) were transferred retro-orbitally (i.v.) to WT and CXCR3�/�

mice (six mice/group) infected 24 h earlier with HSV-2 (2,000 PFU/vagina). At the indicated times, mice were exsanguinated, and ILN and
spleens were processed to analyze the number of CFSE-labeled CD8� T cells. (A) Representative histograms showing the divisions of
CFSE-labeled CD8� T cells from lymph nodes of WT and CXCR3�/� mice at 24 h (top) and 72 h (bottom) p.i. (B) Absolute number of
CFSE-labeled CD8� T cells in lymph nodes (left) and spleens (right) on day 1 and day 3 p.i., with results shown as the means � standard
errors of the means. (C) Percentage of dividing CFSE-labeled CD8� T cells (left) and absolute number of those (right) in lymph nodes. Each
point represents the mean � standard error of the mean from two independent experiments. *, P was �0.05 when comparing WT and
CXCR3�/� mice.
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bers in response to an elevation in viral burden within the
tissue. Alternatively, resident cells, including microglia cells,
may also be a source of this chemokine. An additional product
of activated macrophages, tumor necrosis factor alpha, has
been implicated in neuropathology associated with genital
HSV-2 infection (50). Consequently, we cannot rule out the
detrimental contribution that activated macrophages may have
within the CNS of CXCR3�/� mice relative to mortality.

CXCR3 expression by plasmacytoid DCs has been found to

facilitate migration and appropriate priming of HSV-specific
CTLs likely through the production of IFN-�, which can act on
conventional DCs in antigen presentation (62). Consistent with
these findings, in the present study, DC trafficking to the drain-
ing ILN of CXCR3�/� in response to genital HSV-2 infection
was impaired. Of the chemokines assessed in the ILN, only
CXCL9 was significantly reduced in CXCR3�/� mice at an
early time point (day 3 p.i.), which matches the migration
impairment of DCs. While not formally proven, it is likely that

FIG. 11. T-bet, perforin, and granzyme B expression by CD8� T cells is reduced in HSV-2-infected CXCR3�/� mice. WT and CXCR3�/� mice (six
mice/group) were infected with HSV-2 (2,000 PFU/vagina) and subsequently exsanguinated on day 7 p.i. The spleens were processed, and CD8� T cells
were purified using MACS columns. Enriched CD8� T cells were analyzed for T-bet expression (A) and MFI of T-bet (log scale) by intracellular staining
(B). ILN (C and D) and spinal cords (E and F) from WT and CXCR3�/� mice were processed and analyzed for the percentage of CD8� T cells
expressing granzyme B (Gran B) and perforin and for the MFI of granzyme B and perforin by intracellular staining, respectively. For spinal cord samples,
lymphocytes were purified by Percoll gradient, and 100,000 cells were pooled from three animals and assayed in duplicate per experiment. Error bars
represent the means � standard errors of the means. *, P was �0.05 when comparing WT and CXCR3�/� mice.
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CXCL9 is a major chemoattractant for pDC and other DCs to
the ILN following genital HSV-2 infection through interaction
with CXCR3. In addition to a reduction in the number of DCs
recruited to the ILN of CXCR3�/�-infected mice, CD80 ex-
pression on CXCR3�/� mouse DCs was reduced by fifty per-
cent. Other costimulatory molecules are known to provide a
second signal in the generation of CTLs in the absence of
CD80 (58). However, as CD80 levels were present but reduced
in DCs of HSV-2-infected CXCR3�/� mice, it is likely that the
deficit in cytolytic activity and the reduction in T-bet, perforin,
and granzyme B expression by the effector CD8� T cells from
HSV-2-infected, CXCR3�/� mice is a direct result of reduced
CD80 expression.

Like CXCL9-deficient (CXCL9�/�) and CXCL10-deficient
(CXCL10�/�) mice, CXCR3�/� mice were more sensitive to
genital HSV-2 infection than WT animals. However, unlike
CXCL9�/� and CXCL10�/� mice, which showed a reduction
in the recruitment of NK cells and HSV gB-specific CD8� T
cells to infected sites (52), CXCR3�/� mice did not display any
deficiency in recruitment of these cells. This discrepancy may
be due in part to the redundancy between CXCR3 and CCR5,
which are also expressed in NK cells and T cells. In fact, in the
absence of CCR5, NK cell mobilization to the brain stem in
response to HSV-2 infection is significantly diminished,
whereas T-cell recruitment is not altered (51). Consequently,
the absence of a specific chemokine receptor as a result of
genetic manipulation in mice may facilitate a greater role for
redundant receptors on effector T and NK cells within these

animals that are responsive to distinct chemokines expressed at
levels equivalent to or greater than those found in WT mice.
CXCR3�/� mice were also found to possess a greater total
cellular infiltrate in the nervous system than WT mice (Fig. 2
and 5). Although the only leukocyte population found to be
significantly increased in such tissue of CXCR3�/� mice were
“activated” macrophages (defined as Gr1� F4/80�), other cell
populations were increased in the CXCR3�/� samples, includ-
ing CD4� and CD8� T cells, neutrophils, and DCs, which
collectively are likely to contribute to the elevation in the total
leukocyte infiltration into the nervous system.

Collectively, the present study highlights the chemokine re-
ceptor CXCR3 as an important signaling molecule required to
maximize the host immune (CTL) response to genital HSV-2
infection. Even though CCR5 expression in T cells is normal in
HSV-2-infected CXCR3�/� mice, which may explain a lack of
a deficiency in the recruitment of T cells, the data suggest that
optimal CD8� T-cell effector function is dependent on
CXCR3 signaling in response to genital HSV-2 infection.
Therefore, CXCR3 is a pivotal molecular signaling receptor
that operates in the recruitment of antigen-presenting cells to
organized lymphoid tissue and facilitates the activation of
CD8� effector T cells by direct or indirect means. With the
seroprevalence of HSV-2 in individuals ages 12 and older hov-
ering between 40 and 50 million Americans (12, 60), the iden-
tification of chemokines and chemokine receptors that contrib-
ute to the immune response to infection is important in the
development of successful intervention strategies.
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