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Dysregulation of CXCR3 Signaling due to CXCL10 Deficiency

Impairs the Antiviral Response to Herpes Simplex Virus 1

Infection1

Todd R. Wuest* and Daniel J. J. Carr2*†

The chemokine, CXCL10, chemotactic for NK cells, activated T cells, and dendritic cells is highly expressed during viral infections,

including HSV-1. The importance of this chemokine to the control of HSV-1 infection was tested using mice deficient in CXCL10

(CXCL10�/�). Following corneal infection, HSV-1 viral titers were elevated in the nervous system of CXCL10�/� mice, which

correlated with defects in leukocyte recruitment including dendritic cells, NK cells, and HSV-1-specific CD8� T cells to the brain

stem. In the absence of NK cells and HSV-1-specific CD8� T cells in wild-type (WT) or CXCL10�/� mice, similar levels of virus

were recovered in the nervous system, suggesting these cells are responsible for the observed defects in the control of viral

replication in CXCL10�/� mice. Leukocyte mobilization was also compared between WT, CXCL10�/�, and mice deficient in the

only known receptor for CXCL10, CXCR3 (CXCR3 �/�). NK cell mobilization was comparably reduced in both CXCL10�/� and

CXCR3�/� mice relative to WT animals. However, the reduction in mobilization of HSV-1-specific CD8� T cells in CXCL10�/�

was not observed in CXCR3�/� mice following HSV-1 infection. The defect was not the result of an alternative receptor for

CXCL10, as Ag-specific CD8� T cell recruitment was not reduced in mice which were deficient in both CXCL10 and CXCR3.

Thus, CXCL10 deficiency results in reduced mobilization of HSV-1-specific CD8� T cells as a result of dysregulation of CXCR3

signaling. The Journal of Immunology, 2008, 181: 7985–7993.

H
erpes simplex virus type 1 is one of the most widespread

and prevalent human infections. Although infection is

typically of minor consequence for most individuals, fa-

tal encephalitis due to HSV-1 can occur. In fact, herpes simplex

encephalitis is the most common cause of sporadic viral enceph-

alitis in the United States and even with early treatment mortality

is between 20 and 30% (1, 2). A variety of factors are known to

predispose individuals to herpes simplex encephalitis, particularly

pharmacologic or genetic immune deficiency, as well as HIV in-

fection, highlighting the importance of a coordinated immune re-

sponse to HSV-1.

Successful control of HSV-1 replication requires the mobiliza-

tion of leukocytes to sites of infection (3–10). Chemokines are a

family of small, basically charged proteins which regulate leuko-

cyte migration and functional activity. Although some members of

the chemokine family are constitutively expressed, others are dra-

matically up-regulated in response to inflammatory stimuli (11,

12). The up-regulated expression of inflammatory chemokines and

their affinity for negatively charged components of the extracellu-

lar matrix allow for the establishment of concentration gradients.

Thus, ligation of G protein-coupled chemokine receptors by ligand

leads leukocytes along these gradients toward foci of inflammation

(11, 12).

Selective expression of chemokines and receptors allows for

correspondingly selective leukocyte recruitment depending on the

inflammatory stimulus (13). For instance, the chemokine receptors

CCR3 and CCR4 are associated with Th2 responses, while

CXCR3 and CCR5 ligands are associated with recruitment of Th1-

polarized activated T cells as well as NK cells (11–13). The im-

mune response to HSV-1 is of a Th1 etiology with activated CD4�

and CD8� T cells, as well as NK cells, playing dominant roles in

the control of HSV-1 replication (4, 14–16). The chemokine re-

ceptor CXCR3 is highly up-regulated in these leukocyte subsets as

is the expression of CXCR3 agonists at sites of HSV-1 replication

(14, 17–20). CXCR3 deficiency results in suppressed immune re-

sponses to a variety of viral pathogens including dengue, West

Nile, mouse hepatitis, and lymphocytic choriomeningitis viruses

(LCMV)3 (21–25).

Our group has previously shown that HSV-1 viral burdens are

elevated in CXCR3-deficient (CXCR3�/�) relative to wild-type

(WT) C57BL/6 animals (17). Only three chemokines are known to

be high-affinity ligands of this receptor, CXCL9, CXCL10, and

CXCL11. Of these, only CXCL9 and CXCL10 are likely to play a

role in C57BL/6 mice due to a frame shift mutation within the

coding sequence for CXCL11 which results in the introduction of

a premature termination codon (26). CXCL10 is only known to

signal through CXCR3 and CXCL10 exerts a critical role during

several viral infections which is not compensated by CXCL9 ex-

pression (21, 23, 24, 27). In addition, CXCL10 is among the ear-

liest and most highly expressed chemokines during HSV-1 infec-

tion, suggesting that it may play a pivotal role in the coordinated

immune response to HSV-1.
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We previously reported a protective effect from CXCR3 defi-

ciency with regard to mortality during HSV-1 infection, despite

elevated viral titers (17). We have found that CXCL10�/� mice

also exhibit elevated viral burdens. In fact, viral burdens in

CXCL10�/� animals significantly exceed those observed in both

WT and CXCR3�/� mice associated with elevated mortality of

CXCL10�/� animals. This perplexing disparity between the phe-

notypes of CXCL10�/� and CXCR3�/� mice has also been re-

ported to occur during dengue virus infection as CXCL10�/� mice

exhibit increased mortality relative to both WT and CXCR3�/�

mice (21).

We report that CXCL10�/� animals display impaired NK and

HSV-1-specific CD8� T cell recruitment and that impaired mobi-

lization of these two populations is responsible for the heightened

sensitivity of CXCL10�/� animals with respect to HSV-1 infec-

tion. However, although NK cell mobilization was apparently

CXCR3 dependent, CXCR3�/� mice did not exhibit defects in

HSV-1-specific CD8� T cell recruitment. Intriguingly, we found

the contrast in HSV-1-specific CD8� T cell recruitment comparing

CXCL10�/� and CXCR3�/� animals is likely not the result of an

alternate receptor for CXCL10. Rather, dysregulation of CXCR3

signaling due to the absence of CXCL10 results in impaired Ag-

specific CD8� T cell mobilization. This outcome suggests a pos-

sible mechanism for disparate sensitivities between CXCR3�/�

and CXCL10�/� mice and highlights ill-defined complexities in

the CXCL10/CXCR3 chemokine signaling axis.

Materials and Methods
Mice

Animal treatment was consistent with the National Institutes of Health
Guidelines on the Care and Use of Laboratory Animals. All procedures
were approved by the University of Oklahoma Health Sciences Center and
Dean A. McGee Eye Institute Institutional Animal Care and Use Commit-
tee. WT C57BL/6 mice were obtained from The Jackson Laboratory.
CXCL10-deficient (CXCL10�/�) (28), CXCR3-deficient (CXCR3�/�)
(29), and CXCL9-deficient (CXCL9�/�) (30) mice were generated as pre-
viously described and backcrossed to the C57BL/6 background for a min-
imum of nine generations. CXCR3 and CXCL10 doubly deficient mice
were generated by crossing CXCR3�/� and CXCL10�/� mice. For all
experiments, excluding those using CXCR3/CXCL10 doubly deficient
mice, mice used were male. For experiments using CXCR3/CXCL10-de-
ficient mice, both female and male mice were used, and all mice used were
age and sex matched with all animals housed under specific pathogen-free
conditions. No differences in viral burdens or leukocyte infiltration to
HSV-1-infected tissues were observed between male and female mice.

Virus and cells

HSV-1 strain McKrae was originally obtained from B. Gebhardt (Louisi-
ana State University Health Sciences Center, New Orleans, LA) and was
propagated on Vero cells. Virus stock was maintained at �80°C at a con-
centration of 3.15 � 109 PFU/ml, then diluted to 3.33 � 102 PFU/�l
immediately before use. Vero cells were maintained in RPMI 1640 me-
dium supplemented with 10% FBS, gentamicin, and antibiotic-antimycotic
solution (Invitrogen Life Technologies) at 37°C, 5% CO2, and 95%
humidity.

HSV-1 infection and viral titers

The corneas of anesthetized mice were scarified with a 25-gauge needle,
tear films were removed using a chemwipe, and 1000 PFU of HSV-1 was
applied to the cornea. At indicated times postinfection (PI), mice were
anesthetized and exsanguinated and tissues were harvested. Viral titers
within tissues were determined by homogenizing the tissue in RPMI 1640
and clarifying the supernatant (12,000 � g, 2 min), then assaying the su-
pernatant by plaque assay on Vero cells.

Flow cytometry

Surface markers were analyzed using anti-mouse F4/80 (Serotec), CD8,
CD11c, CD3, CD4, CD8, B220, NK1.1, GR1 conjugated with either FITC
or PE (BD Biosciences) and CD8� T cells specific for the HSV-1 glyco-
protein B (gB)-derived epitope SSIEFARL were enumerated using MHC

class I tetramer labeled with PE (Baylor University College of Medicine).
To analyze leukocytes within trigeminal ganglia (TG) and brain stem (BS),
tissues were disrupted with a Wheatley Dounce homogenizer (Fisher Sci-
entific) in RPMI 1640 and the suspension was passed through a 70-�m
nylon cell strainer (Fisher Scientific). Lymph node cells were filtered by
passing cells through a 70-�m cell strainer. Splenocytes were isolated by
extruding splenic contents followed by osmotic lysis of erythrocytes using
0.84% NH4Cl (Sigma-Aldrich). Samples were blocked with 2 �l of
FcBlock anti-mouse CD16/32 (BD Biosciences) and incubated for 15 min.
This was followed by the addition of 2 �l of rat serum (Jackson Immu-
noResearch Laboratories). After a 15-min incubation, 2 �l of the indicated
labeled Abs or 0.5 �l of H-2Kb tetramer reagent, as well as PE-Cy5 rat
anti-mouse CD45 (BD Biosciences) was added and incubated. Samples
from BS and TG were washed three times while lymph node and spleen
cells were washed two times, with 1.0% BSA in 1� PBS. The single-cell
suspensions were fixed overnight in 1.0% paraformaldehyde, then resus-
pended in 1.0% BSA in PBS for subsequent analysis by flow cytometry.
Events were gated by forward and side scatter, as well as by high expres-
sion of CD45 Ag to distinguish events from resident CD45low microglia.
CD45 expression was determined using PE-Cy5-labeled anti-mouse CD45,
which we found to be of sufficient intensity and Stokes shift to allow
discrimination of labeled cells from autofluorescent CNS tissue. To deter-
mine the absolute counts of leukocytes in the BS and TG, suspensions of
these tissues included Countbright fluorescent counting beads (Invitrogen
Life Technologies), and the absolute count of leukocytes was extrapolated
from the ratio of the count of the gated population to the count of the
counting beads present at a known concentration.

To determine the number of CD8� T cells specific for the HSV-1 gB-
derived peptide SSIEFARL in the TG and BS of infected mice, CD45�

cells were isolated using a CD45� cell magnetic microbead isolation kit
(Miltenyi Biotec). CD45� cells were stained as described above, and the
number of SSIEFARL- specific CD8� T cells was extrapolated from the
absolute count of CD8� T cells and the percentage of CD8� T cells stained
with SSIEFARL tetramer.

Chemokine and cytokine analysis

Tissues were suspended in T-Per protein extraction reagent (Pierce Bio-
technology) with 1� Calbiochem protease inhibitor mixture and homog-
enized using a Tissuemiser (Fisher Scientific). Supernatants were clarified
by centrifugation (12,000 � g, 2 min). Supernatants were assayed for
CXCL9, CXCL10, IFN-�, and IL-4 concentration by ELISA (R&D Sys-
tems). Concentrations of CCL2, CCL3, CCL4, IL-1�, and IL-6 were de-
termined by Bio-Plex suspension array (Bio-Rad). For analysis of IFN-�
expression following Ag recognition, lymph node cells were harvested and
one million cells in 1.0 ml of RPMI 1640 were plated on 24-well plates and
treated with either vehicle or 20 �g/ml SSIEFARL peptide. After incuba-
tion for 72 h, supernatants were harvested and assayed for IFN-� levels by
ELISA.

Real-time RT-PCR

RNA was extracted using Ultraspec total RNA isolation reagent according
to the manufacturer’s instruction (Biotecx). First-strand cDNA was syn-
thesized using avian myeloblastosis virus reverse transcriptase (Promega)
with oligo(dT) primers (Promega) according to the manufacturer’s instruc-
tions with a cycle of 42°C for 45 min, followed by 10 min at 85°C. Quan-
titative real-time PCR was performed with an iCycler IQ system (Bio-Rad)
with a cycle of 3 min at 95°C followed by 40 cycles of 95°C for 30 s,
followed by 55°C for 30 s. Primers used were as follows: �-actin forward,
5�CTTCTACAATGAGCTGCGTGTG3� and �-actin reverse, 5�TTGAAG
GTCTCAAACATGATCTGG3�; ISG54 forward, 5�TCTGATTCTGAGGC
CTTGCA3� and ISG54 reverse 5�TGCTGACCTCCTCCATTCTC3�.

TG cultures

Dissociated TG cultures were established by aseptically dissecting TG and
suspending the tissues in HBSS (Invitrogen Life Technologies), then in-
cubating with 1.0 mg/ml collagenase types IV and IX (Sigma-Aldrich).
The TG were triturated every 10 min for 1 h, washed, and suspended in
DMEM (Invitrogen) with 10.0 ng/ml nerve growth factor (Collaborative
Biomedical Products), 10% FBS, 1� antibiotic/antimycotic, and 0.2% gen-
tamicin (Invitrogen Life Technologies). The suspension was plated on 24-
well microtiter plates (ISC BioExpress) coated with laminin (Trevigen) and
type I collagen (Sigma-Aldrich), such that roughly one TG was plated per
well. The cultures were allowed to establish themselves for 7 days before
infection.

7986 CXCR3, CXCL10, AND HSV-1
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NK and CD8� T cell depletion using asialo-GM1 Ab

Volumes of 40-�l rabbit Ab to asialo-GM1 (Cedarlane Laboratories) or
control Ab (Jackson ImmunoResearch Laboratories) were injected i.p. both
1 day before and 3 days PI with HSV-1. Depletion of NK and CD8� T cells
was verified in the draining lymph nodes, spleens, TG, and BS by flow
cytometry.

Statistics

All statistical analysis was performed using GBStat software (Dynamic
Microsystems). Comparisons between two variables were analyzed using
Student’s t test. Comparisons between three or more variables were ana-
lyzed using ANOVA and Tukey’s t test. Survival studies were analyzed by
Mann-Whitney U rank order test.

Results
HSV-1 viral titers and mortality are elevated in CXCL10�/�

mice

To determine whether CXCL10 has a role in the control of HSV-1

infection, WT and CXCL10�/� mice were infected with HSV-1

and TG and BS were removed at days 3, 5, and 7 PI and assayed

for infectious virus by plaque assay. Viral titers were significantly

elevated in CXCL10�/� mice at days 5 and 7 PI in both the TG

and BS (Fig. 1, A and B). In addition, survival in CXCL10�/�

mice was significantly reduced over the duration of the study (Fig.

1C). Of the three known high-affinity agonists of CXCR3; CXCL9,

CXCL10, and CXCL11, only CXCL9 and CXCL10 are likely to

play a role in C57BL/6 mice. The gene for CXCL11 is affected by

a frame shift mutation which results in the introduction of a pre-

mature stop codon (26). We did not observe any significant dif-

ference in HSV-1 viral titers between WT animals and those de-

ficient in another CXCR3 agonist, CXCL9, in either the TG or BS

at day 7 PI (data not shown). Thus, CXCL10 is apparently the

dominant CXCR3 ligand in this model.

We hypothesized the role CXCL10 has in controlling HSV-1

infection is as a chemoattractant of leukocyte effector populations

to the site of infection. CXCL10 is known to induce the chemo-

taxis of NK, CD8� T cells, and CD4� T cells, all of which are

known to participate in HSV-1 surveillance (4, 5, 8, 10, 22–24, 28,

31). To address the possibility that CXCL10 exerts an antiviral

effect independent of recruited leukocytes, disassociated TG cul-

tures were established from uninfected WT and CXCL10 �/� mice

and infected with HSV-1, which has been shown previously to

induce the expression of CXCL10 in TG cultures (32). There was

no significant difference between WT and CXCL10�/� TG cul-

tures (Fig. 1D), suggesting that the antiviral effect of CXCL10 is

likely dependent on leukocyte populations infiltrating the nervous

system following infection.

CXCL10 is among the earliest and most highly expressed

cytokines following HSV-1 infection

Cytokine levels in WT and CXCL10�/� mice were assayed to

determine the temporal regulation of the cytokine milieu and the

impact of CXCL10 deficiency on cytokine expression in the TG

and BS following infection (Fig. 2). Of the cytokines assayed,

CXCL10 was the most highly expressed with the exception of

CCL2 within the TG (Fig. 2A) and BS (Fig. 2B) by day 7 PI.

CXCL10 expression was up-regulated by �40-fold over basal lev-

els in the BS of WT mice as early as day 5 PI (Fig. 2B). This time

point is the earliest point at which infectious HSV-1 is detectable

in the BS. CXCL10 expression remains elevated through day 7 PI

in both the BS and TG, suggesting that CXCL10 expression may

play a role in the initiation of both innate and adaptive immune

responses. Importantly, CXCL10 expression was substantially

higher than that of CXCL9 in the TG and BS at all time points

assayed. This observation is consistent with experiments per-

formed with CXCL9�/� mice which showed no increase in mor-

tality or HSV-1 viral burdens relative to WT mice (data not

shown). This result, the low expression of CXCL9, and apparent

absence of CXCL11 in C57BL/6 mice provide further evidence

that CXCL10 is the dominant CXCR3 ligand in this model.

TG from CXCL10�/� mice had significantly elevated levels of

CCL2 and CXCL1 compared with WT animals at both days 5 and

7 PI as well as IFN-� (1714 � 347 vs 5894 � 176 for WT vs

CXCL10�/�, respectively) at day 7 PI (Fig. 2A). However, these

differences were most notable at day 7 PI, a time at which viral

titers in the TG of WT animals have declined from their peak to

nearly undetectable levels. We have previously reported CCL2 ex-

pression within the nervous system is correlated with viral burden

(33). Thus, elevated levels CCL2, CXCL1, and IFN-� within the

FIGURE 1. HSV-1 viral titers are elevated in CXCL10-deficient mice.

WT and CXCL10�/� mice were infected with 1000 PFU of HSV-1 via

ocular inoculation. At the indicated time points PI, tissues were harvested

and assayed for HSV-1 viral burdens via plaque assay. A, Viral titer within

the BS. B, Viral titer within the TG. C, Mortality following HSV-1 infec-

tion in WT and CXCL10�/� mice. This figure summarizes three experi-

ments (n � 15 for WT and 12 for CXCL10�/�; ��, p � 0.01 and �, p �

0.05 comparing WT to CXCL10�/� mice. D, Dissociated TG cultures with

1–3 � 105 cells/well were established and infected with HSV-1 (multi-

plicity of infection of 0.01). Supernatants were assayed by plaque assay at

24 h PI. Each point or bar represents the mean � SEM.

7987The Journal of Immunology
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TG of CXCL10�/� mice may simply be the result of elevated viral

burdens.

In comparison to that found in the TG, CXCL10 deficiency had

little impact on the cytokine profile in the BS following infection.

Of the cytokines assayed, only levels of CXCL9 were significantly

different between WT and CXCL10�/� mice with reduced levels

at both days 5 and 7 PI in CXCL10�/� mice (Fig. 2B). The re-

duction in CXCL9 expression in CXCL10�/� animals suggests a

possible explanation for the lack of redundancy between CXCL9

and CXCL10. CXCL9 expression is driven primarily by IFN-�

(34). Although there was a trend of elevated IFN-� levels in the BS

of WT mice, this result was not statistically significant (Fig. 2B,

WT � 648 � 177, CXCL10�/�
� 286 � 106 pg/g, p 	 0.05).

Overall, CXCL10 deficiency appeared to have only a modest in-

fluence on cytokine expression in the BS, suggesting that differ-

ences in leukocyte recruitment to the BS between WT and

CXCL10�/� animals are likely to be the direct result of CXCL10

expression.

Leukocyte mobilization to the nervous system following HSV-1

infection

Studies were performed to address whether CXCL10 deficiency is

associated with reduced mobilization of leukocytes to HSV-1-in-

fected tissues as well as to compare CXCL10�/� mice to

CXCR3�/� mice. WT, CXCL10�/�, and CXCR3�/� mice were

infected with HSV-1 and followed over a 7-day time course (Fig.

3). Cell counts of CD4� T cells, CD8� T cells, conventional den-

dritic cells (DC, B220�CD11c�), neutrophils (GR1�F480�), or

macrophages (F480�Gr1�/�) were not modified by the absence of

either CXCL10 or CXCR3 in the TG (Fig. 3A). In H-2Kb-re-

stricted C57BL/6 mice, CD8� T cells are overwhelmingly specific

for a particular immunodominant epitope derived from HSV-1 gB,

SSIEFARL (35, 36). The mobilization of CD8� T cells specific for

this epitope was not affected by the absence of CXCL10 or

CXCR3 in the TG as indicated by quantitative analysis using MHC

class I tetrameric reagent (Fig. 3A). However, there was a signif-

icantly delayed infiltration of NK cells (NK1.1�CD3�) and plas-

macytoid DCs (B220�CD11c�) between WT and CXCL10�/�

mice (Fig. 3A). The absolute cell numbers of these subpopulations

were comparable between CXCL10�/� and CXCR3�/� mice,

suggesting that mobilization of NK cells and plasmacytoid DCs is

CXCR3 dependent and CXCL10 is the primary CXCR3 ligand

responsible.

Similar to TG, BS were evaluated for leukocyte recruitment at

times PI. Leukocyte populations in the BS modified by the absence

of CXCL10 or CXCR3 were diverse and could be divided into

three categories; cells impacted exclusively by CXCR3 deficiency,

cells modified by CXCL10 deficiency through CXCR3-dependent

signaling, and cells modified by CXCL10 deficiency in an appar-

ently CXCR3-independent manner. In the first category, cells de-

pendent on CXCR3 for mobilization to the BS yet not dependent

on CXCL10, neutrophils, and macrophages were significantly re-

duced in the BS by day 7 PI in CXCR3�/� mice, in comparison to

both WT and CXCL10�/� mice which were nearly equivalent

(Fig. 3B). Conventional DCs and NK cells exhibited delayed or

reduced recruitment in CXCL10�/� mice and comparable defi-

ciency in CXCR3�/� animals (Fig. 3B). Although infiltration of

plasmacytoid DCs or conventional DCs was delayed in

CXCL10�/� and CXCR3�/� animals, infiltration of plasmacytoid

DCs showed a more pronounced dependence on CXCR3. Al-

though the loss of CXCL10 could apparently be compensated for

by other CXCR3 or other chemokine receptor ligands with regard

FIGURE 2. Cytokine expression

in the TG and BS. Samples were ho-

mogenized and supernatants were as-

sayed for the indicated cytokine by

suspension bead array or ELISA in

the TG (A) and BS (B). Baseline cy-

tokine levels were determined using

uninfected mice (n � 3/analyte). Che-

mokine/cytokine levels following in-

fection are a summary of two to four

experiments (n � 4–14 samples/ana-

lyte). Each bar represents the mean �

SEM expressed in pg/g tissue. ��,

p � 0.01 and �, p � 0.05 comparing

WT to CXCL10�/� mice.

7988 CXCR3, CXCL10, AND HSV-1
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to eventual recruitment of conventional DCs, CXCR3 deficiency

resulted in significantly reduced numbers of infiltrating plasmacy-

toid DCs up to the end point of the study (Fig. 3B). Dependence on

both CXCR3 and CXCL10 was observed regarding NK cells, with

numbers equally reduced in CXCL10�/� and CXCR3�/� mice

suggesting that CXCL10 is the dominant CXCR3 ligand involved

in NK cell mobilization (Fig. 3B).

The influence of CXCL10 and CXCR3 deficiency on the re-

cruitment of HSV-1 gB-specific CD8� T cells to the BS was un-

expected. Absolute counts of HSV-1-specific CD8� T cells were

reduced in CXCL10�/� but not in CXCR3�/� animals (Fig. 3B).

This result appears to suggest a CXCR3-independent influence on

HSV-1-specific CD8� T cell mobilization through CXCL10 ex-

pression. Furthermore, this CXCL10-dependent, CXCR3-indepen-

dent effect was restricted to Ag-specific CD8� T cells as total

CD8� T cell recruitment to the BS was unaffected by the absence

of either CXCL10 or CXCR3 (Fig. 3B). This phenomenon was

tissue restricted as well, because it was not observed within the TG

(Fig. 3A).

NK and HSV-1-specific CD8� T cells are the primary effectors

cells affected by the absence of CXCL10

Our studies of leukocyte mobilization into HSV-1- infected tissues

indicated that several populations are affected by the absence of

CXCL10, including DCs, NK cells, and HSV-1- specific CD8� T

cells. Plasmacytoid DCs express high levels of IFN-� (37–41),

which has been shown to restrict HSV-1 replication (42, 43). Mea-

surement of type I IFN by ELISA is relatively insensitive (37);

therefore, an indirect measure of type I IFN activity was under-

taken by measuring the IFN-stimulated gene ISG54 expression by

real-time RT-PCR (37). However, we did not observe differences

between WT and CXCL10�/� animals for ISG54 mRNA levels

relative to the housekeeping gene �-actin in the BS at either days

5 or 7 PI (data not shown), suggesting differences in BS-localized

type I IFN expression is an unlikely explanation for the immuno-

logical defects observed in CXCL10�/� mice.

Previous studies have demonstrated that both NK cell and

CD8� T cell populations impact on the control of HSV-1 infection

with varying importance depending on the infected tissue and time

point (3, 4, 5, 9). To assess the importance of these effector pop-

ulations in the current model, animals were administered anti-

asialo-GM1 Ab. Administration of anti-asialo-GM1 results in de-

pletion of both NK cells and HSV gB-specific CD8� T cells (Fig.

4, A–C). No obvious impact on other populations (CD45high and

CD4�CD3�, B220�CD11c�, B220�CD11c�, F480�, or

GR1�F480� or CD45lowF4/80� microglia) in the spleen,

lymph nodes, TG, or BS was observed (data not shown). Treat-

ment with anti-asialo-GM1 Ab led to a reduction in the differ-

ence in viral titers between WT and CXCL10�/� in both the BS

(Fig. 4D) and TG (Fig. 4E), suggesting the impact of CXCL10

on control of HSV-1 is dependent on recruitment of these ef-

fector populations.

CXCL10 is not required for the generation of HSV-1-specific

CD8� T cells

To determine whether the selective deficiency in the recruitment of

HSV-1-specific CD8� T cells to the BS of CXCL10�/� mice was

a result of a defect in the generation of Ag-specific CD8� T cells,

cells from the draining lymph nodes were analyzed by flow cy-

tometry. In our hands, HSV-1-specific CD8� T cells are first re-

liably detectable at day 5 PI in the draining mandibular lymph

nodes and mobilize to the CNS between days 5 and 7 PI. There

was no significant difference between WT, CXCL10�/�, or

CXCR3�/� mice in the numbers of HSV-1-specific CD8� T cells

at either day 5 or day 7 PI (Fig. 5A). Previous studies have indi-

cated that B220�CD11c� cell recruitment to inflamed lymph

nodes is CXCR3 dependent (44), and these cells play a role in the

generation of anti-HSV-1 CTL responses (45). Furthermore, an-

other study indicated that DC-derived CXCL10 contributes to the

retention of CD4� T cells in lymph nodes (46). However, we

observed no significant differences among WT, CXCL10�/�, or

CXCR3�/� mice for total CD3�CD4� T, CD3�CD8� T,

B220�CD11c�, or B220�CD11c� cells (Fig. 5A) nor for F4/80�

or GR1�F480� cells (data not shown) in the draining lymph nodes

at any time point.

FIGURE 3. Leukocyte mobiliza-

tion to HSV-1-infected tissues. Leu-

kocytes recruited to the TG (A) and

BS (B) were quantified by flow cy-

tometry following infection. TG and

BS from WT, CXCL10�/�, and

CXCR3�/� animals were homoge-

nized to a single- cell suspension and

the resultant populations were pheno-

typically defined. The results are a

summary of two experiments for un-

infected mice (n � 4/group). For the

day 5 and 7 PI time points, the re-

sults are a summary of three to five

experiments (n � 6 –10/group).

Each point or bar represents the

mean � SEM. ��, p � 0.01 and �,

p � 0.05 comparing WT to gene-

deficient mice or CXCL10�/� or

CXCR3�/� to the other two groups.

Uninfect, Uninfected.
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FIGURE 4. Reduced NK and CD8� T cells responses are critical for loss of virus surveillance in WT and CXCL10�/� mice. A, Representative flow

diagrams of lymph node, spleen, and BS leukocytes stained for CD8 and expression of the TCR specific for the HSV-1 gB-derived epitope SSIEFARL,

as indicated by staining with tetramer. Mice were treated i.p. with either anti-asialo-GM1 (anti-AGM1) or control (Cntrl) Ab 1 day before and 3 days

afterHSV-1 infection. Representative flow diagrams for spleen cells (B) and BS (C) samples at day 7 PI examined for NK cell, CD8� T cell, and

HSV-1-specific CD8� T cells labeled with the gB-derived peptide SSIEFARL, as indicated by staining with the PE-labeled H-2Kb SSIEFARL tetramer.

Treatment with anti- asialo-GM1 was found to result in 	95% reduction in the absolute counts of NK cells and HSV-1 gB-specific CD8� T cells in the

spleen (B), BS (C), lymph node (data not shown), and TG (data not shown). HSV-1 viral titers are shown for BS (D) and TG (E) at day 7 PI. This figure

is a summary of two experiments (n � 4/group) with the bars displayed as mean PFU/tissue � SEM. �, p � 0.05 comparing WT to CXCL10 control, anti-

asialo-GM1 WT-treated, and anti-asialo-GM1 CXCL10�/�-treated mice.

7990 CXCR3, CXCL10, AND HSV-1
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Although there was no apparent defect in the generation of

HSV-1-specific CD8� T cells based on flow cytometric analysis,

the function of HSV-1-specific CD8� T cells may be altered in the

absence of CXCL10. Earlier work has demonstrated a decrease in

cytokine production by T cells following Ag recognition in

CXCL10�/� animals (28). The only known receptor for CXCL10,

CXCR3, associates with and utilizes some components of the TCR

during CXCL10/CXCR3 signaling (47).

Thus, CXCL10 deficiency could theoretically impact cytokine

production following Ag recognition in a CXCR3-dependent fash-

ion. To address this possibility, cells from the lymph nodes of WT,

CXCL10�/�, and CXCR3�/� animals were harvested and evalu-

ated for production of IFN-� following Ag recognition. Measure-

ment of IFN-� levels in culture supernatants following stimulation

suggested a trend of reduced IFN-� production in CXCL10�/� but

not CXCR3�/� mice. However, the difference did not reach sta-

tistical significance ( p 	 0.05).

CXCL10 operates solely through CXCR3 in the mobilization of

HSV-1-specific CD8� T cells to the BS

CXCL10�/� animals exhibit reduced recruitment of gB-specific

CD8� T cells to the BS compared with WT and CXCR3�/� mice.

The simplest explanation of this result would be the existence of

another receptor for CXCL10. Consistent with this notion, another

receptor for the CXCR3 ligand CXCL11 was recently reported

(48). To determine whether a receptor for CXCL10 in addition to

CXCR3 influenced HSV-1-specific CD8� T cell mobilization to

the BS, CXCL10 and CXCR3 double-deficient mice were gener-

ated. CXCL10 deficiency did not impact the recruitment of HSV-

1-specific CD8� T cells to the BS (Fig. 6A) or HSV-1 viral titer in

the BS (Fig. 6B) in the absence of CXCR3. This suggests that the

reduced recruitment of HSV-1-specific CD8� T cells observed in

CXCL10�/� mice was not the result of the loss of chemokine

signaling between CXCL10 and a receptor other than CXCR3.

Rather, CXCR3 is the dominant receptor for CXCL10 involved in

the recruitment of HSV-1-specific CD8� T cells with the loss of

CXCL10 resulting in dysregulation of normal CXCR3 signaling.

Discussion
Our findings demonstrate that the chemokine CXCL10 is critical

for mobilization of both the innate and adaptive branches of the

immune system. CXCL10 is highly expressed at sites of HSV-1

replication and is essential for the control of HSV-1 infection,

predominantly through NK and CD8� T cell-mediated activities.

These populations contribute to the control of virus replication

through both cytotoxic activity against virally infected cells as well

as the production of effector cytokines such as IFN-� (4, 5, 7–9,

16). We have not observed any significant differences in the ca-

pabilities of splenic NK cells isolated from WT, CXCL10�/�, and

CXCR3�/� animals to lyse Yac-1 cells (T. R. Wuest and D. J. J.

FIGURE 5. CXCL10 does not play a role in the generation of HSV-1-

specific CD8� T cells during virus infection. A, Absolute counts of HSV-1

gB-specific CD8� T cells (Tetramer�CD8�) or other phenotypically de-

fined leukocyte population in the draining mandibular lymph nodes ob-

tained at day 5 or day 7 PI. Uninfected lymph nodes (Uninf) served as

controls. The results are taken from two experiments for uninfected mice

(n � 4 mice) and three to four experiments (n � 6–8 mice) for the day 5

and 7 time points. B, IFN-� expression following Ag recognition. Cells

taken from the draining lymph nodes of HSV-1-infected mice were stim-

ulated with SSIEFARL peptide (20 �g/ml) and assayed for IFN-� levels by

ELISA 72 h after stimulation. The results are a summary of three experi-

ments (n � 6 samples/group). Each point/bar represents the mean � SEM.

FIGURE 6. The CD8� T cell response to HSV-1 is dependent on

CXCR3. A, The absolute number of HSV-1 gB-specific CD8� cells in the

BS of WT, CXCL10�/�, CXCR3�/�, and CXCL10/CXCR3 double-defi-

cient mice (DKO) were quantified by flow cytometry at day 7 PI. The

results are shown as mean � SEM and represent n � 7 per group con-

ducted twice with similar outcomes. B, HSV-1 viral titers in the BS of WT,

CXCL10�/�, CXCR3�/�, and DKO mice at day 7 PI. The bar represents

the mean � SEM obtained from four experiments (n � 9/group), �, p �

0.05 comparing the WT to CXCL10�/� mice.
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Carr, unpublished observation). Likewise, no differences were ob-

served between WT and CXCL10�/� mice in CD8� T cell cyto-

lytic activity against HSV-2-infected target cells (49) nor did we

find a significant difference in IFN-� production in CD8� T cells

isolated from CXCL10�/� animals following stimulation using the

HSV-1 gB-derived peptide SSIEFARL. Similarly, CD8� T cells

isolated from CXCL10�/� mice infected with LCMV exhibit nor-

mal cytolytic activity toward EL-4 target cells labeled with

LCMV-derived peptide (22). Thus, the enhanced susceptibility of

CXCL10�/� mice to HSV-1 infection would appear to be limited

to effector cell recruitment.

NK and CD8� T cells exist in a variety of subsets with func-

tionality that is broadly correlated with chemokine receptor ex-

pression (50). For example, NK cell subsets can be categorized on

the basis of having either high cytokine expression or cytolytic

activity. Although CD56bright, high cytokine-expressing NK cells

are typically CCR7 positive, CD56dim highly cytotoxic NK cells

are predominantly CCR7 negative (50). High cytotoxic activity has

been correlated with CXCR1 expression on CD8� T cells (51).

These observations lead to the obvious question of how chemokine

deficiency may adversely affect the selective recruitment of spe-

cific subsets of leukocyte populations. Given the complex and lay-

ered behavior of feedback in biological systems, there is not a

simple answer. CXCL10�/� mice have elevated expression of the

CXCR1 ligand CXCL1 which may result in the aberrant recruit-

ment of highly cytotoxic subsets of CD8� T cells to the TG, pos-

sibly aggravating injury.

CXCL10 deficiency resulted in significantly reduced or delayed

infiltration of several leukocyte populations into HSV-1-infected

tissue. CXCL10�/� and CXCR3�/� animals exhibited compara-

ble phenotypes indicating the CXCR3 dependence of CXCL10

signaling in the recruitment of NK1.1�CD3�, B220�CD11c�,

and B220�CD11c� populations. However, the absolute number of

Ag-specific CD8� T cells in the BS was significantly reduced in

CXCL10�/� mice. Yet, this population was not modified by

CXCR3 deficiency. One possible explanation for the observation

of an impaired CD8� T cell response in CXCL10�/� but not

CXCR3�/� mice is the existence of another receptor for CXCL10.

Soejima and Rollins (52) provided evidence of the existence of

such an alternate receptor for CXCL10 expressed on epithelial and

endothelial cells. Alternatively, the antagonistic function of

CXCL10 toward CCR3 (53) or another chemokine receptor could

influence the CD8� T cell response. However, the absence of any

defect in the recruitment of gB-specific CD8� T cells in CXCL10/

CXCR3 double-deficient mice indicates the dominant signaling

pathway for CXCL10 is through CXCR3. Therefore, the particular

immunological defects observed in the CD8� T cell response in

CXCL10�/� mice are a consequence of dysregulation of CXCR3

signaling as a result of CXCL10 deficiency.

Historically, chemokines have been viewed strictly as chemoat-

tractant molecules, but their accepted influence on leukocyte mo-

bilization and functional activity has expanded with time. Both

chemokines and their receptors are influenced by homo- and het-

erodimerization and chemokine signaling pathways are affected by

chemokine concentration, as well as cross-talk with other signaling

pathways such as the use of ITAM and ITIM signaling compo-

nents during CXCR3 signaling (47, 54, 55). These dynamic inter-

actions allow flexible integration of chemokine-driven responses

and CXCL10 has been shown to mediate chemoattraction, che-

morepulsion, as well as modulation of responses to other chemo-

kines (10, 47, 55–60). As with CXCR4, CXCR3 utilizes TCR

components for signal transduction (47, 56). CXCR3 ligands dif-

ferentially signal through this pathway (4) and structural compo-

nents of CXCR3 required for signaling in response to CXCL9,

CXCL10, and CXCL11 differ considerably (61–68). Thus, the ab-

sence of a particular CXCR3 ligand may directly affect T cell

function in a CXCR3-dependent fashion with a variety of possible

outcomes.

In summary, our results demonstrate that CXCL10 has a non-

redundant role in the chemoattraction of leukocytes involved in the

control of HSV-1 replication within the peripheral and CNS. The

absence of CXCL10 is correlated with reduced recruitment of NK

and HSV-1-specific CD8� T cells and elevated viral burdens. An-

imals deficient in CXCL10 and CXCR3 displayed equivalently

impaired NK cell recruitment, indicating that CXCL10 is the dom-

inant CXCR3 ligand for NK cells in this model. Our results im-

plicate the presence of previously unexplored complexities in T

cell recruitment by CXCR3 ligands. These observations suggest

the possibility of unanticipated adverse consequences following

pharmacologic modulation of chemokine receptor signaling that

may profoundly affect immune responses. Future studies will be

required to further delineate the mechanism by which aberrant

CXCR3 signaling affects T cell recruitment and function under

inflammatory conditions including infection.
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