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Herpes simplex virus 1 (HSV-1) replication initiates inflammation and angiogenesis responses in the cornea to result in herpetic
stromal keratitis (HSK), which is a leading cause of infection-induced vision impairment. Chemokines are secreted to modulate
HSK by recruiting leukocytes, which affect virus growth, and by influencing angiogenesis. The present study used a murine in-
fection model to investigate the significance of the chemokine CXC chemokine ligand 10 (CXCL10; gamma interferon-inducible
protein 10 [IP-10]) in HSK. Here, we show that HSV-1 infection of the cornea induced CXCL10 protein expression in epithelial
cells. The corneas of mice with a targeted disruption of the gene encoding CXCL10 displayed decreases in levels of neutrophil-
attracting cytokine (interleukin-6), primary neutrophil influx, and viral clearance 2 or 3 days postinfection. Subsequently, ab-
sence of CXCL10 aggravated HSK with elevated levels of interleukin-6, chemokines for CD4� T cells and/or neutrophils (macro-
phage inflammatory protein-1� and macrophage inflammatory protein-2), angiogenic factor (vascular endothelial growth factor
A), and secondary neutrophil influx, as well as infiltration of CD4� T cells to exacerbate opacity and angiogenesis in the cornea
at 14 and up to 28 days postinfection. Our results collectively show that endogenous CXCL10 contributes to recruit the primary
neutrophil influx and to affect the expression of cytokines, chemokines, and angiogenic factors as well as to reduce the viral titer
and HSK severity.

Herpes simplex virus 1 (HSV-1) infects more than 80% of
adults worldwide (1). HSV-1 infection of the cornea can re-

sult in herpetic stromal keratitis (HSK), which is the most com-
mon cause of infection-induced corneal blindness, especially in
the elderly population of the Western world. In the United States,
it is estimated that 400,000 persons are affected, with 20,000 new
cases per year (1).

Studies using the murine model have revealed multiple events,
including viral replication, chemokine and cytokine production,
leukocyte influx, and neovascularization, during HSK progression
(1, 2). Viral replication initiates all complex events to positively
affect the severity of HSK (3). Viral replication is eventually ter-
minated by the host immune response about 1 week postinfection
(p.i.). However, neovascularization and inflammation may inten-
sify, in part because neovessels bring in more inflammatory infil-
trates.

Abundant neutrophils are detected in the stroma of infected
cornea and display a biphasic influx (1, 4, 5). The primary neutro-
phil influx reaches a peak at 2 to 3 days p.i., declines to a basal level
at 5 days p.i., and participates in virus clearance directly or indi-
rectly by activating other inflammatory cells, such as monocytes
(1, 4–8). The secondary neutrophil influx is more intense, begins
at 8 to 9 days p.i., and reaches a peak at about 2 to 3 weeks p.i. when
HSK is evident (1, 5, 9). It is generally believed that the secondary
neutrophil influx contributes to lesions by serving as an activator
for T cell-mediated inflammatory responses (1, 5). Among T cells
present in the infected cornea, CD4� T cells outnumber CD8� T
cells and have been shown to orchestrate chronic inflammatory
lesions (1, 2).

Chemokines recruiting CD4� T cells and/or neutrophils, such
as macrophage inflammatory protein-1� (MIP-1�) and macro-
phage inflammatory protein-2 (MIP-2/CXCL2), are induced in
the HSV-1-infected cornea and have been shown to affect HSK

development (6, 9). The recruited leukocytes can further enhance
inflammation by increasing cytokine expression (1). In addition
to inflammation, neovascularization also contributes to lesions.
HSV-1 infection has been shown to increase the expression of
potent angiogenic factors, including fibroblast growth factor 2
(FGF-2; also known as basic fibroblast growth factor) and vascular
endothelial growth factor A (VEGF-A), to cause neovasculariza-
tion in the cornea (1, 10). Neovascularization and inflammation,
two hallmarks of HSK, start to develop about 1 week p.i. and result
in evident lesions with a substantial leukocyte influx brought in
via neovessels at 2 to 3 weeks p.i (1).

CXC chemokine ligand 10 (CXCL10; gamma interferon [IFN-
�]-inducible protein 10 [IP-10]) is a chemokine which attracts
mainly T cells and NK cells through binding to the receptor
CXCR3 (11, 12). However, CXCL10 has been reported to recruit
neutrophils or to bind to other cells by an unknown mechanism
independent of CXCR3 (11, 13, 14). CXCL10 expression can be
upregulated in a variety of cells, including epithelial cells and neu-
trophils, by stimulation with IFN-�, IFN-�, IFN-�, or viruses (12,
15–21). CXCL10 is a fascinating chemokine because of its contro-
versial roles in viral infections. Endogenous CXCL10 is known to
protect mice infected with coxsackievirus B3, mouse hepatitis vi-
rus, or dengue virus, mostly by decreasing tissue viral loads (16,
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19, 22). However, CXCL10 has been implicated in aggravating
virus-induced diseases, such as demyelination in the mouse brain
induced by mouse hepatitis virus, meningoencephalitis in mice
induced by lymphocytic choriomeningitis virus, liver damage in
humans induced by chronic hepatitis C virus infection, and neu-
rological disorders induced by human immunodeficiency virus
(19, 23–25). Additionally, CXCL10 serves as an angiostatic factor
to inhibit the expression of VEGF-A or the angiogenic response
induced by FGF-2 or VEGF-A (26–29).

HSV-1 infection of the cornea has been shown to induce
CXCL10 (18, 30, 31). Previous reports investigating the role of
endogenous CXCL10 in HSK were not conclusive because mice
died about 1 week after infection with a virulent HSV-1 strain
before the corneas could develop evident lesions (18, 31). The
present study used an HSV-1 strain which is proficient in inducing
HSK but not encephalitis to infect wild-type mice and mice with a
targeted disruption of the gene encoding CXCL10. Our results
provide the first evidence that endogenous CXCL10 reduces the
severity of HSK.

MATERIALS AND METHODS
The cell and virus. African green monkey kidney (Vero) cells were main-
tained and propagated according to the instructions of the American Type
Culture Collection. Wild-type HSV-1 strains RE and McKrae were prop-
agated and titrated via plaque assay on Vero cell monolayers. RE, which
has been used extensively for studying HSK since 1976 (32–34), was kindly
provided by Robert Lausch.

Infection of mice. All mouse experiment protocols were approved by
the Laboratory Animal Committee of National Cheng Kung University.
Five- to six-week-old male and female C57BL/6J mice and C57BL/6J-
derived mice deficient in CXCL10 (B6.129S4-Cxcl10tm1Adl/J) due to a tar-
geted disruption of the gene were used for study. Mice were purchased
from The Jackson Laboratory, bred, and maintained under specific-
pathogen-free conditions in the Laboratory Animal Center of our univer-
sity. Mice were anesthetized and infected with 5 � 104 PFU of strain RE or
mock infected with lysates of uninfected Vero cells topically on the right
eye following scarification (20 times) of the cornea with a needle. In ad-
dition, C57BL/6J mice were infected with 1 � 105 PFU of strain McKrae or
mock infected on the right eye without scarifying the cornea. RE-infected
mouse eyes were examined weekly after infection to monitor corneal
opacity and angiogenesis as described in our previous report (35). The
corneal opacity was graded on a scale of 0 to 5 as follows: 0, normal cornea;
1, mild corneal haze; 2, moderate corneal opacity or scarring; 3, severe
corneal opacity, iris visible; 4, opaque cornea, iris invisible; and 5, necro-
tizing cornea with vascularization. Corneal angiogenesis was scored by
measuring the length of neovessels. Briefly, the cornea was divided into
four quadrants. The length of the longest neovessel in each quadrant was
graded between 0 (no neovessel) and 4 (neovessel in the corneal center) in
increments of about 0.4 mm (the radius of the cornea is about 1.5 mm).
The angiogenesis score for each cornea (ranging from 0 to 16) was the sum
of the four quadrants. In separate experiments, mice were sacrificed, and
the eyes and trigeminal ganglia were harvested to determine viral titers via
plaque assay.

Quantification of cytokines, chemokines, and angiogenic factors.
Three mouse eyeballs were pooled into one sample in a volume of 1 ml of
phosphate-buffered saline to measure CXCL10. In addition, four to six
corneas were harvested and pooled into one sample in a volume of 0.5 ml
of RPMI 1640 medium for measurement of interleukin-6 (IL-6) (R&D
Systems), IFN-� (R&D Systems), MIP-2 (R&D Systems), MIP-1� (R&D
Systems), VEGF-A (R&D Systems), and FGF-2 (Signosis). Samples were
frozen at �80°C and homogenized. The homogenates were centrifuged to
obtain supernatants for enzyme-linked immunosorbent assays (ELISAs)
using commercially available kits according to the manufacturer’s in-
structions.

Histological, immunofluorescence, and immunohistochemical
staining. Briefly, mouse eyes were fixed in 10% neutral buffered formalin,
embedded in paraffin, and sectioned. Sections (6 �m) were deparaffinized
and stained with hematoxylin and eosin. In addition, deparaffinized sec-
tions were treated with 1% fetal bovine serum to block nonspecific bind-
ing before incubation with antibodies against HSV-1 (Dako), mouse
CXCL10 (R&D Systems), keratin K3 (clone AE5; Millipore), or Ly6G
(clone 1A8; BD Pharmingen) or with isotype-matched control antibodies
overnight at 4°C. Subsequently, bound anti-HSV-1 antibody was detected
by donkey anti-rabbit immunoglobulin G Alexa Fluor 488 (Invitrogen),
bound anti-CXCL10 antibody was detected by donkey anti-goat Alexa
Fluor 594, and bound anti-keratin K3 antibody was detected by donkey
anti-mouse immunoglobulin G Alexa Fluor 488. For detection of Ly6G
signals, sections were treated with horseradish peroxidase-labeled donkey
anti-rat immunoglobulin G (Jackson ImmunoResearch Laboratories,
Inc.) followed by 3-amino-9-ethylcarbazole (AEC kit; Zymed Laborato-
ries, Inc.) before they were counterstained with hematoxylin. Mouse eyes
were also embedded in optimal cutting temperature (OCT) medium
(Thermo Fisher Scientific, Inc.), snap-frozen in liquid nitrogen, and sec-
tioned. Sections (6 �m) were air dried, fixed in cold acetone, and incu-
bated with antibodies against mouse CD4 (clone RM4-5; Santa Cruz Bio-
technology, Inc.), CD8 (clone JXYT8; Santa Cruz Biotechnology, Inc.), or
CD31 (BD Pharmingen) or with isotype-matched control antibodies
overnight at 4°C. The resulting sections were treated with horseradish
peroxidase-labeled donkey anti-rat immunoglobulin G (Jackson Immu-
noResearch Laboratories, Inc.) and 3-amino-9-ethylcarbazole (AEC kit)
before counterstaining with hematoxylin. Antibodies against HSV-1 an-
tigens, mouse CXCL10, keratin K3, CD31, Ly6G, CD4, or CD8 detected
signals, whereas isotype-matched control antibodies failed to detect spe-
cific signals. Images were photographed using an Olympus DP12 digital
microscope camera (Olympus).

Flow cytometry. Three to five corneas were pooled and incubated in
phosphate-buffered saline containing 20 mM EDTA at 37°C for 15 min
to separate the epithelial sheet from the stroma. The stroma was
treated with 82 units/stroma of type I collagenase at 37°C for 1 h to
release cells. Subsequently, cells were stained with phycoerythrin-con-
jugated antibody against mouse CD4 (clone GK1.5; eBioscience) or
fluorescein isothiocyanate-conjugated antibody against mouse CD8a
(clone 53-6.7; eBioscience) or the isotype-matched control antibody.
Additionally, cells were stained with the antibody against mouse Ly6G
(clone 1A8) or the isotype-matched control antibody before incuba-
tion with the fluorescein isothiocyanate-conjugated secondary anti-
body. In separate experiments, two to four corneas were pooled and
incubated with 82 units/cornea of type I collagenase at 37°C for 80 min
to release cells from corneas. Then cells were stained with the antibody
against mouse CD31 (BD Pharmingen) or the isotype-matched con-
trol antibody before incubation with the fluorescein isothiocyanate-
conjugated secondary antibody. The stained cells were analyzed by a
FACSCalibur instrument (BD Biosciences) using WinMDI software.

Assaying the anti-HSV-1 activity of CXCL10. Corneas removed from
wild-type mice and mice deficient in CXCL10 were infected with strain RE
(2 � 105 PFU/cornea). In addition, the corneas removed from wild-type
mice were treated with recombinant murine CXCL10 (10 �g/ml) 30 min
before and also during infection.

Chemotaxis assay. Neutrophils were isolated from the peritoneal
fluid of �8-week-old ICR mice as described previously (36). For che-
motaxis assays, 5 � 105 neutrophils were resuspended in RPMI 1640
medium containing 1% bovine serum albumin and placed in the upper
chamber of a 24-transwell plate with a 5-�m-pore-size filter (Corning Life
Sciences). The lower chamber contained medium with or without 100
ng/ml of recombinant murine CXCL10 protein (PeproTech, Inc.). The
cultures were incubated at 37°C for 4 h before the cells in the upper
chamber were fixed in methanol, stained with Giemsa (Merck), and
washed with water. The numbers of cells migrating through filters were
examined and counted under a microscope.
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Statistical analyses. Data are expressed as means 	 standard errors
(SE) unless noted otherwise. For statistical comparison, chemokine and
cytokine levels as well as numbers of CD31� cells, neutrophils, and CD4�

T cells determined by flow cytometric or chemotaxis assay were analyzed
by a Student t test. Corneal opacity scores and angiogenesis scores were
analyzed by a Wilcoxon signed-rank test. HSK incidences were analyzed
by Fisher’s exact test. Tissue viral loads were analyzed by a Mann-Whitney
U test. All P values are for two-tailed significance tests. A P value of 
0.05
is considered statistically significant.

RESULTS
HSV-1 infection of the cornea induces CXCL10 expression in
epithelial cells. We first investigated the kinetics of viral growth
and CXCL10 induction in the HSV-1-infected mouse eye. Mice
were infected in the right eye with HSV-1 strain RE (5 � 104

PFU/eye) or mock infected with lysates of uninfected Vero cells
topically on the cornea following scarification as inoculation of
HSV-1 via the abraded eye mimics human infection in some in-
dividuals. Mouse eyes were harvested after infection and pro-
cessed to assay for viral titers and CXCL10 protein. Eye viral titers
were high at day 1 p.i. and declined to a very low level by day 7 p.i.
(Fig. 1A). ELISAs failed to detect CXCL10 protein in the mock-
infected eye (Fig. 1B). In the infected eye, CXCL10 displayed bi-
phasic induction, with high quantities at days 2 and 6 p.i. and
undetectable levels by days 14 to 28 p.i. Notably, CXCL10 levels in
the infected eye were significantly higher than those in the mock-
infected eye (P 
 0.05) from days 1 to 8 p.i.

We also investigated the kinetics of viral growth and CXCL10
induction in the mouse eye infected with another HSV-1 strain
(McKrae) without scarifying the cornea. Eye viral titers increased
from days 2 to 7 p.i. (Fig. 1C). CXCL10 was detected in the in-
fected eye at days 5 and 7 p.i. but not in the mock-infected eye (Fig.
1D). The CXCL10 level in the infected eye at day 7 p.i. was signif-
icantly higher than that in the mock-infected eye (P 
 0.05).

We performed immunofluorescence staining to detect the cells
in the infected cornea expressing CXCL10. In the mock-infected
cornea, neither viral antigen nor CXCL10 was detected (Fig. 1E).
In the RE-infected cornea harvested at day 2 p.i., abundant viral
antigen was detected in the anterior epithelium. Copious CXCL10
was detected in the region of epithelium immediately adjacent to
the region with viral antigen. We also costained corneal sections
for CXCL10 and keratin K3, which is the intermediate filament
cytoskeleton specifically expressed in corneal epithelial cells (37),
and found that cells in the infected cornea were dually positive
(Fig. 1F). Theses results show that epithelial cells (keratinocytes)
express CXCL10 in the infected cornea.

Absence of CXCL10 aggravates HSK. We studied the influ-
ence of CXCL10 on HSK development using C57BL/6J mice and
C57BL/6J-derived mice with a targeted disruption of the gene en-
coding CXCL10. Mice were infected with strain RE and moni-
tored for corneal opacity and angiogenesis, two important fea-
tures of HSK. All infected wild-type mice and CXCL10 gene
knockout (Cxcl10�/�) mice survived. The corneal opacity scores
of both wild-type and Cxcl10�/� mice reached peaks at day 14 p.i.
and persisted thereafter (Fig. 2A). Notably, the mean corneal
opacity scores of Cxcl10�/� mice were significantly higher than
those of wild-type mice from days 14 to 28 p.i. (P 
 0.05). About
82% of Cxcl10�/� mice displayed severe HSK with evident inflam-
mation, neovascularization, opaque corneas, and invisible irises
(an opacity score of �4) by day 28 p.i. (Fig. 2B). In contrast, only
38% of wild-type mice displayed severe HSK, which was signifi-

cantly lower than the proportion of Cxcl10�/� mice (P 
 0.05) at
day 28 p.i.

We performed hematoxylin-eosin staining to examine the
pathological change in the cornea harvested at day 28 p.i. Histo-
logically, the mock-infected corneas from wild-type and
Cxcl10�/� mice were similar in morphology (Fig. 2C). However,
the infected corneas from Cxcl10�/� mice were much thicker,
with profound edema and inflammatory infiltrate, especially in
the stroma, than the infected corneas from wild-type mice. The
results of opacity scores and hematoxylin-eosin staining analysis
are consistent and collectively show that absence of CXCL10 ag-
gravates HSK.

Abundant and extended neovessels were found in the infected
corneas of Cxcl10�/� mice, with a mean angiogenesis score signif-
icantly higher than that in the infected corneas of wild-type mice
(P 
 0.01) by day 22 p.i. (Fig. 2D). Since endothelial cells consti-
tuting the newly formed blood vessels express CD31 (38), we per-
formed CD31 immunohistochemical staining on the corneas har-
vested at day 28 p.i. CD31 was not detected in the mock-infected
corneas of wild-type and Cxcl10�/� mice (Fig. 2E). Abundant
CD31 was detected in the corneal stroma of infected Cxcl10�/�

mice, but minimal CD31 was detected in the corneal stroma of
infected wild-type mice. To further assess neovascularization, we
quantified the number of cells expressing CD31 in the infected
corneas harvested at day 23 p.i. using flow cytometry as previously
described (38). The mean number of cells expressing CD31 in the
infected corneas of Cxcl10�/� mice was significantly higher than
that in the infected corneas of wild-type mice (P 
 0.05) by 3.3-
fold (Fig. 2F). The results of immunohistochemical staining and
flow cytometric analyses of CD31 as well as angiogenesis scores are
consistent and collectively show that absence of CXCL10 exacer-
bates the angiogenesis of HSK.

Absence of CXCL10 increases viral loads in the eye and tri-
geminal ganglion. We investigated the effect of CXCL10 defi-
ciency on tissue viral loads. The mean viral titers in eyes of
Cxcl10�/� mice were higher than those of wild-type mice at days 1,
3, 5, and 7 p.i. with a significant difference at day 3 p.i. (P 
 0.05)
of 1.3 log (Fig. 3A). The mean viral titers in trigeminal ganglia of
Cxcl10�/� mice were also higher than those of wild-type mice
from days 3 to 7 p.i. (Fig. 3B) with significant differences found at
both days 3 and 5 p.i. (P 
 0.01).

Exogenous CXCL10 treatment or endogenous CXCL10 fails
to reduce HSV-1 growth in excised mouse corneas. We next in-
vestigated how CXCL10 could contribute to viral clearance. Pre-
vious in vitro studies showed that treatment with CXCL10 (0.1 to
10 �g/ml) reduced the yields of HSV-1 in neurons cultured from
the human fetal brain and of dengue virus (17, 39). Therefore, we
studied the anti-HSV-1 activity of exogenous CXCL10 treatment
in the excised mouse cornea. Treatment with recombinant mu-
rine CXCL10 (10 �g/ml) before and also during infection with
strain RE failed to affect viral titers in mouse corneas removed
from wild-type mice at 24 and 48 h p.i. This result is consistent
with previous findings that CXCL10 pretreatment failed to affect
HSV-1 replication in mouse splenocytes, the mouse fibroblast cell
line (L-929), and microglial cells cultured from the human fetal
brain (18, 39). Additionally, comparable viral titers were detected
in corneas removed from wild-type or Cxcl10�/� mice 24 and 48 h
after infection with strain RE, suggesting that endogenous
CXCL10 fails to affect HSV-1 yields. In the mouse cornea, as ex
vivo results showed that both exogenous CXCL10 treatment and
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endogenous CXCL10 failed to directly reduce HSV-1 titers, our
further in vivo investigation focused on the chemokine function of
CXCL10.

Absence of CXCL10 decreases the primary neutrophil influx
during acute infection but subsequently increases the second-
ary neutrophil influx and infiltration of CD4� T cells in the in-
fected cornea at the stage with evident HSK. We analyzed the
effect of CXCL10 on leukocyte influx in the cornea at day 3 p.i.
when there was a significant difference in eye viral titers be-
tween wild-type and Cxcl10�/� mouse groups. Hematoxylin-

eosin staining analysis showed fewer polymorphonuclear cells
in the infected corneas of Cxcl10�/� mice than in the infected
corneas of wild-type mice (data not shown). Thus, we per-
formed immunohistochemical staining and detected fewer
Ly6G� neutrophils in the infected corneas of Cxcl10�/� mice
than in the infected corneas of wild-type mice (Fig. 4A, top
panel). Additionally, flow cytometric analysis showed that the
mean number of Ly6G� neutrophils in infected corneas of
Cxcl10�/� mice was significantly lower than that in infected
corneas of wild-type mice (P 
 0.05) by 2.3-fold (Fig. 4B).

FIG 1 HSV-1 infection of the cornea induces CXCL10 expression in epithelial cells. Viral titers (A) and CXCL10 levels (B) in the eyes of mice mock infected
(Mock) or infected with strain RE (HSV-1) on scarified corneas at the indicated times postinfection are shown. Viral titers (C) and CXCL10 levels (D) in the eyes
of mice mock infected (Mock) or infected with strain McKrae (HSV-1) on intact corneas without scarification at the indicated times postinfection are shown.
Data represent means plus SE (error bars) of more than three samples per group. *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001, via a Student t test, compared with the
mock-infected group. BD, below detection. The mock-infected and RE-infected eyes harvested 2 days postinfection were processed and stained with Hoechst and
antibodies against HSV-1 or CXCL10 (E) or antibodies against keratin K3 or CXCL10 (F). The corneal portion is shown. Data are representative of at least three
samples from two independent experiments. E, epithelium. S, stroma.
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Taken together, these results indicate that the absence of
CXCL10 decreases the primary influx of neutrophils, which
have been shown to participate in HSV-1 clearance directly or
indirectly by activating other inflammatory cells, such as
monocytes (1, 4–8).

As hematoxylin-eosin staining analysis detected more inflam-
matory infiltrate in the infected corneas of Cxcl10�/� mice with
severe HSK at day 28 p.i. than in the infected corneas of wild-type
mice (Fig. 2C), we monitored the leukocyte influx at this time
point. Immunohistochemical staining analysis detected more
Ly6G� neutrophils and CD4� T cells, mostly in the corneal
stroma, in infected Cxcl10�/� mice than in infected wild-type
mice (Fig. 4A, bottom panels, and C). Flow cytometric analysis
also showed that the mean numbers of Ly6G� neutrophils and
CD4� T cells in infected corneas of Cxcl10�/� mice were signifi-
cantly higher than those in infected corneas of wild-type mice
(P 
 0.05) by 2.8- and 2.9-fold, respectively (Fig. 4B and D).
Immunohistochemical staining and flow cytometric analyses de-

tected low levels of CD8� T cells in the infected corneas of wild-
type and Cxcl10�/� mice (Fig. 4E and F). The difference in levels of
CD8� T cells in the infected corneas of wild-type and Cxcl10�/�

mice was not statistically significant (P � 0.05) (Fig. 4F). These
results reveal that the absence of CXCL10 increases the secondary
neutrophil influx and infiltration of CD4� T cells in the cornea at
the stage when HSK is evident.

In vitro chemotaxis assay shows that CXCL10 recruits mouse
neutrophils. One in vitro study reported that treatment with
CXCL10 (100 ng/ml) significantly increased the migration of hu-
man neutrophils (40). We performed chemotaxis assays on mouse
neutrophils isolated from the peritoneal fluid as few reports have
investigated the recruitment of mouse neutrophils by CXCL10.
The purity of neutrophils used for the assay was �99% based on
polymorphonuclear morphology after Giemsa staining (Fig. 5A).
The chemotaxis assay showed that recombinant murine CXCL10
at a concentration of 100 ng/ml significantly increased the migra-
tion of mouse neutrophils (Fig. 5B) (P 
 0.001).

FIG 2 Absence of CXCL10 aggravates HSK. (A) The corneal opacity scores of wild-type (WT) mice (n � 13) and Cxcl10�/� mice (n � 11) at the indicated times
after infection with strain RE are shown. Data represent means 	 SE (error bars). *, P 
 0.05, via a Wilcoxon signed-rank test, compared with wild-type mice.
(B) The incidences of HSK lesions scored �4 in wild-type and Cxcl10�/� mice at 28 days postinfection are shown. Data represent means plus SE (error bars). *,
P 
 0.05, via Fisher’s exact test. The eyes of wild-type and Cxcl10�/� mice harvested at 28 days postinfection were processed and stained with hematoxylin-eosin
(C) or the antibody against CD31 (E). The corneal portion is shown. The reddish-brown in panel E denotes a positive reaction. Data are representative of at least
three samples from three independent experiments. (D) The angiogenesis scores of wild-type mice (n � 25) and Cxcl10�/� mice (n � 19) at 22 days postinfection
are shown. Each point on the scattergram represents an individual sample, and horizontal lines represent the mean values of each group. **, P 
 0.01, via a
Wilcoxon signed-rank test. (F) The numbers of CD31� cells in the corneas of infected wild-type and Cxcl10�/� mice harvested at 23 days postinfection are
shown. Data represent means plus SE (error bars) of more than four samples per group. *, P 
 0.05, via a Student t test.
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Absence of CXCL10 reduces IL-6 expression during acute in-
fection but increases IL-6, MIP-2, and MIP-1� levels in the in-
fected cornea at the stage with evident HSK. As absence of
CXCL10 affects the influx of CD4� T cells and, especially, neutro-

phils, we further investigated the influence of CXCL10 deficiency
on the expression of other chemoattractants attracting T cells and
particularly neutrophils. HSV-1 infection of the mouse cornea has
been shown to induce three factors to recruit neutrophils. MIP-2
promotes the primary neutrophil influx, MIP-1� directs the sec-

FIG 3 Absence of CXCL10 increases tissue viral loads. The viral loads in the
right eyes (A) and trigeminal ganglia (B) of wild-type (WT) mice and
Cxcl10�/� mice at the indicated times after infection with strain RE are shown.
Data represent means 	 SE (error bars) of three to nine samples per data point.
*, P 
 0.05; **, P 
 0.01, via a Mann-Whitney U test.

FIG 4 The effect of CXCL10 deficiency on leukocyte influx in the infected mouse cornea. The eyes of infected wild-type (WT) mice and Cxcl10�/� mice harvested at the
indicated days postinfection (dpi) with strain RE were processed and stained with antibodies against Ly6G (A), CD4 (C), and CD8 (E). The corneal portion is shown.
Reddish-brown denotes a positive reaction. In separate experiments, the numbers of Ly6G� cells at 3 and 28 days p.i. (B), CD4� T cells at 28 days p.i. (D), and CD8� T
cells at 28 days p.i. (F) in the corneas of infected wild-type and Cxcl10�/� mice were determined by flow cytometry. Data represent means plus SE or means 	 SE (error
bars) from three independent experiments. *, P 
 0.05; **, P 
 0.01, by a Student t test between wild-type and Cxcl10�/� mouse groups at the same time point.

FIG 5 CXCL10 recruits neutrophils. (A) More than 99% of cells used for
chemotaxis assays exhibited the morphology of polymorphonuclear neutro-
phils after Giemsa staining. (B) Neutrophils migrating through transwells in
response to medium without (Control) or with CXCL10 protein were counted
under a microscope. Five fields were counted for each well. Data represent
means plus SE (error bars) of five wells from three independent experiments.
***, P 
 0.001, via a Student t test.
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ondary neutrophil influx as well as infiltration of CD4� T cells,
and IL-6 increases the primary neutrophil influx by enhancing the
expression of both MIP-2 and MIP-1� (6, 9, 41). Additionally,
endogenous IL-6 can regulate neutrophil trafficking in the murine
model of peritoneal inflammation (42). Few studies have linked
IFN-� with neutrophil influx, so we used IFN-� levels as a control.
Therefore, we measured IL-6, IFN-�, MIP-2, and MIP-1� in the
cornea from days 2 to 28 p.i. using ELISAs.

The corneal IL-6 levels of infected Cxcl10�/� mice were low at
day 2 p.i., similar at day 6 p.i., high at day 14 p.i., and similar at day
28 p.i. compared with those of infected wild-type mice (Fig. 6A),
with significant differences found at days 2 and 14 p.i. (P 
 0.05)
of about 5- and 6-fold, respectively. The corneal IFN-� levels of
infected Cxcl10�/� and wild-type mice were not significantly dif-
ferent from days 2 to 28 p.i. (Fig. 6B). The profile of corneal MIP-2
levels was similar to that of corneal IL-6 levels in infected
Cxcl10�/� and wild-type mice (Fig. 6C). The corneal MIP-2 level
of infected Cxcl10�/� mice was significantly higher than that of
infected wild-type mice at day 14 p.i. (P 
 0.01) by 27-fold. The
corneal MIP-1� levels of infected Cxcl10�/� mice were high at
days 6 and 14 p.i. and similar at days 2 and 28 p.i. compared with
those of infected wild-type mice, with a significant difference of
30-fold found at day 14 p.i. (P 
 0.05) (Fig. 6D). The results of
leukocyte infiltration, cytokines, and chemokines collectively
show that absence of CXCL10 reduces IL-6 expression during the

primary neutrophil influx but subsequently increases the expres-
sion in the infected cornea of IL-6, MIP-2, and MIP-1� at the stage
with severe HSK and massive influx of neutrophils and T cells.

Absence of CXCL10 increases the expression of angiogenic
factor VEGF-A in the infected cornea. HSV-1 infection of the
mouse cornea is shown to increase the expression of potent angio-
genic factors, VEGF-A and FGF-2, to enhance HSK severity (1,
10). CXCL10 is a known angiostatic factor capable of suppressing
the expression of VEGF-A and the angiogenic responses induced
by both VEGF-A and FGF-2 (26–29). As absence of CXCL10 en-
hances the angiogenesis of HSK, we examined the influence of
CXCL10 deficiency on the expression of the angiogenic factors
VEGF-A and FGF-2. ELISA results showed that the corneal
VEGF-A levels of infected Cxcl10�/� mice at day 14 p.i. were sig-
nificantly higher than those of infected wild-type mice (P 
 0.05)
by 5-fold (Fig. 6E). The corneal FGF-2 levels of infected Cxcl10�/�

mice were slightly lower from days 2 to 6 p.i. but were slightly
higher from days 14 to 40 p.i. than those of infected wild-type mice
(Fig. 6F) (P � 0.05).

DISCUSSION

The present study is the first to show that HSV-1-infection of the
cornea induces epithelial cells to express CXCL10, which reduces
HSK, with increases in the primary neutrophil influx and viral

FIG 6 The effect of CXCL10 deficiency on the expression of cytokine, chemokines, and angiogenic factors in the infected mouse cornea. The levels of IL-6, IFN-�,
MIP-2, MIP-1�, VEGF-A, and FGF-2 in the corneas of wild-type (WT) mice and Cxcl10�/� mice at the indicated times after infection with strain RE are shown.
Data represent means 	 SE (error bars) of three to five samples per data point. *, P 
 0.05; **, P 
 0.01, by a Student t test between wild-type and Cxcl10�/�

mouse groups at the same time point.
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clearance. These findings provide a better understanding of the
induction and function of CXCL10 in HSK.

We detected two peaks of CXCL10 expression in the RE-in-
fected eye at days 2 and 6 p.i. Few reports have used immunoflu-
orescence staining to investigate the cells expressing CXCL10 in
the HSV-1-infected cornea in vivo (18, 31, 43). In this study, we
detected abundant CXCL10 in epithelial cells. Type I IFN (IFN-
�/�) and type II IFN (IFN-�) have been shown to be major
CXCL10 inducers in primary epithelial cells cultured from hu-
mans and in leukocytes (20, 21, 44, 45). In the HSV-1-infected
cornea, IFN-� is detected in epithelial cells 2 to 3 days p.i. (46),
and one investigation has reported that the type I IFN signaling
pathway is required for CXCL10 expression (47). IFN-� is de-
tected in the RE-infected cornea at day 6 p.i. (Fig. 6B). Accord-
ingly, type I and II IFNs are likely to stimulate CXCL10 produc-
tion at days 2 and 6 p.i., respectively.

In mice, endogenous CXCL10 recruits both CD4� and CD8�

T cells to decrease the titer of mouse hepatitis virus in the brain,
directs CD8� T cells to reduce the titer of West Nile virus in the
brain, and attracts NK cells to diminish the titer of coxsackievirus
B3 in the heart (16, 19, 48). In HSV-infected mice, endogenous
CXCL10 promotes both CD8� T cells and NK cells to decrease the
titer of a virulent HSV-1 strain in the brain (49). Endogenous
CXCL10 protects mice from HSV-2 genital infection by decreas-
ing neuropathogenesis induced by tumor necrosis factor alpha
(50). One previous report comparing Cxcl10�/� and wild-type
mice showed that CXCL10 expression initially orchestrated the
inflammatory response to reduce acute HSV-1 titers in the cornea
(31). However, this report failed to identify the effector as compa-
rable numbers of NK cells were detected in the corneas of
Cxcl10�/� and wild-type mice during acute HSV-1 infection (31).
Here, we reveal that endogenous CXCL10 significantly reduces
CD4� cells and slightly decreases CD8� T cells after acute infec-
tion. Surprisingly, CXCL10 enhances HSV-1 clearance with an
increase of the primary neutrophil influx during acute infection.
We are not aware of any report showing that CXCL10 affects neu-
trophil influx to influence the progression of virus-induced dis-
ease. It thus appears that the effectors recruited by CXCL10 to
affect viral disease progression are diverse and may depend on the
particular tissue that is infected and/or on the virus.

Our in vitro and in vivo results show that CXCL10 increases the
migration of mouse neutrophils. These results conform with pre-
vious in vivo reports showing that the Cxcl10 transgene in astro-
cytes induced neutrophil accumulation in the mouse brain (13)
and that endogenous CXCL10 recruited neutrophils into the
mouse lung upon oxidative stress (51). While CXCL10 can act on
T cells via the receptor CXCR3 (12), it also can interact with neu-
trophils and other cells through glycosaminoglycan, an unidenti-
fied receptor, or other unknown mechanisms (11, 13, 14). Similar
to the report of the Cxcl10 transgene in astrocytes (13), our un-
published results showed minimal CXCR3 expression on mouse
neutrophils, suggesting that the recruitment of neutrophils by
CXCL10 might be independent of CXCR3. Exactly how CXCL10
recruits neutrophils requires further elucidation.

In the mouse cornea, HSV-1 infection can induce two neutro-
phil influxes. Three endogenous factors have been shown to en-
hance neutrophil influxes, with IL-6 and MIP-2 recruiting the
primary one and MIP-1� directing the secondary one (6, 9, 41).
Here, we add CXCL10 to the list. CXCL10 is unique because it
contributes to reduce the eye viral titer and HSK severity, whereas

IL-6, MIP-2, and MIP-1� aggravate corneal opacity and fail to
affect the eye viral titer (6, 9, 41). In addition, our results of high
IL-6 and MIP-2 levels detected in the infected cornea of Cxcl10�/�

mice with massive neutrophils 2 weeks p.i. suggest that these two
factors may associate with the secondary neutrophil influx, in ad-
dition to the primary neutrophil influx shown previously (6, 41).
Neutrophils can secrete IL-6, MIP-2, and MIP-1� (41, 52). In the
HSV-1-infected cornea, CXCL10 deficiency may decrease IL-6 ex-
pression by reducing the primary neutrophil influx during acute
infection and may increase IL-6, MIP-2, and MIP-1� levels by
enhancing the secondary neutrophil influx at the stage with evi-
dent HSK.

Previous reports comparing Cxcl10�/� and wild-type mice or
using antibody to neutralize CXCL10 in mice failed to address the
significance of endogenous CXCL10 in HSK because mice were
infected with a neurovirulent HSV-1 strain (McKrae) and suc-
cumbed to death at 7 to 9 days p.i. before developing evident
lesions (18, 31). Although these reports observe a transient in-
crease of viral titers in the eyes of CXCL10-deficient mice, they did
not identify how CXCL10 contributes to decrease virus. Our study
provides the first evidence of how endogenous CXCL10 decreases
HSK severity and eye viral titers in mice.
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