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In this study we show that murine and human neutrophils are capable of secreting IP-10 in response to communication from the
HSV-1 infected cornea and that they do so in a time frame associated with the recruitment of CD8+ T cells and CXCR3-expressing
cells. Cellular markers were used to establish that neutrophil influx corresponded in time to peak IP-10 production, and cellular
depletion confirmed neutrophils to be a significant source of IP-10 during HSV-1 corneal infection in mice. A novel ex vivo model
for human corneal tissue infection with HSV-1 was used to confirm that cells resident in the cornea are also capable of stimulating
neutrophils to secrete IP-10. Our results support the hypothesis that neutrophils play a key role in T-cell recruitment and control
of viral replication during HSV-1 corneal infection through the production of the T-cell recruiting chemokine IP-10.

1. Introduction

Herpes simplex virus-type 1 (HSV-1) infection of the human
cornea can lead to a damaging inflammatory response
known as herpes stromal keratitis (HSK). According to the
National Eye Institute, 50,000 new and recurring HSV-1 ocu-
lar infections are reported annually, and HSK is the leading
cause of infectious blindness in the United States [1]. During
physical trauma or HSV-1 infection, cells resident in the
cornea initiate an immune response through the production
of proinflammatory mediators such as IL-1α, IL-6, and the
neutrophil chemoattractant CXCL8 (homologous to MIP-2
in the mouse) [2–5]. Mice also exhibit an inflammatory
response to HSV-1 infection of the cornea which is marked
by neutrophil infiltration at days 2 and 9 after infection (p.i.)
[6–9]. In the mouse, CD8+ T cells are required for viral
clearance around day 8 after infection, while the CD4+ T-cell
subset has been described as having a role in the development
of HSK and CD8+ cell regulation after viral clearance has
occurred [8, 10, 11].

The role of the neutrophil in the immune response to
HSV-1 infection has not yet been fully explored. However,
neutrophil depletion studies have demonstrated that in the
absence of neutrophils CD8+, T-cell levels are reduced and
viral clearance is limited leading to more severe disease de-
velopment [12, 13]. Divito and Hendricks [14] reported that
neutrophil accumulation in addition to CD4+ T-cell infiltra-
tion was necessary for HSK development. Previous studies
reported from our lab and others indicate a role for neutro-
phils in the secretion of T-cell-recruiting chemokines IP-10
(Interferon gamma-induced protein 10 or CXCL10) and
MIG (Monokine induced by gamma interferon or CXCL9)
[15, 16]. It is known that T lymphocytes express the receptor
CXCR3 and may be recruited by the ligands IP-10 and MIG
and that antibody neutralization of IP-10 results in increased
viral titers during HSV-1 corneal infection [17, 18]. We
previously used a model for delayed type hypersensitivity
(DTH), a secondary immune response to HSV-1 antigen in
the skin of mice, to demonstrate that the neutrophil acts as a
source for both IP-10 and MIG in the model. In the absence
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of neutrophil recruitment, T lymphocyte numbers were
reduced during the DTH response [15, 19]. Thus, although
the neutrophil has traditionally been described as merely a
phagocytic cell, there is now increasing evidence to support
the hypothesis that it may also function to bridge the res-
ponse between the innate and adaptive immune system.

In the study presented here, we hypothesize that neu-
trophils play a role in T-cell recruitment into the HSV-1
infected cornea through the production of IP-10. We describe
the use of a model for the inflammatory response to a pri-
mary HSV-1 infection of the murine cornea and a novel ex
vivo system for the study of primary HSV-1 infection in hu-
man corneas. Data is presented from experiments designed
to investigate the production kinetics of chemokine IP-10
and its receptors during infection. We also demonstrate the
effect of cellular depletion of neutrophils, natural killer cells,
and CD4+ T cells on the level of IP-10 production and pro-
vide evidence for secretion of IP-10 by neutrophils, in vitro
and in vivo, in both murine and human corneal tissue
infected by HSV-1.

2. Materials and Methods

2.1. Mice. Six-week-old female C57Bl/6 mice were obtained
from Jackson Laboratories (Bar Harbour, ME). All animals
were cared for in accordance with federal, state, and local
regulations.

2.2. Antibodies and Reagents. Anti-mouse granulocyte mAb
RB6-8C5 was used for the depletion of neutrophils and
was a gift from Robert Coffman (DNAX Research Institute,
Palo Alto, CA). Anti-mouse CD4 hybridoma clone GK1.5
was obtained from the American Type Culture Collection
(ATCC, Manassas, VA). Antibodies were prepared from
hybridoma lines as previously described [13]. A combination
of rabbit antiasialo GM1 (Wako Pure Chemical Industries,
Ltd., Richmond, VA) and mAb NK1.1 (BD Biosciences, San
Diego, CA) were used for NK cell depletion. Recombinant
mouse IL-1α and IFN-γ) were purchased from R&D Systems
(Minneapolis, MN.).

2.3. Topical and Intracorneal HSV-1 Infection of Murine
Corneas. For experiments investigating the protein kinetics
of IP-10, infections were achieved topically by applying 2 ×
105 PFU/2 μL HSV-1 strain RE on the scarified cornea of
the mice. For mRNA investigation and cellular depletion
studies, infection was performed using an intrastromal route
to reduce intragroup variability. In brief, a pilot hole was
formed through the epithelium of the cornea, with a 30-
gauge disposable needle, through which a 32-gauge, 30 cm
needle attached to a repeating dispenser (Hamilton, Reno,
NV) was then inserted. 1× 104 or 1× 105 PFU HSV-1 RE (as
indicated in the figure legend) was injected intrastromally in
a volume of 1 μL.

2.4. Corneal Opacity Scores. Eyes were monitored for corneal
opacity by visual observation under the dissecting micro-
scope and graded as follows: 0 = clear cornea, 1 = slight

corneal haze, 2 = moderate corneal opacity, 3 = severe corneal
opacity but iris visible, 4 = severe corneal opacity with iris
obscured, and 5 = necrotizing stromal keratitis.

2.5. Virus Titration. Corneas were titrated for infectious
virus on vero cell monolayers in a standard 48 h plaque assay.

2.6. mRNA Extraction and Real-Time PCR Analysis. In ex-
periments where upregulation of mRNA levels was inves-
tigated, corneas from 5 mice of the same experimental
group were excised and pooled. The pooled corneas were
homogenized for 30 s in 0.5 mL of RNAwiz (Ambion Inc.
Austin, TX) and total RNA was then extracted following the
manufacturers protocol. Contaminating genomic DNA was
removed by DNase treatment using DNA free (Ambion Inc.,
Austin, TX), while total RNA purity and quantity were deter-
mined using the Bio-Rad SmartSpec 3000 spectrophotome-
ter (Hercules, CA). Ambion Message Sensor RT (reverse
transcriptase) kit was used to convert 0.5 μg total RNA to
cDNA for real-time PCR analysis. Bio-Rad iQ SYBR Green
Supermix in a 96-well plate format was used for analysis with
a Bio-Rad iCycler IQ system. GAPD mRNA levels were used
to normalize template loading variations and negative RT
reactions were performed to ensure the absence of genomic
contamination in the samples. mRNA levels are reported as
a fold increase over expression levels in untreated control
corneas.

2.7. Murine Corneal Fibroblast Cell Culture. Sixteen corneas
from 8 uninfected mice were excised, pooled, and incubated
at 37◦C, 5% CO2 in 5 mM EDTA/PBS for 20 min. After this
time, epithelial sheets were removed with forceps under the
dissecting microscope. The stromal layers of each cornea
were minced and incubated in 1500 U/mL of collagenase type
I (Sigma) at 37◦C, 5% CO2, for 1 h. The digested stromal
layers were washed repeatedly in DMEM containing 20%
FBS. Resultant cells were cultured in a T25 tissue culture flask
in minimal volume of DMEM + 20% FBS medium. After 1
week of culture, cells were trypsinized and redistributed to
the same flask to avoid clumping. At 90% confluency cells
were passaged to a 12-well tissue culture plate at a density of
4×104 cells/well. Cells were serum starved for 3 days prior to
stimulation for 24 h with IFN-γ or IL-1α. Each stimulation
was performed in triplicate and chemokine production was
quantitated by ELISA.

2.8. Murine Neutrophil Isolation and Stimulation. Neu-
trophils were isolated from the bone marrow of mice as pre-
viously described [20]. In brief, bone marrow cells extracted
from the hind limbs of mice were gradient purified over
Histopaque 1119 and 1077 (Sigma, St. Louis, MO). The
enriched neutrophil band was washed in medium and treated
with red blood cell lysis buffer (Sigma). Contaminating
monocytes were depleted by adherence to a polystyrene
culture plate. Neutrophil purity was established to be con-
sistently >99%, by HEMA3 (Biochemical Sciences) staining
of cytospin slides. For in vitro stimulation assays, 1 × 106

neutrophils in 0.5 mL medium were placed in triplicate in
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24-well tissue culture plates (Corning, New York, NY) pre-
viously coated with newborn calf serum (NCS). Neutrophils
were stimulated for 8 h at 37◦C, 5% CO2, with IL-1α, IFN-
γ, or HSV-1. Medium alone was used as a negative control.
Supernatants were collected, clarified, and assayed by ELISA
for protein levels.

2.9. Chemokine Protein Assay. Corneas were excised and
cleaned of limbal tissue at the indicated times and processed
by homogenization (30 seconds in a tissue tearer; Biospec
Products, Bartlesville, OK) and sonication (15 s) in a total of
0.5 mL RPMI + 10% NCS unless stated otherwise. Corneal
samples were clarified by centrifugation at 150× g for 10 min
and supernatants were analyzed by ELISA. In cell stud-
ies, supernatants were collected and assayed for secreted
chemokine levels by ELISA. Murine IP-10 and MIP-2 ELISA
assay kit sensitivities were 2.2 and 1.2 pg/mL, respectively,
and the human IP-10 assay kit had a mean minimal detect-
able dose of 1.67 pg/mL. All kits were obtained from R&D
systems (Minneapolis, MN.).

2.10. In Vivo Cellular Depletions. To achieve in vivo depletion
of cellular subsets, 0.5 mg of mAb RB6-8C5 (neutrophil
depletion), 0.5 mg GK1.5 (CD4+ T-cell depletion), or 1 mg
antiasialo GMI admixed with 0.1 mg NK1.1 (NK cell deple-
tion) were administered by intraperitoneal injection to mice
3 h prior to HSV-1 challenge [13, 21–23]. Mice were chal-
lenged by intrastromal injection of 1 × 105 PFU of HSV-1
and corneas excised at the times indicated. Depletion of
neutrophils was confirmed by differential staining of blood
smears. FACS analysis of spleen cells was performed using
GK1.5 and NK1.1 to quantify CD4+ T-cell and NK-cell
depletion levels, respectively. Excised corneas were processed
by homogenization and sonication to produce a lysate for
chemokine analysis by quantitative ELISA.

2.11. Human Corneal Tissue Infection. Human corneas were
obtained from the Georgia Eye Bank, Inc. EBAA (Atlanta,
GA). All donors were screened and found to be nonreactive
for HIV and Hepatitis. Corneas were released for research
upon failure to meet transplantation criteria.

Four, 4 mm corneal buttons were punched from each
cornea using an arch punch (C.S. Osborne Tools). A min-
imum of three donors were used per experiment. Corneal
buttons were placed in 24-well tissue culture plates contain-
ing 0.5 mL serum free RPMI 1640 media for incubation at
37◦C, 5% CO2. Corneal button surfaces were scarified using
an 18-gauge needle to mimic the murine topical infection
protocol. For HSV-1 infected samples 1 × 106 PFU of virus
was added to the corneal button in the well. Infected and
uninfected corneas were then incubated in the presence or
absence of purified human neutrophils, 1 × 106 neutrophils/
well at 37◦C, 5% CO2, for 24 h. Media, cells, and corneal
buttons were removed and processed by sonication (30 s).
Quantitation of human IP-10 chemokine levels was per-
formed by ELISA. Levels of the chemokine CXCL8 were
monitored as a marker of inflammation. This model permits
the study of the interaction between resident corneal cells,

neutrophils, and virus in the absence of other cell types which
could be recruited to the site of inflammation in vivo.

2.12. Human Neutrophil Isolation. Neutrophils were ob-
tained from freshly donated venous blood. Gradient purifi-
cation was achieved following a protocol equivalent to that
described above for the murine neutrophils.

2.13. Statistical Analysis. Student’s t test was performed to
determine significant differences between experimental and
control groups which each contained a minimum of three
mice or three human corneal donors. A value of P < 0.05 was
considered significant. A nonparametric test was performed
on clinical samples where indicated in the figure legend.
A representative experiment is shown in each figure with
experiments having been performed multiple times.

3. Results

3.1. CXCR3 mRNA Is Detected in the Infected Murine Cornea
at 6 Days Post Infection. It has been shown previously in the
murine model for HSV-1 corneal infection that the virus is
cleared within 8 days due to the recruitment of CD8+ T lym-
phocytes [24]. With the focus of this study being the T-cell
recruiting chemokine IP-10, it was necessary to establish that
the T lymphocytes recruited to the HSV-1 infected cornea
were expressing the CXCR3 receptor for IP-10. Mice were
infected by intrastromal injection of 1 × 104 PFU HSV-1
and corneas harvested 2–6 days post infection (p.i.) for
mRNA analysis. In Figure 1, CXCR2 was determined to be
upregulated >240-fold above levels found in the controls at
day 2 p.i. Upregulation of CXCR2 expression was signif-
icantly reduced by day 4 and 6 (84- and 21-fold, resp.).
CXCR3 mRNA was observed to be most significantly upreg-
ulated at day 6 p.i with an expression level >28-fold higher
than that of the uninfected control. This coincides with a
>39-fold upregulation in the expression of the CD8 marker
on infiltrating cells (data not shown). These results indicate
that a marker for neutrophil recruitment (CXCR2) peaks in
the cornea at day 2 p.i. with HSV-1 and that CXCR3 is present
in the infected cornea at a time point associated with the
recruitment of CD8+ T cells.

3.2. Expression of IP-10 mRNA Is Upregulated during the First
48 Hours of HSV-1 Infection of the Murine Cornea. Having
demonstrated the time points for expression of a neutrophil
receptor and T-cell receptor in the model, experiments
proceeded to investigate the potential to produce IP-10 in a
time frame appropriate for neutrophils to be the source for
this T-cell-recruiting chemokine. Figure 2 shows that levels
for upregulation of the mRNA for MIP-2 were found to be
elevated >724-fold at day 2 p.i. dropping to >93-fold at day
4 p.i. Expression levels for IP-10 mRNA were highly upreg-
ulated (1179-fold over control) at day 2 after infection but
the level of upregulation was reduced significantly by day
4 after infection (decreased to 24-fold over control). Thus,
IP-10 message was found at the same time point as the
peak in CXCR2 and MIP-2 mRNA expression which marked
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Figure 1: CXCR2 and CXCR3 mRNA are detected in the infected
cornea at 2 and 6 days post infection respectively. Mice (n = 3) were
challenged by intrastromal injection with 1 × 104 PFU HSV-1 and
corneas were harvested on the days indicated post infection. Control
mice were uninfected and corneas from this group represented
the level of constitutive mRNA production for each receptor. Total
RNA was isolated from each group and converted to cDNA which
was analyzed by real-time PCR. Upregulation in mRNA for each
receptor is reported as the fold increase over production in
uninfected control corneas.

the infiltration of neutrophils. In addition, IP-10 mRNA
expression was observed to be elevated prior to the time
point for infiltration of T cells as suggested by the presence
of CXCR3 mRNA (day 6 p.i.) and CD8a and CD8b mRNA
(data not shown).

3.3. IP-10 is Produced at Significant Levels in the HSV-1
Infected Murine Cornea. Although chemokine and receptor
mRNA expression profiles provided supporting evidence
for the hypothesis that neutrophils may act as a cellular
source for the T-cell-recruiting chemokine IP-10, it was still
necessary to demonstrate the presence of the IP-10 protein
within the model. The kinetics of IP-10 production were
determined over an 8 day period after topical infection of
corneas with 2 × 105 PFU HSV-1. At each time point indi-
cated on Figure 3, mice were monitored for corneal opacity
as an indicator of the level of inflammation (Figure 3(a),
�). Mice were then sacrificed and corneal lysates produced
to determine virus titers by plaque assay (Figure 3(a), ◦).
IP-10 protein levels were quantitated by ELISA and are
shown in Figure 3(b).

Figure 3(a) demonstrates that viral load (�) was signifi-
cantly reduced by day 8 p.i. compared to the day 0 inoculum
and that corneal opacity due to cellular infiltration was sig-
nificantly increased (◦) in the same time frame. Constitutive
expression of IP-10 was observed to be >38.6 pg/mL ± 2.8
SEM at day 0 in the model. The kinetics of IP-10 production
are marked by a significant peak of 861.8 pg/mL± 136.2 SEM
at day 2 after infection IP-10 levels remain significantly high
until day 7 and return to constitutive levels at day 8 p.i.
(130.4 pg/mL± 70.2 SEM and 30.1 pg/mL± 7.6 SEM, resp.).
This day 2 p.i. time point for peak IP-10 protein production
agrees with that observed for peak IP-10 mRNA and peak
CXCR2 mRNA expression.
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Figure 2: Expression of IP-10 mRNA is upregulated during the first
48 hours of HSV-1 infection of the cornea. Mice (n = 3) were
challenged by intrastromal injection with 1 × 104 PFU HSV-1 and
corneas were harvested at the indicated times post infection. Con-
trol mice were uninfected and corneas from this group represented
the level of constitutive mRNA production for each chemokine.
Total RNA was isolated from each group and converted to cDNA
which was analyzed by real-time PCR. Upregulation in mRNA for
each chemokine is reported as the fold increase over production in
uninfected control corneas.

3.4. Cells Resident in the Murine Cornea Have the Potential
to Produce IP-10. Murine corneas have been reported to
be productive for mRNA for various chemokines including
MIP-2 and IP-10 in a Balb/c HSV-1 infection model [25, 26].
As reported by Lundberg et al. the effects of IP-10 signaling
may be strain specific [27]. Having established that IP-10
protein is produced at high levels within the C57 Bl/6 HSV-1
infected cornea, experiments were initiated to determine the
potential of resident corneal cells from this strain of mouse
to act as a source of IP-10. Mouse corneas were excised from
uninfected hosts and incubated ex vivo for 24 h. Uninfected
corneas were devoid of lymphocytes normally recruited
during the inflammatory response to HSV-1. Constitutive
levels of IP-10 protein were measured from samples which
were excised and processed immediately. In Figure 4, it can
be observed that constitutive levels of IP-10 were low
(38.6 pg/mL± 2.8 SEM) but that incubation for 24 hours led
to a >5-fold increase in IP-10 levels. This data demonstrates
that resident cells of the cornea have the potential to secrete
IP-10 protein in response to excision trauma and may, there-
fore, contribute to the production of the chemokine during
virus infection in the C57 Bl/6 model.

3.5. Cultured Murine Fibroblast Cells Produce High Levels
of IP-10 in Response to Stimulation with Proinflammatory
Mediators. Tissue culture experiments were performed to
further explore the potential for production of IP-10 by
resident corneal cells as opposed to infiltrating leukocytes.
Corneas from uninfected mice were excised and processed,
as described in the materials and methods, to establish a pri-
mary corneal fibroblast cell line. 4× 104 fibroblast cells were
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Figure 3: IP-10 is produced at significant levels in the HSV-1 infected cornea. Mice were infected with 2 × 105 PFU HSV-1 on the scarified
cornea. Mice were monitored for corneal opacity (graph (a), open circle, ◦) an asterisk indicates a significant increase between day 1 and 8. At
the indicated time points corneas (n = 3) were excised and lysates produced for virus titration (graph (a), closed box, �), an asterisk indicates
a significant reduction from day 1 to day 8 (t-test) and the medians for the data are found to be significantly different by a nonparametric
test (Kruskal-Wallis test). Levels of IP-10 protein production within the infected corneal lysates are shown in (b). N.D. = not done.
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Figure 4: Cells resident in the cornea have the potential to produce
IP-10. Corneas (n = 4) were excised from uninfected mice and
placed in 250 μL of serum-free medium. Corneas were either pro-
cessed immediately for analysis of chemokine production (consti-
tutive levels) or incubated at 37◦C in 5% CO2 for 24 h. Chemokine
levels were quantitated by ELISA and reported as pg/mL of sample.

plated under serum-starved conditions and stimulated with
the proinflammatory cytokines IL-1α or IFN-γ at 10 ng/mL
for 24 h. The cell supernatants were assayed and levels of
IP-10 production are shown in Figure 5. Within the time
frame of the stimulation, expansion of the cell population
was not observed to occur (data not shown). Fibroblast cells
produced high levels of IP-10 after stimulation with IFN-γ
(3383 pg/mL ± 306 SEM). Although IL-1α stimulation also
lead to significant IP-10 production compared to the media
control, the level was >24-fold lower than that observed for
IFN-γ stimulation. The ability of murine corneal fibroblast
cells to produce IP-10 in response to stimulation with pro-
inflammatory mediators was confirmed.
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Figure 5: Cultured fibroblast cells produce IP-10 in response to
stimulation with proinflammatory mediators. 4 × 104 cultured
mouse corneal fibroblast cells were incubated at 37◦C and 5% CO2

in 500 μL serum-free media with or without cytokine stimulation
for 24 h. Cells were stimulated with 10 ng/mL of either recombinant
mouse IL-α or IFN-γ and assayed for IP-10 production by ELISA.

3.6. Purified Murine Neutrophils Produce High Levels of IP-10
in Response to Stimulation with Proinflammatory Mediators
or HSV-1. Neutrophils are rapidly recruited to the HSV-1
infected cornea and are present in high numbers at 2 day
after infection [4]. We observe this to also be the time point
for peak IP-10 production in the model. We performed in
vitro stimulation of bone marrow-derived neutrophils with
IFN-γ, IL-1α or HSV-1 in order to determine the neutrophils
potential to secrete IP-10. Figure 6 illustrates that neutrophils
produce high levels of IP-10 (4068 pg/mL ± 50 SEM) after
incubation with 10 ng/mL IFN-γ for 8 h but did not produce
significant levels of IP-10 after stimulation with the same
concentrations of IL-1α. Neutrophils also responded to the
presence of HSV-1 at a multiplicity of infection (M.O.I) of
0.1 by producing 937 pg/mL ± 126.5 SEM IP-10. A 10-fold
increase in number of virus particles led to a 3.9-fold in-
crease in chemokine production. Thus, neutrophils were
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Figure 6: Purified mouse neutrophils produce high levels of IP-
10 in response to stimulation with proinflammatory mediators or
HSV-1. 1×106 neutrophils purified from bone marrow were stimu-
lated for 8 h in vitro with 10 ng/mL of either recombinant mouse IL-
1α, IFN-γ, or HSV-1 at the dose indicated. Chemokine production
was assayed by ELISA. An asterisk indicates a value not significantly
different from the unstimulated control.

demonstrated to have the ability to produce IP-10 in response
to both proinflammatory cytokines and the presence of
HSV-1. These results indicate a potential for neutrophils to
contribute to the production of IP-10 within the HSV-1 in-
fected cornea.

3.7. Neutrophil or NK Cell Depletion Lead to Significant Re-
duction of IP-10 Levels in the HSV-1 Infected Murine Cornea.
Having established that neutrophils were a potential cellular
source of IP-10 in vitro, we performed in vivo depletion of
these cells to determine their contribution to chemokine
production during a primary HSV-1 corneal infection. NK
and CD4+ T cells infiltrate the HSV-1-infected cornea [9]
and have the potential to secrete cytokines including IFN-
γ which could in turn stimulate neutrophils to secrete IP-10.
We therefore included depletion of NK and CD4+ cells in this
investigation. Peripheral neutrophil depletion was assessed
by differential staining of tail vein blood smears to be reduced
by >84% of the cell number observed in the IgG-control-
treated mice. CD4+ T-cell and NK-cell depletions were mon-
itored by FACS analysis of spleen cells and cell numbers
determined to be reduced by >89% and >67%, respectively,
when compared to the IgG control.

Two and three days post infection, corneas were har-
vested and analyzed to determine the effect of cellular deple-
tion on IP-10 production. Figure 7 shows a representative
experiment. Neutrophil depletion by antibody treatment
with RB6 8C5 produced a significant 2-fold reduction in IP-
10 protein levels when compared to the IgG group on day
2 p.i. By day 3 p.i. IP-10 levels in the control corneas were
greatly reduced (299 pg/mL ± 103 SEM) when compared to
those observed at day 2 p.i. (931.4 pg/mL ± 111 SEM), and
the effect of neutrophil depletion was abrogated. NK deple-
tion also led to a 2-fold reduction in IP-10 levels at day 2 p.i.
compared to the control. At day 3 p.i. the levels of IP-10 in the
NK cell depletion group were not significantly different from
that of the control. CD4+ T-cell depletion was not conducted

at day 2 p.i. and does not significantly affect IP-10 production
at day 3 p.i. in the model. These results indicate a role for
both neutrophils and natural killer cells in the production of
IP-10 in the model.

3.8. Corneal Cells Communicate with Neutrophils Leading to
the Production of IP-10 during Ex Vivo Incubation of Human
Corneas. In order to relate the findings of the murine model
to infection of human corneal tissue with HSV-1, a novel
ex vivo model was designed using donated human corneas.
As described in the material and methods, this model
permits the interaction of resident corneal cells, HSV-1, and
neutrophils to be studied in the absence of other recruited
inflammatory leukocytes which may be present in vivo.
Corneal tissue for each experiment was obtained from a min-
imum of three independent donors and sectioned into 4 mm
buttons. Results are shown in Figure 8. Corneal buttons
from a single cornea were placed in one of the 4 test groups:
control incubation with media (media column), incubation
with 1 × 106 neutrophils (PMN column), infection with
1 × 106 PFU HSV-1, a M.O.I. = 1 with respects to the PMN
(HSV-1 column) or infection with HSV-1-plus incubation
with neutrophils (PMN + HSV-1 column). Corneal but-
tons incubated in isolation produced 33.7 pg/mL IP-10 ±
13.3 SEM. Infection of corneal buttons with HSV-1 failed
to significantly increase IP-10 levels above this control. In-
cubation of corneal buttons in the presence of neutrophils led
to a 3-fold increase in the production of IP-10 (96.8 pg/mL±
21.9 SEM). HSV-1-infected corneas incubated in the pres-
ence of neutrophils also produced significant levels of IP-
10 (100.4 pg/mL ± 25.7 SEM). Neutrophils incubated in
isolation under conditions equivalent to those of the corneal
tests produced relatively low levels of IP-10 which were
significantly elevated on addition of HSV-1. Levels of CXCL8
production were also monitored for each corneal button and
found to be significantly higher in HSV-1-infected corneas
compared to the uninfected control (data not shown).
CXCL8 is a proinflammatory chemokine produced at high
levels during HSV-1 infection of the murine and human
cornea. It is responsible for the recruitment of the neutrophil
to the site of infection and marks the development of an
inflammatory response [4].

Corneal infection with HSV-1 in the absence of neu-
trophils was thus determined to be insufficient for elevated
production of IP-10 in this model. Levels of IP-10 were
observed to be elevated when traumatized or HSV-1-infected
corneas were incubated with neutrophils. These results in-
dicate that cellular interaction between corneal cells and
neutrophils contribute to IP-10 production in a novel ex vivo
human model and are supportive of the findings described
above for the mouse model.

4. Discussion

It is known that both neutrophils and CD8+ T cells are key
players in the inflammatory response to primary HSV-1
infection of the cornea and that CD8+ T cells are required
for viral clearance [12, 13, 24]. Although it is reported that
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Figure 7: Neutrophil and NK depletion lead to a significant reduction of IP-10 in the HSV-1-infected cornea. Different groups of mice
(n = 4) were depleted of each subset of cells by intraperitoneal injection 1 mg mAb RB6 8C5 (neutrophils), 1 mg antiasialo GM1 antibody
admixed with 0.1 mg mAb, NK1.1 (NK cells) or 0.5 mg GK1.5 antibody (CD4+ cells) three hours prior to intrastromal injection of 1×105 PFU
HSV-1. Control animals received intraperitoneal injection of rat IgG prior to virus infection at the same dose. At days 2 and 3 post infection
corneas were collected and processed for chemokine analysis via ELISA. Levels of IP-10 protein production within the infected cornea are
shown as pg/mL for each sample. Cellular depletions were confirmed as described in the materials and methods. N.D. = not done.

Media  PMN HSV-1 PMN PMN+
HSV-1 

0

50

100

150

Corneal  incubations Cellular controls

PMN +
HSV-1

P < 0.04

P < 0.04

IP
-1

0 
(p

g/
m

L
)

Figure 8: Corneal cells communicate with neutrophils leading
to the production of IP-10 during ex vivo incubation of human
corneas. 4 mm corneal buttons from human donor tissue were
incubated in 500 μL serum-free media at 37◦C, 5% CO2 for 24 h.
Where indicated corneal buttons were incubated in the presence of
1×106 neutrophils and/or HSV-1 at a M.O.I. = 1. Cell controls were
included to monitor IP-10 production in the absence of corneal
tissue. IP-10 levels are shown as pg/mL of sample.

neutrophils are also involved in the process of viral clearance,
their specific mode of action is not yet fully understood
[13]. Work by Gasperini et al. has previously demonstrated
that human neutrophils can be stimulated to produce IP-10
and that neutrophil secretions are potent chemoattractants
for NK and Th1 cells [28]. The requirement for IP-10 and
CXCR3 during T-cell recruitment and activation in various
inflammatory models has been established with the use of
CXCR3 knockout mice. A model for Bordetella respiratory
infection reported IP-10 induction and CXCR3 expres-
sion early during the inflammatory response and reported
reduced lymphocyte and NK recruitment when CXCR3
knockout mice were investigated [29]. The requirement for

CXCR3 signaling for mobilization and activation of NK and
CD8+ T cells and the requirement for IP-10 for viral clear-
ance during HSV-1 and HSV-2 infections has also been
described [30–33]. In addition, neutrophils have been iden-
tified as a cellular source for IP-10 during ulcerative colitis
disease and are required to sustain CD8+ cell recruitment
during acute myocarditis [34, 35]. We have previously
published data which indicates that neutrophils contribute
to production of IP-10 and recruitment of CD4+ T cells in an
inflammatory model of delayed type hypersensitivity (DTH)
to HSV-1 in the mouse [19]. We now present data which con-
firms IP-10 is produced in a model for corneal inflammation
due to HSV-1 infection and that neutrophils are a source of
this chemokine in vivo.

To generate further evidence linking the involvement
of neutrophils in T-cell recruitment to the HSV-1-infected
cornea, a time line for cellular marker and chemokine ex-
pression was generated. Due to the technical difficulties asso-
ciated with the isolation and quantitation of cells infiltrating
the cornea, we chose to use a semiquantitative real-time PCR
screening assay to monitor receptor expression within the
murine model. We established that the assay was predictive
for cellular infiltration by confirming that CD3 and CD8
mRNA (T cell markers) were significantly upregulated in
corneas at 6 days p.i. (data not shown). Continued screening
demonstrated upregulation of mRNA for both the chemo-
kine IP-10 and its receptor, CXCR3, at day 2 and 6 p.i.,
respectively. Day 2 p.i. was further marked by upregulation
of the MIP-2 chemokine receptor (CXCR2). CXCR2 is ex-
pressed on fibroblasts, melanomas, and neutrophils. Of these
cell types, the neutrophil is known to be recruited to the site
of HSV-1 infection in the cornea. These results may be inter-
preted to predict neutrophil recruitment at day 2 p.i. which
coincides with IP-10 mRNA upregulation and that CXCR3
expressing cells infiltrate to peak numbers by day 6 p.i.
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These findings are in accordance with those of Araki-Sasaki
et al. and Cook et al. who reported IP-10 and CXCR3 message
upregulation in the corneas of mice infected with HSV-1 [36,
37]. Taken together, these results confirm that neutrophils are
recruited within an appropriate time frame to be a cellular
source for IP-10.

Although previous research has begun to explore the
role of the neutrophil in production of T-cell-recruiting
chemokines at the site of inflammation due to viral infection,
other cell types in the corneal model may contribute to IP-
10 production. Studies on human corneal epithelial (HCE)
and fibroblast (HCF) cells by our research group have
described the ability of these cells to express IP-10 after stim-
ulation with proinflammatory mediators such as IL-1α and
IFN-γ [38, 39]. Corneal production of IP-10 during the
inflammatory response to other viral infections such as res-
piratory syncytial virus has been established [40]. In the
study presented here, we confirm that murine corneas behave
in a similar manner and secrete IP-10 constitutively at low
levels and significantly elevated levels in response to proin-
flammatory mediators such as IL-1α produced by physical
trauma (e.g., excision of cornea for ex vivo incubation). Fur-
thermore, we show that the murine corneal fibroblast cells in
isolation produce high levels of IP-10 when stimulated with
IFN-γ and to a lesser extent IL-1α. The cells resident in the
cornea can thus be demonstrated to have the potential to
contribute to IP-10 levels during infection of the cornea.

We have previously demonstrated the ability of murine
neutrophils to secrete IP-10 in vitro in response to stimula-
tion with IFN-γ but not IL-1α [15]. Here we expand the study
to investigate the ability of purified neutrophils to secret
IP-10 after in vitro stimulation with HSV-1. Neutrophils
produce increasing levels of IP-10 in response to HSV-1
stimulation in a dose-dependent manner. The level of IP-10
observed in the assay after stimulation with HSV-1 at a M.O.I
of 1 were equivalent to those observed for stimulation with
10 ng/mL IFN-γ, a known signal for IP-10 production in
other models [19].

These in vitro stimulation experiments provide evidence
that within the HSV-1-infected murine cornea there is po-
tential for either resident corneal cells or infiltrating neu-
trophils to be a source of IP-10. To investigate the relative
contribution to IP-10 production by resident corneal cells
versus infiltrating neutrophils we conducted in vivo cellular
depletion experiments. Antibody-mediated cellular deple-
tion of neutrophils, natural killer cells (NK) or CD4+ T cells
has been shown to be an effective method for the study of
cellular function within inflammatory models [13, 21–23].
We have demonstrated previously that such depletion leads
to a reduction in numbers of the cells recruited to the site of
inflammation within a DTH model [19]. Here we describe
how IP-10 production was significantly reduced in response
to reduction in numbers of either neutrophil or NK cells
from the host. NK cells are not reported to be a source of IP-
10 but do express the receptor for the chemokine (CXCR3)
[41]. This suggests that in our study the reduction in IP-10
production observed after NK cell depletion is due to an in-
direct effect. NK cells are a source of IFN-γ which we dem-
onstrate here to be an effective stimulant for the production

of IP-10 by neutrophils. Thus the reduction in IP-10 pro-
duction after NK cell depletion may be explained in terms
of a reduction in IFN-γ stimulation of neutrophils. This
conclusion is supported by observations in an IFN-γ gene
knockout mouse which demonstrate reduced control of
virus replication during corneal infections with HSV-1 [42].
Although CD4+ T cells may also secrete IFN-γ, results from
depletion of this cell type do not indicate that the CD4+ T cell
is required for IP-10 production in the in vivo model within
the time frame studied. The depletion studies thus support
the hypothesis that neutrophils act as a major cellular source
for IP-10 during HSV-1 infection of the cornea and that loss
of IP-10 production due to neutrophil depletion cannot be
compensated for by IP-10 production by resident corneal
cells.

In the final set of data presented we investigated IP-10
production within an ex vivo model for human corneal infec-
tion by HSV-1. Previous work from our research group has
focused on the chemokine and cytokine expression patterns
from cultured HCE and HCF cells. In this study, we chose
to maintain the potential for communication between these
cell types by using corneal buttons comprised of all cell layers
normally present in the human cornea. Therefore, we anti-
cipated that the human model would reflect the findings
from the murine in vivo model. Furthermore, the novel ex
vivo human model described was designed to permit the
study of interactions between resident corneal cells and
purified cell populations, such as the neutrophil, in isolation
from other cell types normally recruited to the site of in-
flammation in vivo.

In the human ex vivo model levels of IP-10 produced
by corneas increase significantly when the cornea was incu-
bated in the presence of neutrophils. An equivalent result
was observed when the corneas were infected with HSV-1
and incubated with neutrophils. This data suggests that
proinflammatory mediators secreted by resident corneal cells
in response to either physical trauma (excision) or viral
infection lead to neutrophil production of IP-10. Corneal
cells are reported to produce a variety of cytokines during
response to viral infection including IL-1α, IL-6, CXCL8, and
low levels of IFN-γ [43]. Although we found that murine
neutrophils secreted high levels of IP-10 due to exposure to
HSV-1 (Figure 6) this was not observed to occur to the same
extent when human neutrophils were incubated with HSV-1
(Figure 8). Variations between experimental conditions and
cellular origin may account for this difference. However, the
results from the human ex vivo assay do indicate that IP-10
production by neutrophils in vivo is stimulated in part by
communication from the cornea rather than as a direct res-
ponse to neutrophil contact with the virus. It should be noted
that in the ex vivo human model availability of virus for direct
contact with the neutrophil is limited when the virus infects
the corneal cells (viral eclipse). In conclusion, we present
here evidence that neutrophils are a key source of the T-cell-
recruiting chemokine, IP-10, during HSV-1 infection of the
cornea. Our results suggest that cells resident in the cornea
produce proinflammatory mediators in response to HSV-1
infection which recruit and stimulate neutrophils to produce
IP-10. The neutrophils thereby contribute to the production
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of IP-10 during the early time point after infection (day 2).
We hypothesize that this IP-10 leads in part to recruitment of
NK cells which promote the inflammatory cascade by further
stimulation of neutrophils with IFN-γ to increase IP-10
levels. Peak levels of IP-10 may subsequently recruit T cells
leading to viral clearance.
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