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Humans and mice lacking the interferon signaling molecule Statl are sensitive to a variety of pathogens due
to their presumed inability to mount a strong innate immune response. The herpes simplex virus type 1
(HSV-1) virion host shutoff (vhs) protein is a multifunctional immunomodulator that counteracts the innate
immune response and viruses lacking vhs are attenuated and effective live vaccines in animal models. To
investigate the interplay of viruses with an immunocompromised host, we performed functional genomics
analyses on control and Statl ™/~ mouse corneas infected with wild-type or vhs-null viruses. In control mice,
correlative with viral growth, both viruses induced a transient increase in immunomodulators, followed by viral
clearance. In contrast, infection of the Statl™~ mice induced a heightened and prolonged induction of
inflammatory modulators for both viruses, manifesting as a significant immune cell infiltrate and ocular
disease. Moreover, while wild-type virus infection of Statl™'~ was always lethal, vhs-null infection was rarely
lethal. There was a significant increase in Stat3- and interleukin-6 (IL-6)-dependent transcription in Statl™/~
mice, implicating the Stat3 and IL-6 pathways in the observed ocular pathology. Further, infected Statl™/~
mice showed phosphorylated Stat3 in the corneal epithelium. Our data show a role for vhs in evading innate
host responses and a role for Statl in limiting virus infection and for facilitating an appropriate nonpatho-

logical inflammatory response.

The innate immune response and the rapid establishment of
an antiviral state are critical determinants for the control of
viral infections. Loss or deletion of such pathways often results
in severe disease after infection with otherwise benign and
ubiquitous pathogens, both in humans and in experimental
animals (10, 17). For their part, viruses have evolved a variety
of strategies to counter specific aspects of innate immunity,
and viruses lacking genes or cis-acting elements responsible for
the countering of innate immunity are highly attenuated (39).

Herpes simplex virus (HSV) exhibits two distinct phases of
infection. Acute infection occurs at peripheral mucocutaneous
sites such as the cornea and skin and involves the expression of
all classes of viral genes. Latency is established in innervating
neurons and is characterized by limited gene expression and
persistence of viral nucleic acids within neuronal nuclei. Peri-
odic reactivation may result in shedding of infectious virus
back to the site of infection and associated an severe corneal
disease known as herpetic stromal keratitis (HSK) (reviewed in
reference 47). HSK consists of immunopathological inflamma-
tion, loss of visual acuity, and even blindness. It has therefore
been well studied in humans and animal models. Recognition
of HSV-1 infection in vivo is thought to be mediated by Toll-
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like receptors (TLRs) expressed on corneal epithelial cells (16,
40). Once viral infection is recognized, TLR2 and TLRY acti-
vation (20, 26) initiates a cascade of signaling events leading to
the expression of numerous immune modulators that increase
inflammation and immune cell activities (3, 7). This cascade
plays a role in inducing HSK (reviewed in reference 7).

In common with many pathogens, HSV-1 has genes to ma-
nipulate the host cell environment during acute infection to
ensure a successful viral life cycle (23). These include the virion
host shutoff protein (vhs), the product of the UL41 gene, which
is highly conserved among the neurotropic herpesviruses (23).
vhs is present in the tegument of virions and it is synthesized
with leaky-late kinetics. It has RNase activity and degrades
both cellular and viral mRNA (21), with little or no effect on
rRNA or tRNA. Although dispensable for viral replication in
vitro, vhs has a pivotal role in pathogenesis since HSV-1 vhs-
null viruses are severely attenuated in mouse models (43).
vhs-null viruses are also effective as live-attenuated vaccines in
experimental mouse models (19, 29, 48, 49). vhs plays a role in
the evasion of the host innate immune response, as supported
by several studies. Growth of an HSV-1 vhs-null virus is se-
verely attenuated in both wild-type and gamma interferon
(IFN-vy) receptor-deficient (IFNyYR~~) mice but partially re-
stored in IFNaBR ™~ and IFNaByR ™~ mice following cor-
neal inoculation (24). Similarly, growth of an HSV-2 vhs-null
virus was almost completely restored in IFN-o/B '~ mice (30).
We recently reported that this virus is hypersensitive to IFN
pretreatment in mouse embryo fibroblasts (MEFs) and that
growth of this virus is restored to near wild-type virus levels in
IFNaByR /= MEFs (32). Furthermore, enhanced proinflam-
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matory cytokine production (interleukin-13 [IL-1B], IL-8, and
macrophage inflammatory protein la [MIP-1a]) was noted in
three different human cell lines infected with a vas-null virus
(44).

We examined the replication, pathogenesis, and functional
genomics of wild-type (WT) and vhs-deficient (Avhs) virus
infection of the corneas of control and Statl-deficient mice.
Statl (for signal transducer and activator of transcription 1) is
a transcription factor critical for transmitting the signal from
the IFN receptor to initiate the upregulation of IFN-stimu-
lated genes (ISGs), a subset of genes stimulated through rec-
ognition of type 1 and type II IFNs. Statl ~/~ mice are highly
susceptible to a variety of infections, including Listeria mono-
cytogenes, vesicular stomatitis virus, and mouse cytomegalovi-
rus (MCMYV) infections (13, 27). Consistent with these obser-
vations, the corneas of Statl ™/~ mice following infection with
both WT and Avhs viruses exhibited increased viral replication
and pathology compared to control mice. Unexpectedly, our
data showed increased expression of a variety of IFN-induced
genes and a related increase in inflammation and pathology in
Stat1 ™/~ mice, which indicates that the presence of Statlis
important for mounting an appropriate, nonpathological in-
flammatory response. Our data also demonstrated that vhs
plays a fundamental role in promoting viral replication, since
the Avhs virus remained attenuated in the absence of Statl.

MATERIALS AND METHODS

Cells, viruses, and mice. Vero cells were used for amplification and the
determination of viral stock titers as previously described (35). The HSV-1
wild-type strain KOS was the background for all viruses in the present study (42).
Construction of the vas-null virus HSV-1 (Avhs) virus has been described (43).
Mock-treated animals were inoculated with uninfected Vero cell lysates pre-
pared in a manner parallel to that for infected Vero lysates. The mouse strains
used were the control 129S6 as WT mice (Taconic Farms, Germantown, NY)
and 129 S6 Statl knockout mice (Statl /") (27). Mice were housed in the
Washington University School of Medicine enhanced barrier facility and infected
in the Washington University School of Medicine biohazard facility. At both
facilities, sentinel mice were screened every 3 months and determined to be
negative for adventitious mouse pathogens, in particular mouse norovirus. Mice
were infected at between 6 and 8 weeks of age. Mice were euthanized when
necessary in accordance with all federal and university policies.

Animal infection procedures. For corneal infection, equal numbers of male
and female mice were anesthetized intraperitoneally with ketamine (87 mg/kg of
body weight) and xylazine (13 mg/kg). Corneas were bilaterally scarified with a
25G syringe needle, and virus was inoculated by adding 2 X 10° PFU in a 5-ul
volume. Mice were sacrificed at the specified time postinfection, and eye swab
material was collected for a standard plaque assay as previously described (35).
Titers were derived from at least 20 animals and collected from four independent
groups of mice. The amount of virus is reported as PFU per milliliter of swab
material from each cornea.

Disease scoring of infected animals. Mice were infected using the corneal
inoculation procedure described above. At the indicated time postinfection, mice
were weighed and observed for disease pathology and evaluated using the fol-
lowing disease scores: 0, no visible lesions; 1, minimal eyelid swelling; 2, mod-
erate eyelid swelling and crusty ocular discharge; 3, severe eyelid swelling, mod-
erate periocular hair loss, and skin lesions; and 4, severe eyelid swelling with eyes
crusted shut, severe periocular hair loss, and skin lesions. Mice were scored
individually, and the reported disease score was determined by averaging the
disease score for the infection group. Changes in body weight are reported as the
percent weight change from day 1 postinfection. Disease scores were measured
from at least 20 mice, with the exception of later time points, by which time some
mice had succumbed to infection.

Harvest of cornea total RNA for DNA microarray analysis. For each time
point and infection condition, the corneas of five mice of mixed genders were
pooled for microarray analysis. At the indicated time postinfection, corneas were
removed, rinsed in phosphate-buffered saline, cleaned of extraneous tissue,
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placed in 0.3 ml of solution D (4 M guanidine thiocyanate, 25 ml of sodium
citrate, 0.5% sarcosyl, 0.1 M 2-mercaptoethanol) (8), and stored at —80°C. Total
RNA was harvested from homogenized tissue as previously described (31). RNA
quality was evaluated by using an Agilent 2100 bioanalyzer (Agilent Technolo-
gies, Palo Alto, CA). Total RNA was amplified and labeled by using a Low RNA
Input Linear Amp kit (Agilent).

Oligonucleotide microarray analysis. Microarray protocols and analysis have
been described previously (31). Briefly, probes were hybridized on Agilent mouse
oligonucleotide microarray slides (approximately 20,000 unique mouse genes).
Each single microarray experiment incorporated reverse dye labeling techniques
and resulted in two measurements for each gene (n = 2), allowing the calculation
of a mean ratio between expression levels, standard deviations, and P values
within the Rosetta resolver system (Rosetta Biosoftware, Seattle, WA). Slides
were scanned with an Agilent DNA microarray scanner, and image data was
processed by using an Agilent feature extractor (Agilent). Before the data are
uploaded into a Rosetta Resolver 6.0, the Agilent system performs error mod-
eling. The data were entered into a custom-design database (Expression Array
Manager) and uploaded into Rosetta Resolver 6.0, which generates expression
data such as P values and error measurements. The Resolver system performs a
squeeze operation that creates ratio profiles by combining replicates while ap-
plying error weighting. The error weighting consists of adjusting for additive and
multiplicative noise. A P value is generated that represents the probability that
a gene is differentially expressed. In the present study, a threshold P value of 0.01
was used to identify genes that were significantly differentially expressed. The
Resolver system then combines ratio profiles to create ratio experiments using an
error-weighted average as described by Stoughton and Dai (42a). Spotfire De-
cision Site 8.1 (Spotfire, Somerville, MA), and Ingenuity Pathway Analysis (IPA;
Ingenuity Systems) were also utilized for data analysis and mining. Microarray
format, protocols, and data can be viewed at http://expression.viromics
.washington.edu.

Bio-Plex cytokine analysis. Corneas were isolated and lysed in a cell lysis kit
(Bio-Rad, Hercules, CA) in accordance with the kit protocol. Both corneas from
one mouse were combined to form one sample. Briefly, corneas were rinsed,
lysed in a 100-pl volume, homogenized, sonicated, and then centrifuged at 4.5 X
g for 4 min to remove debris. Equivalent amounts of protein, as measured by
Bradford assay, were added to each Bio-Plex well of a multiplex mouse cytokine
Bio-Plex array. Cytokine concentrations are reported as pg/ml. The results shown
are the average from two experiments, with each experiment containing two or
more mice per data point (n = 4). The P value was determined by using a
two-tailed, unpaired ¢ test. As performed for the genomics analysis, the log, ratio
(infected to uninfected) of the averaged pg/ml was calculated.

Western blot analysis. At the indicated times postinfection, corneas were
isolated, lysed, and homogenized in 200 wl of 2X lysis buffer containing 10%
B-mercaptoethanol. Samples consisting of both corneas from one mouse were
loaded onto a 10% polyacrylamide electrophoresis gel and transferred to poly-
vinylidene difluoride membranes that were then cut for separate probing of Stat3
and actin. Secondary antibody incubation was followed by detection with an ECL
Plus Western blotting detection kit (Amersham Biosciences, England). Images
were collected with a Molecular Dynamics Storm 860 phosphorimaging system.
Band analysis was performed with ImageQuant TL. The antibodies used were as
follows: beta-actin (Sigma), Stat3 (catalog no. 9132; Cell Signaling Technology,
Danvers, MA) p-Stat3 Y705 (sc-7993; Santa Cruz), and goat anti-mouse and goat
anti-rabbit horseradish peroxidase (HRP) conjugates (Bio-Rad).

Immunohistochemistry. At the indicated day postinfection, eyeballs from two
mice per infection condition and time point (n = 4) were enucleated and
immediately fixed in 10% buffered neutral formalin. Paraffin-embedded sections
of 4 um were stained with hematoxylin to identify nuclei. Primary antibodies
were detected with streptavidin-HRP and DAB. Primary antibodies used in-
cluded anti-Ly-6G and Ly-6C (Gr-1) antibody (BD Pharmingen, San Diego, CA)
and anti-phospho-Stat3 Y705 (D3A7 #9145; Cell Signaling Technology). Sec-
tions were imaged at a x40 magnification.

RESULTS

Acute replication of HSV-1 is significantly enhanced in the
corneas of Statl™'~ mice. To examine the role of the innate
response in controlling WT and an attenuated virus (Avhis
virus) replication, we inoculated the corneas of control mice
and mice lacking the IFN signaling factor Statl (27). In the
corneas of control mice, WT virus was readily detected in
corneas out to 6 days postinfection (dpi) (Fig. 1A), while the
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FIG. 1. Acute replication of HSV-1 in corneas. Corneas of control and Statl ™/~ mice were scarified and inoculated with 2 X 10° PFU/eye of
either WT virus (A) or Avhs virus (B). Eye swabs were taken at indicated times postinfection, and titers were determined on Vero cells. Each data
point represents eye swab titers from at least 20 mice in four separate experiments.

Avhs virus was rapidly cleared and fell to minimally detectable
levels within 2 dpi. In the corneas of the Statl ™/~ mice, WT
virus showed a significant and prolonged increase in growth
compared to the control mice (Fig. 1B). In contrast to its
phenotype in control mice, Avhs virus in the Statl™'~ mice
replicated to high levels, comparable to those of the WT virus
in the control mice. The enhanced growth of both viruses in the
Stat] ™/~ mice and the attenuation of the Avhs virus in both
mouse strains indicated Stat1- and vhs-dependent mechanisms
in controlling viral growth.

Disease and pathology is significantly enhanced in corneas
of Stat1™'~ mice. We further characterized HSV-1 pathogen-
esis by observing corneal disease pathology and changes in
body weight during the course of infection (Fig. 2). In control
mice, WT virus infection resulted in a mild ocular disease,
consisting of eyelid swelling and minimal ocular discharge,
while Avhs virus infection caused little if any disease (Fig. 2A
and B). Furthermore, control mice infected with WT or Avhas
virus did not exhibit any significant weight change. In contrast,
WT virus infection of the Statl’~ mice caused severe ocular
disease that rapidly progressed to periocular hair loss, skin
lesions, dramatic weight loss, and death (Fig. 2C). These mice
showed symptoms of encephalitis (hind limb paralysis, labored
breathing, lack of movement) with more than 90% of the mice
dying within 7 days. HSV-1 Avhs infection of the Stat1~/~ mice
also induced substantial disease pathology, weight loss, and
similar symptoms of encephalitis, with <5% death (Fig. 2D).
Of interest, WT virus- and Avhs virus-infected Statl '~ mice
were similar in that both demonstrated substantial corneal
opacity and discharge by 2 dpi. Between 5 and 7 dpi, the
disease in these mice differentiated, as the Avhs virus-infected
Statl /" mice showed improvement in terms of corneal opac-
ity and disease pathology.

An analysis of brain titers between 3 and 9 dpi revealed a
close correlation between symptoms of encephalitis and virus
titers (33). In the brains of control mice, WT virus was only
transiently detectable, while Avas virus was undetectable. In
contrast, in the brains of Statl ™/~ mice, both WT and Avhs
viruses were detected, with the WT virus at elevated titers
throughout the time course and the Avhs virus cleared by 7 dpi.
Overall, the trigeminal ganglia, periocular skin, and brain titers
closely resembled the pattern observed for cornea replication.

It is of interest that the Statl ™/~ mice, while displaying sub-
stantial disease pathology, still cleared Avhs virus infection.

Corneal histology shows neutrophil invasion of Statl™/~
corneas. Corneal inflammation is an interleukin-6 (IL-6)-me-
diated process with rapid infiltration of neutrophils and thick-
ening of the stromal layer (12). Neutrophils are the first cells to
enter the cornea following HSV-1 infection, and infiltration
peaks at 2 dpi (46). The corneal opacity found in the infected
Stat1 ™/~ mice prompted us to examine immune cell infiltration
and pathology in the corneas of these mice via immunohisto-
chemistry. Sections of mock-treated and virus-infected corneas
at 3 dpi were sectioned and labeled with Ly-6G/Ly-6C to iden-
tify neutrophils.

Control and Statl '~ mock treated mice showed an intact
epithelial cell layer and stroma devoid of neutrophils (Fig. 3A
and D). Striking differences were observed, however, between
the infected control and Stat1 ™'~ mice. The WT virus-infected
control mouse corneas showed some evidence of thinning ep-
ithelial layer, but few Ly-6"* cells in the stroma, while the Avhs
virus-infected control corneas closely resembled the mock-
treated corneas (Fig. 3B and C). In contrast, both the WT
virus- and the Avhs virus-infected Statl ™~ mice showed ex-
tensive loss of the corneal epithelial layer, a thickening of the
stromal layer, and numerous Ly-6" infiltrating cells (Fig. 3E
and F). It is notable that while the degree of inflammation and
damage for each infection condition correlated closely with the
disease scores and corneal opacity observed in the Statl ™/~
mice (Fig. 2), it did not correlate with viral replication. The
replication of WT virus in control mice was comparable to that
of Avhs in Statl ~/~ mice, and yet the patterns of inflammation
and damage were distinct.

Overview of transcriptional profiling experimental design
and analysis. Our analyses thus far suggest a role for vhs in
promoting viral replication and a role for Statl in controlling
the initial response to viral infection. These observations raised
two questions. First, how does the absence of Statl impact the
host response? Second, how does host gene expression differ
under circumstances in which the growth of the WT and Avhs
viruses was equivalent? The latter question addresses the as-
sumption that gene expression correlates with viral replication.
Because differences in viral growth were observed in the first
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FIG. 2. Pathology following HSV-1 infection. Corneas of control
and Stat1 '~ mice were scarified and inoculated with 2 X 10° PFU/eye.
Periocular disease score (gray bars) and weight changes (black lines)
were recorded. Disease score parameters are detailed in Materials and
Methods. Weight changed in grams was measured on indicated days
postinfection. Each data point represents the disease score and weight
change from at least 20 mice in four separate experiments.
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few days postinfection, we focused our gene expression anal-
ysis on cornea tissue over the first 3 dpi.

To address these questions, the corneas of control mice or
Stat1™/~ mice were inoculated with a lysate of mock-infected
Vero cells, WT virus, or Avhs virus. Total RNA was harvested,
processed, and hybridized to Agilent mouse DNA microarrays.
For each infection condition and time point, one sample of
pooled RNA was hybridized twice (dye-flip) to generate ann =
2 for each gene. All gene expression changes for infected cells
are presented as a fold change compared to a mouse- and
time-matched mock infection. Only genes that changed =2-
fold compared to mock-infected cells (P = 0.01) in at least one
of the six infection conditions for each virus were considered
for further analysis.

Genes that met our selection parameters were organized
into heat maps to show patterns of gene expression changes
due to WT virus (Fig. 4A) and Avhs virus (Fig. 4B) infection.
For both viruses in either mouse strain, most gene expression
changes reflected the host’s initial response to infection, with
the most prominent transcriptional changes involving IFN-,
IL-6-, and TLR-dependent genes. Although the types of genes
changed were similar in each infection, the overall number and
magnitude of these changes were more pronounced in the
Stat1 ™/~ mice, suggesting either a Statl- or viral replication-
dependent effect. For the WT virus in the control mouse, the
peak number of changed genes was 599 at 2 dpi, while in the
Stat1 ™/~ mouse the peak number was 1864 also at 2 dpi. For
the Avhs virus in the control mouse, the peak number was 351
genes at 2 dpi, while the peak in the Statl™'~ mice was 1,154
genes at 3 dpi.

In ecither mouse strain, Avhs virus-infected mice exhibited
fewer gene expression changes, suggesting that the host re-
sponse can reflect the level of viral growth. Statl ™~ mice
exhibited increased inflammatory gene expression, in terms of
both number of induced genes, as well as magnitude of induc-
tion. Also, Statl ™/~ mice exhibited a temporal delay of ISG
and inflammatory gene expression, in that many genes upregu-
lated by 1 dpi in the control mice were not upregulated in the
Stat1 ™/~ until 2 or 3 dpi. This suggested that Statl-indepen-
dent IFN signaling took longer to initiate in Statl™'~ mice,
perhaps allowing the virus to gain an advantage over the host.

Unexpectedly, when all four infection models were com-
pared, we found that the level of viral replication did not
correlate with the number and magnitude of gene expression
changes. This idea is exemplified by comparing the hierarchy of
replication at 2 dpi (Statl™~/WT > control/WT = Statl '~/
Avhs > control/Avhs) to the hierarchy of the number of
changed genes on the same day (Statl ~/~/WT > Statl ™/~ /Avks >
control/WT > control/Avhs). Rather, we found that the pres-
ence or absence of vhs had a greater effect on viral replication,
while the presence or absence of Statl had a greater effect on
the host transcriptional response to infection and disease pa-
thology. This unanticipated observation demonstrated a lack of
correlation between pathogen growth and host transcriptional
response.

Induction of an ocular inflammatory response. The cascade
of cytokine expression and immune cell infiltration that follows
HSV-1 infection of the cornea causes much of the damage
observed in herpetic stromal keratitis (7, 9). Given the disease
pathology of our infected mice and the clinical relevance of
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FIG. 3. Neutrophil infiltration of infected cornea. Corneas of control (A, B, and C) and Statl ™/~ mice (D, E, and F) were scarified and mock
treated (A and D) or inoculated with 2 X 10° PFU per eye of WT virus (B and E) or Avhs virus (C and F). Eyeballs harvested at 3 dpi were formalin
fixed, sectioned, and then stained with hematoxylin and probed with anti-Ly6 and streptavidin-HRP. A representative image from four eyeballs

studied is shown.

cytokine expression, we focused our search of the host genom-
ics data to a list of inflammatory cytokines known to have a role
in HSK development, in addition to ISGs downstream of IFN
signaling. Gene expression changes were analyzed in a mouse-,
virus-, and time-dependent manner (Table 1).

In all infected control mice, changes in expression of the
genes implicated in inflammatory response were modest and
transient, especially in the Avhs virus-infected mice. For the
most part, immune gene expression correlated with viral
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In the infected Statl ’~ mice there was a substantial, yet
delayed induction of inflammatory genes compared to the in-
fected control mice. The increased transcriptional profiles cor-
related closely with the biological readout of disease score but
did not completely correlate with viral replication. The
Stat1 ™/~ samples showed a sustained upregulation of immune
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FIG. 4. Overview of changed genes following corneal infection. Total RNA was harvested from control or Stat1 ™~ mice infected with either
WT virus (A) or Avhs virus (B) over a 3-day time course. Heat maps show the 3,278 genes changed at least =2-fold compared to mock-treated
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TABLE 1. Fold change of infected versus mock-infected corneas of selected inflammation-associated genes and ISGs
Fold change” in gene expression
Control 129 mice Stat] ™/~ mice
Gene Description
WT virus Avhs virus WT virus Avhs virus
Idpi 2dpi 3dpi 1dpi 2dpi 3dpi 1dpi 2dpi 3dpi 1dpi 2dpi 3 dpi
Acute-phase response
proteins
IL-1a Interleukin-1a 123 347 228 164 303 133 -112 154 194 104 290  2.60
IL-1B Interleukin-163 420 536 474 547 184 154 142 3635 8796 158 6831 69.09
IL-6 Interleukin-6 308 233 130 105 119 -1.47 1.00 7737 8252 100 4336 14.58
TNF-« Tumor necrosis factor alpha  1.32 .72 136 -1.09 126 132 120 210 197 117 230 1.76
Chemokines
CCL2 Chemokine (C-C motif) 11.03 895 3.65 530 344 180 181 12.69 1678 166 15.89 12.93
ligand 2; MCP-1
CCL3 Chemokine (C-C motif) 1.68 242 214 448 238 155 121 680 2774 150 481 24.16
ligand 3; MIP-1a
CCL4 Chemokine (C-C motif) 436 10.01 403 840 3.00 135 102 16.08 9421 -1.20 2552 89.70
ligand 4; MIP-1B
CCL5 Chemokine (C-C motif) 254 1040 352 185 4.64 150 -1.58 230 1774 -1.45 447 23.49
ligand 5; RANTES
CCL12 Chemokine (C-C motif) 373 305 101 265 177 -1.07 -1.36 485 1552 100 10.77 15.48
ligand 12; MCP-5
CXCL1 Chemokine (C-X-C motif) 301 152 144 343 1.04 168 162 2032 2424 122 3487 635
ligand 1; KC
CXCL2 Chemokine (C-X-C motif) 111 132 -1.07 -137 113 1.64 107 248 6.00 111 3.15 6.44
ligand 2; MIP-2a
CXCL9 Chemokine (C-X-C motif) 6.28 39.75 8.63 222 18.02 285 100 -146 872 100 165  6.76
ligand 9
CXCL10 Chemokine (C-X-C motif) 65.08 53.83 8.64 40.54 10.00 276 1.00 78.95 571.37 1.00 187.94 520.68

ligand 10; IP-10

IFNs and ISGs

IFN-« Alpha interferon 0.00  0.00

IFN-B Beta interferon 1.54 173

IFN-y Gamma interferon 241 817

IFIT1 IFN-induced protein with 3.89 10.14
tetratricopeptide repeats 1

I1SG15 ISG15 ubiquitinlike 209 6.14

modifier; G1p2

0.00 0.00 0.00 0.00 0.00 0.00 203 0.00 11.88 2.11
-1.39 100 -1.01 -1.24 1.00 531 1226 -1.08 13.47 4.74
116 -1.15 239 114 -124 6.70 560 1.00 1327 10.96
848 283 915 874 -1.05 512 4049 -1.01 10.64 47.12

821 173 644 772 -107 224 1442 -1.14 447 1515

“ That is, the fold change compared to mock-infected corneas. Italicized numbers indicate genes that did not meet the criteria of being at least twofold changed
compared to mock-infected corneas (P = 0.01). Boldface entries indicate genes that changed at least 10-fold compared to mock-infected corneas (P = 0.01).

response genes, regardless of the presence or absence of vhs.
We also observed evidence of Statl-independent IFN gene
expression, including upregulation of ISG15 and IFIT1. While
some ISGs are expressed in a Statl-independent manner (13,
36, 37), the heightened expression in these mice was unex-
pected. That ISGs are strongly expressed, combined with the
IFN sensitivity of Avhs viruses, together may in part explain the
persistent attenuation of Avhs virus in Statl ™/~ mice.

IPA of relevant pathways. To look beyond genes known to
have a role in ocular pathology, we further characterized the
types of genes that met our fold-change selection parameters,
using IPA software. Five functional pathways that have roles in
antiviral establishment and disease pathology were identified
in which significant differences were observed when the pro-
files were compared in a virus-, mouse-, or time-dependent
fashion (Fig. 5). Both vhs- and Statl-dependent effects were
observed in the pathways discussed in further detail below.

Many intracellular cascades are activated in response to
TLR ligand binding, including NF-kB, IRF-3, and mitogen-
activated protein kinase pathways (1, 6). IPA identified signif-

icant differences between the control and Statl ~/~ mice in the
TLR signaling pathway category of genes (Fig. 5 and see Table
S1 in the supplemental material). In the control mice, only
PKR (elF2ak2) was consistently and substantially changed in
response to infection, while all infected Stat1 ™/~ mice demon-
strated upregulation of the TLRs 2, 3, 6, and 7, as well as the
transcriptional activators Fos and Jun.

Changes in IL-6 and IL-6 signaling-dependent genes were
mostly Statl dependent (Fig. 5 and see Table S2 in the sup-
plemental material). IL-6 and IL-1B, both involved in the
acute-phase response, were upregulated at 2 and 3 dpi in the
corneas of Stat1 ™'~ mice. The IL-6 receptor can mediate tran-
scriptional changes via Stat3, and numerous Stat3-dependent
genes were strongly upregulated in a Stat1-dependent manner,
a finding suggestive of increased IL-6 and Stat3 mediated sig-
naling in the Statl /~ mice. IL-6 has been strongly implicated
in the genesis of HSK, and therefore it was notable that the
Stat1 ™/~ mice showed such elevated disease and pathology.

Apoptosis signaling genes were differentially regulated be-
tween our model systems (Fig. 5 and see Table S3 in the
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FIG. 5. Heap map of changed genes involved in selected immune responses. Heat maps were generated to show the relative expression levels
of selected immune response genes that changed =2-fold compared to mock-treated corneas (P = 0.01). Changed genes (detailed on right side
of maps) were bundled into their relevant category (detailed on left side of maps). The sample and time postinfection are listed at the top and
bottom of the maps. Red, green, and black indicate that each gene is, respectively, upregulated, downregulated, or unchanged compared to a mock

sample.

supplemental material). The genes from this category could be
broadly sorted into two groups on the basis of expression
pattern. The first group included genes that were upregulated
at 2 dpi in the Statl™~ mice, with the WT virus-infected
Stat1 ™/~ mice showing the most changes. The second group of
genes was for the most part changed in all infection models,

with the magnitude of change being greater in the Statl ™/~
mice than in the control mice. This group of genes included
caspase-12, PKR, Fas, Tnf, and NF-«B inhibitors (Nfkbia and
Nfkbie). A small group of genes involved in DNA damage
checkpoint pathway (Ttk, Cdc2a, and Plkl) were upregulated
more strongly in the control mice. Interestingly, genes with
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with 2 X 10° PFU per eye of WT or Avhs virus for 1, 3, 5, or 7 dpi. Cornea lysates were analyzed with a multiplex cytokine array. Average cytokine
concentrations determined from at least four mice are reported as pg/ml (y axis). For clarity, mock samples were omitted from the graphs.

antiapoptotic functions were also identified (Birc3, Bcl2alb,
and Bcl3). The mechanism through which these genes are
upregulated and how this gene expression program affects viral
replication is unknown.

Both type I and type II IFN signal through their respective
receptors to JAK/Tyk and STATs (reviewed in reference 45).
The control and Statl ™/~ mice showed similar levels of
changed genes involved in the IFN signaling pathway, regard-
less of infecting virus (Fig. 5 and see Table S4 in the supple-
mental material). However, when JAK/Stat signaling genes
were specifically examined, the Statl™’~ mice had greater
changes in this group of genes, with WT virus-infected
Stat1~/~ corneas showing the greatest number of changed
genes (Fig. 5 and see Table S5 in the supplemental material).
Given the IFN sensitivity of Avhs viruses, this elevated ISG

expression may explain why the Avhas virus remained attenu-
ated in the Statl™'~ mice.

Cytokine production reflects strong induction of inflamma-
tory response. To validate our genomics analysis and mea-
sure cytokine induction at the protein level, we harvested
infected corneas for analysis with a Bio-Plex multiplex cy-
tokine array designed to simultaneously analyze multiple
mouse cytokines. We focused our attention to a select list of
cytokines previously known to be factors in HSV-1 ocular
pathogenesis. The data shown contain at least four mice per
data point (Fig. 6). All mock-treated mice showed near-
background levels of all cytokines tested (data not shown).
In infected control mice, few cytokine changes were ob-
served, and most changes were <10-fold compared to mock-
treated samples. In contrast, the infected Statl ™~ corneas
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FIG. 7. Cytokine analysis correlates with genomics study. To directly compare the genomics study to the cytokine analysis, the fold change
(infected versus mock) values were converted to log, ratio and plotted with the genomics data. The mouse, virus, and time postinfection are
indicated at the top of each graph. Gray and white bars represent gene array and cytokine data, respectively.

showed considerable changes in cytokine expression starting
on 3 dpi. In general, the WT virus-infected Statl /~ showed
greater changes than the Avhs-infected mice, and the ex-
pression of most cytokines peaked on day 3 postinfection.
Substantial cytokine expression changes were observed for
IL-6, KC (IL-8), MCP-1, and RANTES, while more mod-
erate changes were observed with IL-1a, IL-B, IL-12p40,

MIP-1a, and MIP-1B. Changes in the expression of IL-10,
IL-12p70, and IFN-y were low.

To correlate these results to the genomics study, the fold
change (infected versus mock) values for seven cytokines were
converted to a log, ratio and plotted in conjunction with the
genomics data (Fig. 7; see Table S6 in the supplemental ma-
terial). Because the arrays and cytokine analysis relied on dif-
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FIG. 8. Western blot analysis of Stat3 phosphorylation. Lysates generated from corneas of control and Stat1 ™/~ mice infected with either WT
virus or Avhs virus for 1, 3, and 5 dpi were probed for phosphorylated Stat3 (upper panels) and total Stat3 (lower panels) by Western blotting. At
least three mice for each infection condition and time point were analyzed, and a representative blot is shown.

ferent methods (oligonucleotide and antibody binding, respec-
tively), the absolute numbers should not be compared, but
rather demonstrate the trends of expression. Overall, our cy-
tokine expression analysis strongly correlated with our genom-
ics study, in terms of the magnitude and time course of the
cytokine expression changes. In particular, this presentation of
the data highlights and validates the delay of cytokine expres-
sion in the Stat1 ™/~ mice first observed in the genomics anal-
ysis (compare Fig. 7E and F to Fig. 7G and H). Again, we
propose that this delay, likely due to aberrant immune signal-
ing or activation of Statl-independent pathways in the absence
of Statl, benefits the virus and allows for increased viral rep-
lication in these mice.

Stat3 is activated in the corneas of infected Statl ™'~ mice.
Thus, far we had demonstrated that the HSV-1-infected
Stat] ™/~ mouse corneas experience significant changes in not
only IL-6 expression (Table 1 and Fig. 6) but also in IL-6- and
Stat3-dependent gene expression (Fig. 5). The heightened IL-6
expression was likely to be, at least in part, a causative agent of
the cornea damage and neutrophil invasion reported above
(Fig. 3). Other groups have reported that in the absence of
Statl, Stat3 experiences increased and prolonged activation of

Uninfected

Control »

Stat3 in response to IL-6 and IFN-vy (15, 34, 38, 50). The IL-6
receptor can associate with and signal through Stat3 (2, 51),
which upon activation dimerizes and translocates to the nu-
cleus to mediate a gene expression pattern different from that
of Statl (11, 41).

To address this further, we assayed for activation of Stat3 in
infected corneas harvested at 1, 3, and 5 dpi, probing for total
Stat3 and phosphorylated Stat3 (Y705) by Western blotting.
The levels of total Stat3 remained similar throughout all sam-
ples (Fig. 8). All mock-treated samples showed minimal Stat3
phosphorylation (data not shown), and there was only a tran-
sient phosphorylation of Stat3 at 1 dpi in the infected control
mice. In contrast, infected Statl /~ corneas showed a promi-
nent increase in Stat3 phosphorylation at 3 dpi. This height-
ened phosphorylation was evident out to at least 5 dpi in both
WT virus- and Avhs virus-infected Statl /~ mouse corneas.

To determine whether the positive Stat3 phosphorylation
signal derived from resident cornea cells and/or infiltrating
cells, we also examined Stat3 phosphorylation via immunohis-
tochemistry at 3 dpi (Fig. 9). The mock-treated and all control
mice showed minimal Stat3 phosphorylation (Fig. 9A to D). As
expected, the infected Statl /~ mice corneas were positive for

WT Avhs

e

FIG. 9. Immunohistochemistry analysis of Stat3 phosphorylation. Corneas of control (A, C, and E) and Stat1 '~ (D, E, and F) mice were
scarified and mock treated (A and D) or inoculated with 2 X 10° PFU per eye of WT (B and E) or Avhs virus (C and F). Eyeballs harvested at
3 dpi were formalin fixed, sectioned, and then stained with hematoxylin and probed for phosphorylated Stat3 with streptavidin-HRP. A

representative image from four eyeballs studied is shown.
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phosphorylated Stat3, and this signal was localized to the nu-
clei of the cornea epithelium, the outermost cell layer in the
cornea (Fig. 9E and F).

Taken together, our data show sustained activation of Stat3
in the absence of Statl. This activation of Stat3 directly corre-
lates with increased neutrophil invasion, disease pathology,
IL-6-dependent gene expression, and increased expression of
inflammatory mediators. As such, we theorize that many of the
gene expression changes and pathologies found in the Stat1 ™/~
mice results from aberrant Stat3 activation.

DISCUSSION

In this study, we have demonstrated that HSV-1 vhs and
Statl play pivotal roles in the control of host gene expression
and disease pathology. vhs was important for viral replication,
even in highly susceptible Stat1 ™'~ mice, since the Avhs virus
showed reduced titers in all tissues tested, and the Statl ™/~
mice were able to survive the infection. Statl was also impor-
tant for controlling the timing and amplitude of the inflamma-
tory response. Although it was notable that both WT and Avhs
virus replication was increased in the Stat1 ™'~ mice, it was of
particular interest that viral replication and disease did not
completely correlate. Specifically, there was a high level of
inflammation in the corneas of Avhs virus-infected Statl ™/~
mice, and no apparent inflammation in WT virus-infected con-
trol mice, yet each had similar virus titers. This finding, there-
fore, contradicts the general assumption that host gene expres-
sion and disease correlate closely with the level of viral
replication.

Our studies confirm a role for vhs in replication, but not for
control of host inflammatory pathways. We had initially theo-
rized that the attenuation of Avhs, in both the control and
Stat1 ™/~ mice, was due to heightened host response, and yet
our current studies revealed few indications of a hyperacti-
vated immune response in the absence of vhs. Although the
replication of Avhs virus is enhanced in the Statl ™~ mice, it
was not equivalent to that of the WT virus. Its continued
attenuation might be attributed to redundant Statl-indepen-
dent IFN gene expression pathways identified in these mice,
coupled with the heightened susceptibility of vhs-null viruses to
IFN. These data call into question, however, the supposition
that Avhs virus gets cleared rapidly due to its inability to shut
off IFN-stimulated gene expression.

In addition, the persistent attenuation of Avhs virus could
stem from the fact that this virus appears to have an inherent
defect in replication that cannot be compensated for by dele-
tion of a host factor. This idea is supported by the fact that
even when inoculated into Statl ™/~ or IFNafyR /™ mice the
Avhs virus was still attenuated. Furthermore, in vitro, Avhs
virus is still growth impaired relative to WT virus (~10-fold) in
IFNafyR ™/~ MEFs (32). Whether this defect is due to the
loss of vhs RNase activity or another role for vhs remains to be
determined. Indeed, alterations in the gE/gl complex have
been shown in viruses lacking vhs, possibly explaining this
IFN-independent growth deficit (18).

The infected Stat1 ™'~ mice showed disease progression that
was not correlated to viral growth. The clouded corneas and
ocular discharge observed by 2 dpi, however, correlated with
an increase in neutrophil invasion and cytokine expression.
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Both genomics and cytokine analyses identified IL-6- and IL-
6-dependent gene expression as different between the two
mouse strains. HSV-1-infected IL-6 '~ mice showed a role for
IL-6 in inducing ocular pathology, chemokine expression, and
cellular invasion (12). These studies support our hypothesis
that the strong proinflammatory IL-6 signaling observed in our
Stat1 ™/~ mice is a likely source of the severe ocular disease and
neutrophil infiltration. HSV-1-infected IL-6 '~ mice, however,
showed mortality, ocular shedding, and neuronal spread simi-
lar to that of IL-6*"* mice (22). This lack of antiviral activity
mediated by IL-6 may in part explain why the Statl ™~ mice
are still unable to control HSV-1 infection despite significantly
enhanced immune gene expression.

The idea that IL-6 mediates disease progression is supported
by our finding that HSV-1 Statl '~ mice showed heightened
phosphorylation of Stat3, a transcription factor that is acti-
vated in response to IL-6 and IFN-y receptor interactions (15,
34, 38). The low levels of IFN-y observed in our early time
course suggest that IL-6 is the more likely mediator of Stat3
activation in our system. Previous studies have documented
heightened and prolonged activation of Stat3 in the absence of
Statl (15, 34, 38). From this, we hypothesize that the height-
ened activation of Stat3 induces a pattern of gene expression in
Statl~’~ mice not observed in the controls. IL-6 is a Stat3-
dependent gene, so it is likely that IL-6-dependent Stat3 acti-
vation initiates a positive feedback, thereby inducing further
IL-6 expression, which in turn enhances the inflammatory re-
sponse and disease progression. The inflammatory process
found in some chronic inflammatory diseases has been linked
to gene expression patterns dependent on IL-6 activation of
Stat3 (4, 5). Suppressor of cytokine signaling 1 and 3 (SOCS1
and SOCS3) are IFN-dependent genes known to serve as neg-
ative feedback regulators of Statl and Stat3, respectively. Our
genomics analysis found upregulation of SOCS1 and SOCS3
expression at 1 dpi in the control mice had tapered down by 3
dpi, reflecting a normal signaling process. SOCS3 upregula-
tion, which was greater in Stat1 ™/~ mice than in control mice,
was not observed until 2 to 3 dpi in these mice. This delay,
concordant with the delay observed in other immune response
genes in these mice, may contribute to the deregulation of
cytokine signaling. Consistent with this idea, mice lacking
SOCS3 show delayed wound healing and prolonged inflamma-
tion (52).

In Statl ™/~ mice, both WT and Avhs viruses showed more
productive replication at the cornea, more so than previously
observed with IFNaByR ~/~ mice (24). This was in contrast to
studies that showed Statl ~/~ mice are more resistant to Sind-
bis virus and MCMYV infection than IFNaByR /" mice (13).
Given the existence of Statl-independent signaling it is not
unexpected that Statl ’~ and IFNaByR /™ mice differ in sus-
ceptibility to virus infection. The contrasting susceptibilities to
HSV, Sindbis virus, and MCMYV likely reflect either the effi-
ciency with which the Statl-independent signaling pathways
can protect against specific pathogens or, alternatively, the
differential abilities of these pathogens to subvert the Statl
independent pathways. Interactions between the type I IFN
receptor and IL-6 signaling, as well as the presence of Statl to
balance Stat3 signaling, may in part account for the differences
observed between HSV-1-infected Stat1 ™/~ and IFNafyR ™/~
mice (28).
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A number of previous studies have demonstrated enhance-
ment or restoration of growth and virulence of attenuated
viruses in immunodeficient mice (14, 24, 25). We found that
although the growth of the Avhs virus was restored in the
Stat1~/~ mice, comparable to the WT virus in the control
mouse, the gene expression patterns and disease pathologies of
these infection models were not similar. An important point of
the present study is that the enhancement of virulence is not
necessarily paralleled by comparably altered gene expression
patterns. This stresses the need for caution when interpreting
data in which virulence or the growth of attenuated viruses is
restored in immunodeficient mice. Moreover, there was scant
evidence from the array data to support the idea that Avks was
cleared in the control mice due to heightened IFN-driven
antiviral activity. Nevertheless, our data show the importance
of vhs for promoting viral replication in the presence of the
innate immune response, and the importance of Statl in lim-
iting virus infection and for facilitating an appropriate non-
pathological inflammatory response. The outcome of HSV in-
fection is therefore determined by a delicate balance between
viral immunomodulators and host response pathways. A better
understanding of this interaction may lead to improved under-
standing and therapeutics for treating HSV diseases, many of
which are immunopathological in nature.

In addition, the survival of even highly immunocompro-
mised mice following infection with high doses of Avis pro-
vides further impetus for the idea that viruses lacking vhs in
combination with the deletion of other virulence genes may
offer both improved safety and efficacy as live-attenuated vac-
cines.
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