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Abstract

Herpes simplex virus type 1 infection of the mouse eye results in an impressive inflammatory

response culminating in the death of the animal or the establishment of a “latent” infection

depending on a number of ill-defined variables that include components of the innate and adaptive

immune system. The application of type I interferon transgenes has been found to antagonize viral

replication and spread from the eye to the nervous system. Associated with the in situ transfection

of the cornea is the up-regulation of two inflammatory molecules, IL-6 and CXCL10. In this

report, we will further examine the contribution these molecules may have in the host response to

ocular infection with herpes simplex virus type 1.
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Corneal Infection with Herpes Simplex Virus Type 1

The general approach to infection of the murine eye with herpes simplex virus type 1

(HSV-1) includes placing a volume of a solution (typically an isotonic saline-based solution)

ranging between 3 – 5 μl of an isotonic solution containing HSV-1 onto a scarified or in

some protocols, a non-scarified cornea. Since the cornea’s outer layer is composed of dead

epithelium, the removal of this layer via scarification facilitates the establishment of a

successful infection. Upon infection, the virus replicates initially in the epithelial layer and

into the stroma of the cornea (1) (Fig. 1). In approximately 25–50% of infected mice, the

virus can be detected in the retina including cells within the layers consistent with ganglion
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cells, astrocytes, and microglia (Fig. 1). In the human host, reactivation of latent virus or

severe acute infection has also been reported to infect the retina leading to acute retinal

necrosis (2,3). As a result of infection, the inflammatory response is rapid and robust which

can lead to unwarranted manifestations ultimately modifying visual acuity (e.g., retinal

necrosis or herpetic keratitis). Thus, preservation of the visual axis and clearance of the

noxious pathogen can be viewed as opposing forces relative to ocular HSV-1 infection. In

recent times there has been significant research activity developing strategies that limit viral

replication while at the same time reducing the inflammatory response. Some of the most

important advances are presented in this review.

Corneal transfection with type I interferon transgenes

The transfection of corneal epithelium with the interferon (IFN)-α1 transgene has been

found to have therapeutic application to ocular HSV-1 infection compared with recombinant

IFN-α that appears to be limited to prophylactic application (4). While it is known the anti-

viral activity of the IFN-α1 transgene depends on the presence of αβ T cell receptor-positive

T lymphocytes and IFN-γ (5), other factors may also play a role. Along these lines, a

number of immune-related genes were screened for induction or up-regulation in the cornea

following in situ transfection with the IFN-α1 transgene including IL-2, IL-4, IL-6, IL-10,

IL-12 (p35 and p40), IFN-γ, IFN-γ induced nitric oxide synthase (Nos-2), CCL2 (MCP-1),

CCL4 (MIP-1β), CCL5 (RANTES), and CXCL10 (IP-10). Only two, IL-6 and CXCL10,

appeared to be elevated within 24 hr post-transfection while the other genes were

undetectable (6). As a result of this observation, both IL-6 and CXCL10 were the target of

further investigation as a means to define the events associated with the establishment of an

anti-viral environment by type I IFN transgenes.

Type I IFN transgenes and IL-6

IL-6 is a pleiotropic cytokine produced in response to a number of viruses including

lymphocytic choriomeningitis virus (7), Theiler’s murine encephalomyelitis virus (8),

vesicular stomatitis virus (7), and herpes simplex virus (9, 10). The production of IL-6 has

been linked to increased resistance to ocular HSV-1 infection (11, 12) perhaps acting as a

chemoattractant for neutrophils (13) which are known to be involved in clearing virus from

the eye (14,15). Previously, the transfection of mouse cornea with the IFN-α1 transgene was

found to increase IL-6 mRNA levels as measured by RT-PCR (6). We interpret these results

to suggest that IL-6 may be a contributing factor in establishing an anti-viral environment

following type I IFN exposure. To address this hypothesis, mice deficient in IL-6 (IL-6 KO)

were transfected with the IFN-α1 transgene and then characterized for resistance to ocular

HSV-1 infection as measured by viral titer in the tear film and cumulative survival of

infected mice. In the presence of the IFN-α1 transgene, wild type mice showed a reduction

in the viral load recovered in the tear film within the time frame of detectable virus during

the acute infection (i.e., days 1–5 post infection) compared to the wild type group

(C57BL/6) transfected with the plasmid construct alone (Fig. 2). The absence of IL-6 did not

affect the outcome of viral yield in the tear film. Specifically, similar to the wild type mice,

IL-6 KO mice transfected with the IFN-α1 transgene also showed a reduction in the viral
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titer recovered in the tear film as well (Fig. 2). Therefore, from a local standpoint, the

absence of IL-6 does not impact on the anti-viral efficacy of the IFN-α1 transgene.

The capacity to control viral replication within the cornea does not necessarily dictate the

outcome of the infection. As the virus replicates within the cornea, it is also transported back

into the ganglion via retrograde transport by innervated sensory processes that extend into

the cornea (16). Within the ganglion (i.e., trigeminal ganglion, TG), the virus replicates and

establishes a latent infection as well as travels to the central nervous system (CNS) where it

continues to replicate. Although it is not entirely clear, it is thought that if the virus goes

unchecked within the CNS the host (mouse) will succumb to the infection as a result of

encephalitis. Therefore, it was necessary to determine if the lack of IL-6 could modify the

survival of mice receiving the IFN-α1 transgene against ocular HSV-1 infection. Consistent

with previous observations using ICR outbred mice, C57BL/6 mice (wild type) transfected

in the cornea with the IFN-α1 transgene showed a significant enhancement in survival

compared to the wild type recipients of the plasmid vector alone (Fig. 3). However, in the

absence of IL-6, the efficacy of the IFN-α1 transgene was lost. Specifically, IL-6 KO mice

transfected with the IFN-α1 transgene showed a similar level of survival compared to IL-6

KO mice transfected with the plasmid vector alone or IL-6 KO animals treated with the

vehicle (saline) alone (Fig. 3). These results suggest that while IL-6 is not involved in

controlling HSV-1 in the eye, it is involved in preventing encephalitis in the CNS. Further

experiments are needed in order to delineate at what level IL-6 is involved in the IFN-α1-

mediated, anti-viral efficacy against HSV-1 infection. For example, the absence of IL-6 may

impact on viral replication in the TG or within the CNS through changes in the development

of CTLs (17), antibody production (18), or immune-enhancing adjuvant activity (19).

Type I IFN and CXCL10

The extravasation of leukocytes from the blood into tissue is mediated, in part, by a group of

molecules collectively known as chemokines. The chemokines are divided into four families

on the basis of the arrangement of conserved cysteines or lack thereof (for lymphotactin)

including the CXC, CX3C, and CC families. Within the cornea, the constitutive expression

of chemokine genes was initially noted by RT-PCR (Table I) (20). However, only two of the

seven chemokines measured by RT-PCR were detectable at the protein level by ELISA

including CCL2 (21) and CXCL10 (1). Whereas CCL2 influences the migration of

monocytes, memory T cells, basophils, and NK cells (22), CXCL10 targets the migration of

neutrophils, monocytes, and activated T cells and NK cells (23–26). Since CXCL10

reportedly has anti-viral activity (27) and is locally up-regulated by the IFN-α1 transgene

following corneal transfection (6), it was possible that CXCL10 directly contributes to the

resistance to HSV-1 infection by the type I IFN transgene. In order to follow-up on this

notion, neutralizing antibody to CXCL10 was administered to mice ocularly infected with

HSV-1. The antibody was found to significantly reduce the expression of CXCL10 in the

eye during the first three days post infection compared to control IgG-treated, HSV-1

infected mice (1). More importantly, the suppression in CXCL10 expression resulted in a

transient rise in the HSV-1 titer recovered in the cornea of treated mice. However, CXCL10

was not found to have a direct effect on HSV-1 replication as measured by adding

recombinant CXCL10 to a fibroblast cell line or primary murine splenic lymphocytes
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infected with HSV-1 (1). Consequently, the action of CXCL10 was indirect possibly

through the recruitment of inflammatory cells. In fact, HSV-1-infected mice treated with the

anti-CXCL10 antibody showed a significant reduction in corneal inflammation during acute

infection based on edema, reduction in infiltrating cells, and a reduction in the expression of

other chemokines including CXCL1, CCL3, and CCL5 (1). A reduction in the inflammatory

process following neutralization with the anti-CXCL10 antibody may be due to the

suppression in CCL3 expression which has been linked to the development of herpetic

keratitis (28). Alternatively, CXCL10 through its receptor CXCR3 promotes the

development and recruitment of TH1 cells and neutrophils into inflammatory sites (29–31).

Therefore, preventing TH1 development or attraction of leukocytes into the diseased tissue

by preventing the interaction of CXCL10 with CXCR3 may also contribute towards a

reduction in the host response to infection. Taken together, it seems likely that a

combination of antagonizing cytokine and chemokine expression along with a reduction of

infiltrating cells into the infected cornea ultimately diminishes the host inflammatory

process to HSV-1.

Based on previous observations in which it was found that targeted disruption of the

CXCL10 gene or neutralization of CXCL10 expression exacerbated viral infections of the

central nervous system (CNS) (32–34), it was predicted that hindering CXCL10 expression

in mice ocularly infected with HSV-1 would likewise lead to dire consequences for the host.

In fact, blocking CXCL10 expression led to a significant rise in infectious virus recovered in

the ganglion whose processes innervate the eye in HSV-1-infected mice (1). However, the

survival of HSV-1-infected mice treated with the anti-CXCL10 antibody was enhanced

compared to IgG-treated controls (Fig. 4). Therefore, it is likely that the inflammatory

process initiated through the expression of CXCL10 in response to the viral infection also

manifests unwarranted effects within the CNS leading to encephalitis and ultimately death

of the host. A balance between the inflammatory process and clearance of the insulting

pathogen must be realized for the survival of the host. This idea seems particularly true

within the CNS where it has been found over-expression of cytokine genes has devastating

effects on the host (35–37). Whether this scenario holds true relative to HSV-1 infection and

neutralization of CXCL10 within the CNS has yet to be addressed.

Summary

In situ transfection of scarified cornea with the murine IFN-α1 transgene leads to efficient

suppression of HSV-1 replication and reduced pathology associated with the infection. Two

inflammatory molecules are selectively induced by the transgene including IL-6 and

CXCL10. We found that the absence of IL-6 had no detrimental effect on the anti-viral

efficacy by type I IFN within the area proximal to the initial infection. Yet, the absence of

IL-6 did have an impact on HSV-1 pathogenesis negating the efficacious effect of the type I

IFN transgene in enhancing survival of infected mice. In contrast to the results with IL-6,

neutralization of CXCL10 enhanced the survival of HSV-1-infected mice. In addition,

suppressing CXCL10 expression was found to facilitate a transient increase in viral

replication in the cornea. Correlating with the suppression of CXCL10 expression was a

reduction in ocular inflammation with lower levels of additional chemokines including

CCL2, CCL3, and CCL5. Based on these observations, we propose CXCL10 to be a sentinel
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chemokine within the cornea that upon up-regulation leads to the induction of other

chemokines secreted by cells proximal to the infection or via cells infiltrating the inflamed

site (Fig. 5). It is the combination of local chemokine expression and recruitment of

leukocytes that ultimately clears the virus, a process that may be modified by type I IFN

enhancement of CXCL10 expression. Nevertheless, the relationship between the anti-viral

effects elicited by the IFN-α1 transgene and CXCL10 have not been firmly established.

IFN-α induction of CXCL10 appears to be at the level of dendritic cells and monocytes

(38,39) both of which are reportedly found in the anterior segment of the eye (40,41).

Therefore, is the expression of CXCL10 localized to these cells or are additional cells

involved? During ocular infection with HSV-1, which infiltrating cells express the receptor

for CXCR3 (receptor for CXCL10) and when do they begin to populate the stroma? Does

the absence of CXCL10 modify the development of TH1 cells during ocular HSV-1

infection? How does neutralizing CXCL10 change the trafficking of leukocytes from the

regional lymph nodes to the site of infection as it progresses from the eye to the nervous

system? These and other questions are tantamount to understanding the predicted central

role of CXCL10 in ocular inflammation as a result of infection with or without IFN-α1

transfection.
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Figure 1. HSV-1 infection of the eye
Panel A: Structure of the eye illustrating the major features, 40X. Panel B:

Immunohistochemical staining of HSV-1 antigen of a corneal section (left panel, mag. at

200X) or the retina whole mount (right panel, mag at 40X) day 5–7 post infection. Viral

antigen appears red (left panel) or green (right panel).
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Figure 2. HSV-1 titer in the tear film at times post infection
Wild type (C57BL/6, WT) and IL-6 deficient (IL6 KO) mice (n=10/group) were transfected

with plasmid vector alone (Vect, 100 μg/eye) or plasmid containing the IFN-α1 transgene

(IFN-a1, 100 μg/eye) and infected with HSV-1 (1000 plaque forming units/eye, strain

McKrae) 24 hr post transfection. At the time indicated immediately before (day 0) or after

infection (day 1–7), mouse eyes were swabbed, and the swab was placed in media. The viral

content within the media was determined by plaque assay using Vero cells. *p<.05

comparing the IFN-α1 transgene wild type (WT) or IL-6 deficient (IL6 KO) transfected

groups to the control vector (Vect) transfected or non-transfected, vehicle (Veh)-treated

group as determined by ANOVA and Tukey’s post hoc t-test.
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Figure 3. IL-6 is required for anti-viral efficacy against ocular HSV-1 following IFN-α1
transgene transfection
Wild type (C57BL/6, WT) and IL-6 deficient mice (IL6 KO) (n=15–20/group) were

transfected with plasmid vector alone (Vect, 100 μg/eye) or plasmid containing the IFN-α1

transgene (IFN-a1, 100 μg/eye) and infected with HSV-1 (1000 plaque forming units/eye,

strain McKrae) 24 hr post transfection. The mice were monitored for survival out to the

establishment of latency, day 30 post infection. The results are shown as percent survival.

*p<.02 comparing the WT + IFN-α1 group to all other groups as determined by the Mann-

Whitney rank order test.
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Figure 4. Anti-CXCL10 antibody treatment of HSV-1-infected mice prolongs survival
ICR mice (n=30/group) were infected with HSV-1 (300 pfu/eye) and inoculated with 100 μg

of anti-CXCL10 IgG (open square) or control IgG (black square) at time 0 and 2 and 5 days

post infection. Mice were then recorded for survival. *, p<.05 comparing the control to the

anti-CXCL10-treated, HSV-1-infected mice as determined by the Mann-Whitney U test.

This figure is a summary of 6 experiments with 5 mice/group/experiment.
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Figure 5. Proposed scenario in the initiation of corneal inflammation following ocular HSV-1
infection
Following infection of the cornea with HSV-1, local cells (could include Langerhan’s cells

and dendritic cells or macrophages peripheral to the central cornea) increase expression of

CXCL10. Either by direct or indirect means, CXCL10 promotes the expression of additional

chemokines including MIP-1α and RANTES (it is our hypothesis that recruiting PMNs and

macrophages greatly enhances the production of these chemokines). Collectively, the

expression of these chemokines recruit leukocytes (initially NK cells and PMNs) into the

site of infection. Central to this proposed model is the expression of MIP-1α (initially) by

CXCL10 as it elicits the infiltration of PMNs. However, subsequent infiltration of T cells

and NK cells and macrophages will be influenced by RANTES and CXCL10. In the absence

of CXCL10, a reduced level of MIP-1α is produced significantly reducing the initial

infiltration. In the figure, the thin arrow depicts the chemical gradient of chemokines as

chemoattractants for leukocytes from the bloodstream.
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Table I

Chemokine family and Target Cell(s)

Name Family of Chemokine Target cell(s)

CXCL1 CXC Neutrophils

CXCL10 CXC Neutrophils, activated T cells and NK cells

CXCL3 CXC Neutrophils, endothelial cells

CCL3 CC Monocytes, T cells, NK cells, dendritic cells

CCL4 CC Monocytes, T cells, NK cells, dendritic cells

CCL2 CC Monocytes, memory T cells, basophils, NK cells

CCL5 CC Memory T cells, eosinophils, basophils, NK cells, dendritic cells

Although only a representative list, these chemokines are expressed in the cornea following ocular HSV-1 infection (20).
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