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Abstract

Herpes simplex virus type 1 (HSV-1) infection of the cornea induces VEGF-A-dependent
lymphangiogenesis that continues to develop well beyond the resolution of infection.
Inflammatory leukocytes infiltrate the cornea and have been implicated to be essential for corneal
neovascularization, an important clinically relevant manifestation of stromal keratitis. Here, we
report that cornea infiltrating leukocytes including neutrophils and T cells do not have a significant
role in corneal neovascularization past virus clearance. Antibody mediated depletion of these cells
did not impact lymphatic or blood vessel genesis. Multiple pro-angiogenic factors including I1L-6,
angiopoietin-2, HGF, FGF-2, VEGF-A, and MMP-9 were expressed within the cornea following
virus clearance. A single bolus of dexamethasone (DEX) at day 10 pi resulted in suppression of
blood vessel genesis and regression of lymphatic vessels at day 21 pi compared to control-treated
mice. Whereas IL-6 neutralization had a modest impact on hemangiogenesis (day 14-21 pi) and
lymphangiogenesis (day 21 pi) in a time-dependent fashion, neutralization of FGF-2 had a more
pronounced effect on the suppression of neovascularization (blood and lymphatic vessels) in a
time-dependent, leukocyte-independent manner. Furthermore, FGF-2 neutralization suppressed the
expression of all pro-angiogenic factors measured and preserved visual acuity.

INTRODUCTION

The cornea is an immune privileged tissue and its transparency is critical for optimal visual
acuity. The avascular nature of the cornea otherwise known as angiogenic privilege further
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corroborates its immune privilege status.! It is a well-accepted concept that a fine balance
between the activity of angiogenic and anti-angiogenic factors in the cornea are critical in
maintaining its avascularity.1=3 Several studies indicate the presence of the blood-ocular
barrier, low MHC-class I-expressing cells, immature antigen presenting cells (APCs), CD95
ligand expression on endothelial and epithelial cells, immunosuppressive microenvironment
of the anterior chamber, and lack of lymphatic vessels in the cornea all play a co-operative
role in minimizing immune responses to antigens the cornea encounters on a daily basis.1#°

Angiogenic privilege of the cornea can be lost as a result of trauma, injury, or infection.
While the first-line treatment for corneal neovascularization is topical administration of
steroid or non-steroid anti-inflammatory drugs, unwarranted side effects can occur
especially following long-term application.3 Corneal transplantation is often undertaken to
maintain continuity of visual acuity. Despite the 5 years-graft success rate of 70 percent for
corneal transplant, infection-related complications account for about 30 percent of the failed
transplant cases. Herpes simplex virus type 1 (HSV-1) infection of the cornea is one of the
main causes of such transplant related complications.6 As such, HSV-1 is the leading cause
of infectious corneal blindness in the developed world with seroconversion of at least 60
percent of the world population”.

HSV-1 infection of the mouse cornea has been shown to induce hemangiogenesis and
lymphangiogenesis.® Inflammatory lymphangiogenesis requires vascular endothelial growth
factor (VEGF)-C production and involvement of CD11b—positive macrophages.210
However, HSV-1-induced corneal lymphangiogenesis does not require VEGF-C, VEGF
receptor 3 (VEGFR3), or infiltrating macrophages.8 Rather, it is dependent on VEGF-A
production by infected epithelial cells that act via VEGFR2.8 VEGF-A is driven by the
HSV-1 immediate-early gene product, infected cell protein 4 (ICP4), that binds to GC-
enriched sites within the VEGF-A promoter.}1 One exception has been noted in a transgenic
CD8* T cell receptor (gBT-1.1) model of HSV-1-induced ocular lymphangiogenesis. In that
model, it was noted the CD8* T cells were a significant source of VEGF-A and VEGF-C
and furthermore, VEGF-C neutralization severely reduced lymphatic growth in the corneas
of HSV-1 infected gBT-1.1 transgenic mice.12 Although the gBT-1.1 mouse model is
unusual, it nevertheless underscores the likelihood of additional sources of pro-angiogenic
factors driving lymphatic vessel growth under unique pathological conditions.

While the observations described above occur during acute infection, a conundrum exists in
which neovascularization including lymphangiogenesis continues to develop well past the
clearance of the virus.8 Another lab has described the contribution of pro-inflammatory
cytokines, matrix metalloproteinase 9 (MMP9), and infiltrating neutrophils in HSV-1-
induced corneal neovascularization.13-15 However, the relative contribution of infiltrating
leukocytes including neutrophils in corneal lymphangiogenesis following virus resolution
has not been described.

Here, we report neutrophils are dispensable for the development and maintenance of blood
and lymphatic vessels in the cornea following the clearance of HSV-1. Specifically, a single
bolus of dexamethasone at the time of virus clearance had a profound impact on the
suppression of neovascularization that was associated with an impressive reduction in the
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expression of multiple pro-angiogenic factors but not neutrophil infiltration. Among the pro-
angiogenic factors impacted by dexamethasone at times post infection (pi), we identified
fibroblast growth factor-2 (FGF-2) as the leading candidate. Neutralization of FGF-2
blocked corneal neovascularization associated with a loss of pro-angiogenic factors but not
MMP9 or neutrophil infiltration. Anti-FGF-2 antibody treatment was also found to partially
preserve visual acuity in HSV-1-infected mice but had no effect on corneal sensitivity.
Collectively, the results suggest FGF-2 is a critical factor in the long-term maintenance of
newly acquired corneal blood and lymphatic vessels in response to HSV-1 infection.
Targeting FGF-2 may be an additional adjunct therapy to currently prescribed intervention to
preserve the visual axis as it relates to HSV-1 infection.

Dynamics of HSV-1-induced corneal lymphangiogenesis that persists well beyond virus

resolution

HSV-1 infection of murine cornea induces VEGF-A-dependent lymphangiogenesis that
persists well beyond the clearance of the virus from the cornea.® In order to determine the
dynamics of corneal lymphangiogenesis following virus clearance from the cornea, a time
course analysis of lymph-and hem-angiogenesis was undertaken. We found a pattern of
continuous development up to day 21 pi and then maintenance of lymph-and hem-
angiogenesis in the cornea up to day 30 pi (Figure 1A-C). Blood and lymphatic vessels
continue to grow and persist after the clearance of virus from the cornea up to at least day
120 pi (unpublished observation).

Neutrophils do not contribute to HSV-1-induced corneal neovascularization

Following HSV-1 infection of the cornea, inflammatory cells including neutrophils,
monocytes, macrophages, and T cells infiltrate the central cornea.16-18 These cells are a
tremendous source of growth factors and cytokines that can induce angiogenesis. In
particular, there is precedence in the literature that suggests the role for infiltrating
neutrophils in HSV-1-induced corneal hemangiogenesis.3 In order to test the hypothesis
that infiltrating neutrophils also induce lymphangiogenesis following HSV-1 infection, we
performed a time course experiment to determine the dynamics of infiltrating leukocytes
along with antibody-mediated depletion of neutrophils on corneal lymphangiogenesis. Flow
cytometric analysis of corneas revealed a progressive infiltration of leukocytes including
neutrophils, inflammatory monocytes, macrophages, CD4* T cells, CD8* T cells, and
natural killer (NK) cells (Figure 2A). The peak infiltration of all leukocyte populations with
the exception of macrophages occurred at day 14 pi, and remained elevated at day 30 pi
(Figure 2A). By comparison, the infiltration of macrophages peaked at day 10 pi (Figure
2A). Further analysis of infiltrating cell localization within the cornea using 3-dimensional
(3D) deconvolution of Z-stacked corneas showed predominant extravascular/posterior
stroma localization (Figure 2B and Supplementary Videol.mov). We next evaluated the
contribution of neutrophils to the development of lymphatic vessels using anti-Ly6G
monoclonal antibody to target neutrophils. Although anti-Ly6G antibody-treated mice
exhibited a selective depletion of neutrophils in the circulation, it did not induce any
appreciable depletion of infiltrating neutrophils in the cornea and was dropped from further
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consideration (data not shown). Consequently, we employed anti-Gr-1 monoclonal antibody
that has a broader coverage to deplete infiltrating neutrophils post HSV-1 infection. Anti-
Gr-1 antibody-treated mice not only exhibited a profound depletion of circulating
neutrophils but also a significant loss of peripheral NK cells and CD3* T cells (Figure 3A
and B). The antibody also induced a remarkable depletion of infiltrating neutrophils and T
cells but not NK cells or monocytes/macrophages in the cornea at day 14 pi (Figure 3C and
D). However, the depletion of infiltrating neutrophils did not appear to have any appreciable
effect on corneal lymph-and hemangiogenesis at this time point (Figure 3 E-G). We
interpret these results to suggest infiltrating leukocytes including neutrophils and T cells
following HSV-1 clearance do not have a significant role in the progressive development and
maintenance of corneal neovascularization.

Expression of pro-angiogenic factors in the cornea after virus clearance

Next, we performed time course experiments to probe for gene expression of several pro-
angiogenic factors including IL1-B, IL-6, MMP-9, VEGF-A, PROX-1, VEGF-C, MMP-2,
ANGPT-2, IL-17F, LT-a, CCL21-a, TNF-a, PDGF-B, HGF, FGF-2, NOTCHL1, IGF-2, LT-
B, and ANGPT-1.19-21 |LL1-B gene expression was significantly elevated at day 14 pi (Figure
4A and D) as was VEGF-A, PROX-1 (Figure 4B and D), LT-B, and TNF-a (Figure 4C and
D). The latter group expression peaked at day 10 pi. Amongst the pro-angiogenic factors
assayed for expression at the protein level, IL-6, Ang-2, FGF-2, HGF, VEGF-A, and MMP-9
were all elevated at times pi (Figure 4E-J). Specifically, the expression of these factors
peaked at day 14 pi with the exception of FGF-2 that peaked at day 21 pi (Figure 4G).
MMP-9 expression peaked at day 10 pi and remained elevated through day 21 pi (Figure 4J).
However, the expression of all of the pro-angiogenic factors tapered off by day 30 pi to
levels similar to those found in uninfected controls (Figure 4E-J). VEGF-C, TNF-a, and
IL-1pB protein levels were also evaluated but the expression was inconsistently detected and
statistically not above uninfected controls (data not shown). We interpret these results to
suggest that the expression of some or all of these pro-angiogenic factors promotes the
continued genesis and maintenance of blood and lymphatic vessels in the cornea following
virus clearance.

Dexamethasone suppresses HSV-1-induced corneal neovascularization in a time-
dependent manner

Previous results have reported the anti-angiogenic effects of dexamethasone (DEX) on
corneal neovascularization in response to trauma.22:23 Therefore, DEX was investigated for
global anti-inflammatory effects including neovascularization in the cornea in response to
HSV-1 infection. To circumvent the potent immunosuppressive effects of DEX during acute
HSV-1 infection that would likely result in the death of treated mice and begin to address the
factors/cells that contribute to corneal angiogenesis following viral clearance, DEX
treatment was initiated at the time of virus resolution from the cornea. A single bolus of
DEX administered at day 10 pi was found to significantly suppress further development of
blood but not lymphatic vessels day 14 pi (Figure 5A-C). Multiplex suspension array on the
corneas at day 14 pi revealed a significant drop in IL-6, Ang-2, HGF, and VEGF-A, but not
FGF-2 and MMP-9 protein levels (Figure 5D). When the experiment was extended to day 21
pi following a single bolus of DEX at day 10 pi, there was a remarkable regression of blood
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and lymphatic vessels down to levels observed in uninfected controls (Figure 5E-G).
Strikingly, the analysis of pro-angiogenic factor expression in the cornea at day 21 pi
revealed a profound suppression of HGF and VEGFA as well as MMP-9 and FGF-2 in
response to DEX treatment (Figure 5H). Notably, although DEX induced a significant down
regulation of MMP-9 expression, the expression of this enzyme was still significantly above
the level in uninfected corneas (Figure 5H). Furthermore, it was of interest to note DEX
treatment did not alter the total number of infiltrating leukocytes residing in the cornea
despite a loss in vessel genesis (Figure 5I).

Since a previous study suggested a role for MMP9 in HSV-1-induced corneal
hemangiogenesis'# and DEX-induced suppression of neovascularization (Figure 5A & 5E)
correlated with a significant loss in MMP9 expression (Fig. 5H), we investigated the
contribution of MMP9 in HSV-1-induced lymphangiogenesis. The results show MMP-9
deficient corneas exhibited no appreciable difference in lymph- or hem-angiogenesis
compared to infected wild type mice when assessed at day 14 pi (Figure 6A-C). We
interpret the results to suggest MMP9 alone does not contribute to HSV-1-induced corneal
neovascularization during acute or latent infection but rather, other pro-angiogenic cytokines
may contribute to the progression and maintenance of the corneal vessels in response to
virus.

IL-6 neutralization blocks progression of HSV-1-induced blood and lymphatic vessels in
the infected cornea

IL-6 has previously been reported to induce VEGF through a synergistic effect between 5'-
UTR elements located upstream of the transcription initiation site.24 As IL-6 is produced by
corneal epithelial cells during HSV-1 infection,2® contributes to HSV-1-induced
lymphangiogenesis in the absence of TNF-a.,19 and was suppressed following DEX
treatment (Figure 5D), we hypothesized IL-6 is active driving the progression of corneal
vessel growth into the central cornea or maintenance thereof following viral resolution. To
investigate this idea, HSV-1-infected mice received anti-1L-6 antibody or isotypic control (1
ug) in the conjunctiva at day 8, 10, and 12 pi. Upon evaluation of corneas at day 14 pi, there
was a significant suppression of hemangiogenesis but not lymphangiogenesis (Figure 7A-
C). Analysis of pro-angiogenic factor levels at day 14 pi revealed a selective loss of IL-6
expression without any appreciable effect on levels of other factors measured (Figure 7D).
Extension of the time point to day 21 pi in animals treated with anti-1L-6 or isotypic control
antibody demonstrated a block in the progression of blood and lymphatic vessel growth into
the central cornea but did not resolve the neovascularization (Figure 7E and G). Protein
array analysis of corneas at day 21 pi revealed no appreciable impact on any of the factors
measured in the cornea comparing isotypic control to anti-1L-6 treatment groups (Figure
7H). Overall, temporal neutralization of IL-6 following viral clearance blocks progression of
lymphatic and blood vessels in the cornea but does not contribute to the maintenance of
established vessels. It is likely that other factors or a “master regulator” are (is) responsible
for continuity of newly acquired corneal blood and lymphatic vessels following HSV-1
infection.
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FGF-2 neutralization suppresses HSV-1-induced corneal neovascularization

FGF-2 has previously been shown to drive lymphangiogenesis in the cornea following
exogenous addition.28 Based on the findings described above in that DEX was found to
suppress FGF-2 expression which correlated with resolution of angiogenesis and
lymphangiogenesis by day 21 pi, the role of FGF-2 in HSV-1-induced neovascularization
was investigated. Following the same protocol as that using the neutralizing antibody to
IL-6, anti-FGF-2 antibody-treated mice displayed a significant reduction in lymph-and hem-
angiogenesis when assessed at day 14 in comparison to isotype control antibody-treated
animals (Figure 8A-C). Multiplex suspension array analysis revealed a significant reduction
in the expression of all pro-angiogenic factors measured including IL-6, Ang-2, FGF-2,
HGF, VEGF-A, and MMP-9 (Figure 8D). Suppression of corneal neovascularization
following anti-FGF-2 antibody treatment was sustained at day 21pi (Figure 8E-G).
Concurrently, the levels of IL-6, HGF, VEGF-A, and FGF-2 were suppressed in this groups
as well whereas the expression of Ang-2, and MMP-9 were unchanged in comparison to
isotype-matched antibody-treated mice (Figure 8H). Notably, the elevated expression of
MMP-9 in anti-FGF-2 antibody-treated corneas at this time point further underscores the
finding that MMP-9 is dispensable for HSV-1-induced corneal neovascularization (Figure 6).
Moreover, gelatin zymography assays?’ revealed that the active form of MMP-9 is found
within the corneas of mice treated with anti-FGF-2 antibody at a level comparable to that
found in mice treated with isotype-matched control antibody at day 21 pi (data not shown).
Furthermore, anti-FGF-2 antibody treatment did not appear to have any appreciable impact
on the influx of leukocytes into the cornea as compared to mice that received the isotype-
matched antibody (Figure 81). We interpret these results to suggest that the expression of the
pro-angiogenic factors responsible for the progressive development and maintenance of
corneal neovascularization following HSV-1 clearance is downstream of the FGF-2 receptor
signaling cascade and that infiltrating leukocytes have a minimal direct role to play in this
process.

Mast cells reside in the limbus of the cornea,28 respond to HSV-1 infection,8 and are a
source of FGF-2.29 To interrogate the role of mast cells in corneal nevascularization
following HSV-1 infection, we performed immunohistochemistry of corneal whole mounts
to probe for mast cells and FGF-2 expression at day 14 pi. We found that the mast cells were
predominantly localized in the peripheral/limbal area of the cornea and co-localized with
FGF-2 expression (Supplementary figure 1). Yet, the vast majority of FGF-2 expression
resided with other cells. Specifically, the FGF-2 staining was detected throughout the center
cornea where mast cells were not visible.

FGF-2 neutralization fails to restore corneal sensitivity but partially improves visual acuity

The cornea is the most highly innervated tissue with sensory fibers that penetrate the corneal
epithelium from a sub-basal nerve plexus.3° Maintenance of this network is imperative for
corneal integrity and optimal function.3! Likewise, visual acuity is significantly impacted by
inflammation including neovascularization of the cornea that occurs following HSV-1
infection.32 Since there was a remarkable suppression of HSV-1-induced corneal
neovascularization in mice treated with anti-FGF-2 antibody, functional aspect of visions
were evaluated in these mice including corneal sensitivity and visual acuity. Time course
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experiments revealed partial recovery of visual acuity in mice treated with FGF-2 antibody
in comparison to the isotypic control antibody-treated group 14-21 days pi (Figure 9A).
However, there was no substantial improvement in corneal sensation as measured by the
blink reflex in mice that received anti-FGF-2 antibody treatment compared to those that
received isotype-matched control antibody treatment (Figure 9B).

DISCUSSION

Developmental angiogenesis is a tightly regulated process that primarily depends on the
concentration gradient of chemotactic and pro-angiogenic factors.21:33 By comparison,
inflammatory neovascularization is an unregulated phenomenon associated with the influx
of activated leukocytes that extravasate/transmigrate from within the blood vessels to the
tissue parenchyma. Tissue-infiltrating and resident leukocytes along with non-hematopoietic
resident cells including fibroblasts and mesenchymal cells can all play intricate roles in
angiogenesis.?34 In HSV-1-induced corneal neovascularization, a significant infiltration of
leukocytes was observed after virus clearance from the cornea. The location of the
infiltrating leukocytes past virus resolution revealed a predominant extravascular/posterior-
stroma confinement proximal to newly acquired blood and lymphatic vessels. However, the
leukocytes did not appear to play a significant role in continued vascular genesis in the
cornea. Specifically, depletion studies revealed the progressive development of blood and
lymphatic vessels despite a significant loss of infiltrating immune cells including
neutrophils, inflammatory monocytes, and a sub-population of T cells. In contrast, pro-
angiogenic factors likely produced by resident cells under inflammatory conditions were
found to be significantly elevated following virus clearance. Dexamethasone intervention at
the time of viral clearance resolved corneal lymph-and hemangiogenesis in a time-dependent
fashion, and reduced the expression of several pro-angiogenic factors. Critical to the
expression of these soluble factors and neovascularization was FGF-2 in which
neutralization blocked progressive corneal vascularization and reduced expression of several
of the angiogenic factors including HGF, IL-6, and VEGF-A. These findings are
summarized in Figure 10.

The lack of neutrophil involvement in HSV-1-induced corneal hemangiogenesis is in stark
contrast to a previous study that reported a significant reduction in blood vessel genesis
following the use of anti-Gr1 antibody to deplete neutrophils.13 While we cannot readily
rectify the differences between the two studies, the previous study employed a slit-lamp
biomicroscope to score angiogenesis which does not capitalize on the more precise and
quantifiable method of assessing vessel growth in a normally avascular tissue such as the
cornea by confocal microscopy as conducted in the present study. In the present study, anti-
Gr-1 antibody treatment did not deplete monocytes/macrophages or NK cells in the cornea
such that these cells could contribute to corneal neovascularization. However, in terms of
lymphangiogenesis, hematopoietic-derived cells have not been found to contribute to
HSV-1-induced corneal lymphangiogenesis during acute infection.® In addition, DEX
treatment or utilization of neutralizing antibody against FGF-2 blocked progressive corneal
neovasculariztion without impacting leukocyte infiltration including monocytes/
macrophages and NK cells to further underscore the lack of direct leukocyte contribution to
HSV-1-induced corneal neovascularization.
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Retention of newly formed vessels in tissue requires continued availability of pro-angiogenic
factors. Although it is not clear why several pro-angiogenic factors are expressed within the
cornea after viral clearance, persistence of small amounts of HSV-1 antigen/DNA within the
corneal resident cells may activate innate sensors that drive pro-inflammatory cytokine
expression.3%:36 Mechanosensory stimuli may also elicit activation of innate immune
signaling cascades as emilin-1, an anchoring filaments expressed on endothelial cells,
anchors newly formed vessels within tissue parenchyma.3’

MAP kinase and NF-xB pathways are the predominant source of pro-angiogenic factors, and
DEX potently inhibits these signaling cascades.38 The time-dependent suppression and
regression of blood and lymphatic vessels by DEX intervention correlates with differential
effects on the expression of pro-angiogenic factors. For example, FGF-2 and MMP-9 levels
were not impacted by DEX at day 14 pi but DEX treatment did block IL-6, Ang-2, HGF, and
VEGF-A. This selective effect on angiogenic factors at this time point coincided with a loss
in hemangiogenesis but no apparent effect on lymphangiogenesis consistent with the idea
that lymphangiogenesis can occur in the absence of hemangiogenesis.2%:39 By comparison,
at day 21 pi, the lymphatic vessels regressed to baseline levels following DEX treatment
with a significant inhibition of FGF-2 and MMP-9 protein expression. MMP-9 is a protease
that degrades the extracellular matrix, promotes angiogenesis, and has previously been
reported to facilitate HSV-1-induced corneal hemangiogenesis.14 However, in the present
study, no appreciable differences were observed in lymph-and hemangiogenesis comparing
WT to MMP9 deficient mice. Besides the differences in the use of different strains of mice,
virus, and the inoculum, we attribute such contrary results to the variation in the technique
used to quantify the neovessels in the entire cornea. Lee et al used a biomicroscopic method
to score hemangiogenesis which may be subjective and may not be as accurate as laser-
scanning confocal microscope analysis of Z-stacked corneal whole mounts used in this
study.

IL-6 induces VEGF-A expression via the JAK/STAT pathway.24 However, VEGF-A
repression was not observed following IL-6 neutralization suggesting a compensatory
mechanism of VEGF-A production. Neutralization of IL-6 did not impact any other pro-
angiogenic factors measured despite exerting suppressive effects on growth progession of
newly acquired corneal vessels. Such observation indicates direct effect of IL-6 on
endothelial cells, which is consistent with other studies.#0:41

FGF-2 is a potent heparin-binding growth factor that not only induces angiogenesis, but also
stimulates mitogenic, proliferative, and migratory effects on various cell types.*2 It controls
the expression of many different cytokines including IL-6,43 VEGF-A,*2 HGF,44 MMP-9,4°
and angiopoietin-246 Thus, FGF-2 may serve as a master regulator for other pro-angiogenic
and -lymphangiogenic factors expressed during HSV-1 infection consistent with the results
observed in the present study. Although leukocytes produce FGF-2 during
inflammation,2%47 they are most likely not the primary source of FGF-2, as depletion of the
infiltrating leukocytes did not affect corneal neovascularization in this study. Such
observation would indicate that the major sources of FGF-2 within the cornea after virus
clearance are either the resident cells including fibroblasts, epithelium, keratocytes, and
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endothelium or the newly formed blood or lymphatic endothelial cells that encroach on the
central cornea.

The impact of FGF-2 neutralization on HSV-1-induced corneal neovascularization was
profound and correlated with improved visual outcome. Yet, corneal sensation was not
rescued with the treatment. As FGF-2 is a potent factor involved in neurogenesis,*8 it is
conceivable the down regulation of this factor negatively influences functional nerve
regeneration. Consequently, even though FGF-2 neutralization as an adjunct therapy for
HSV-1-induced neovascularization may be appealing, concomitant means to prevent nerve
degeneration are critical. Collectively, the overall outcome of the present study highlights the
central role for FGF-2 in the progression and maintenance of newly acquired blood and
lymphatic vessels in the cornea of HSV-1-infected mice in the absence of infectious virions.

METHODS

Mice and infection

Six to eight week old male and female C57BL6/J and MMP-9 knockout mice were
purchased from the Jackson Laboratory. The mice were anaesthetized with xylazine
(6.6mg/kg) and ketamine (100mg/kg) prior to infection. Both corneas in each mouse were
briefly scarified with a 27-gauge needle, tear film blotted, and 500 plaque forming units
(PFU) of HSV-1 (strain McKrae) in 3 pl of sterile PBS was inoculated on to the cornea.
Animal protocols were approved by the University of Oklahoma Health Sciences Center’s
institutional animal care and use committee (IACUC). All animals were handled with care
according to the guidelines of American Association for Laboratory Animal Science
(AALAS).

Immunohistochemistry and confocal microscopy

Corneas were excised after cardiac perfusion with cold PBS of deeply anesthetized mice.
The corneas were fixed in 4% paraformaldehyde (PFA) for 30 min at 4° C followed by three
15 min washes with 1% PBS in 1% Triton X-100 (Sigma) at room temperature (RT). The
corneas were blocked with 10% normal donkey serum overnight at 4° C. For primary
staining, the corneas were incubated overnight with a cocktail of rabbit anti-mouse LYVE-1
(Abcam), armenian hamster anti-mouse CD31 (Millipore), and rat anti-mouse CD45 (BD
Pharmingen) in 0.1% PBS in 0.1% Trition X-100. For secondary staining, the corneas were
incubated overnight with a cocktail of donkey anti-rabbit 488, goat anti-hamster TRITC, and
goat anti-rat alexa flour 647 (all from Jackson Immunoresearch) in 0.1% PBS in 0.1%
Trition X-100. The corneas were washed 5X, 30 min per wash in 0.1% PBS in 0.1% Trition
X-100 at RT, and mounted on a glass slide after making radial cuts. For mast cell and FGF-2
co-staining, rabbit anti-mouse FGF-2 (Abcam) was used as primary antibody followed by an
overnight incubation in a cocktail of donkey anti-rabbit TRITC (Jackson Immunoresearch)
and FITC-conjugated Avidin (Biolegend). The corneas were then imaged with a laser-
scanning confocal microscope, 1X-81, FV500 (Olympus).
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Flow cytometry

Mice were euthanized at indicated times pi and tissues were harvested. Corneas were
digested in RPMI 1640 containing 10% fetal bovine serum (FBS), 1% antibiotic/antimicotic,
and gentamicin at 37° C as previously described.28 MLN were dissociated with a 3 ml
syringe-plunger head in the presence of media. Cell suspensions were passed through a 40-
micron filter before staining. Single cell suspensions were labeled with the following
fluorochrome-conjugated monoclonal antibodies: rat anti-mouse CD45 efluor 450, rat anti-
mouse CD3e FITC, rat anti-mouse CD4 APC, rat anti-mouse CD8 PE, rat anti-mouse CD3e
PE-Cy7, rat anti-mouse NK1.1 FITC, rat anti-mouse CD11b APC, rat anti-mouse Ly6G
FITC, rat anti-mouse Ly6C FITC (all from eBioscience), and rat anti-mouse F4/80 APC
(Abcam). Labeled cells were washed in 1% BSA in PBS and analyzed using a MACS Quant
flow cytometer (Miltenybiotec).

Neutrophil depletion

Mice were administered intraperitoneal (ip) injections of 0.5 mg anti-Gr-1 or 1gG2b isotype
control (both from Bio X Cell) in 100 pl PBS at days 7, 9, 11, and 13 pi. At day 14 pi, whole
blood was collected from the mice via facial vein using an 18-gauge needle, and the mice
were anaesthetized and perfused with PBS via cardiac puncture. The whole blood underwent
red blood cell (RBC) lysis before cell surface labeling for flow cytometry to confirm
neutrophil depletion.

Three-dimensional deconvolution

Z-stacked images of the whole mount corneas were acquired using a laser-scanning confocal
microscope, 1X-81, FV500 (Olympus) with a step size of 1 um and numerical aperture of
1.25 at a magnification of 400x. The images were processed to create three-dimensional
deconvolution using IMARIS software (Bitplane).

Gene and protein analysis

For gene array, corneas were processed using a magnetic bead-based Quantigene 2.0
multiplex kit (Affymetrix). Briefly, samples were lysed to extract RNA and incubated with
specific target probes overnight. Signals were amplified with a hybridization technique, and
detected using a luminex instrument (Biorad) after adding streptavidin with phycoerythrin as
a substrate. For protein array, tissues were homogenized with a Tissuemiser (Fisher
Scientific) in Tissue Protein Extraction Reagent (T-PER, Fisher Scientific) in the presence of
1x Calbiochem protease inhibitor cocktail set I (Millipore). Homogenates were centrifuged
in a microcentrifuge at 10,000xg for 90 sec at 4° C, and the supernatants were evaluated for
analyte content by multiplex (Millipore) or ELISA (R&D) assays.

Dexamethasone and antibody treatment

Mice were given a single bolus of dexamethasone (Sigma) by ip injection at the
concentration of 10 mg/kg or equivalent amount of vehicle (10% DMSO in PBS) at day 10
pi. Neutralizing monoclonal antibodies including 1pg of anti-1L-6 (Biolegend; clone
MP5-20F3) or rat 1IgG1, « isotype control (Biolegend; clone RTK2071) in 10 ul PBS, and
5ug of anti-FGF-2 (Millipore; clone bFM-1) or mouse 1gG1, « isotype control (Biolegend,;
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clone MOPC-21) in10 pl PBS were administered to mice by subconjunctival injection at
days 8, 10, and 12 pi.

Functional vision measurement

Visual acuity was assessed by measuring the opto-kinetic tracking response provided by
optomotry (CerebralMechanics Inc.) as previously described.*® Briefly, each animal was
placed on an elevated platform in a chamber surrounded by computer monitors and a camera
above the animal. Visual stimulus including sine wave grating at 100% contrast in 3D space
that rotated 360° in both directions around the subject was generated by computer. As the
gratings moved in clockwise or counterclockwise direction, the spatial frequency of the
gratings was increased using a simple staircase method until no apparent head-tracking
movement was observed. The highest spatial frequency at which the reflexive movements
were observed was recorded as the threshold, i.e., cycles/degree (c/°). In this study, the
minimum grating frequency tracked by the mice was 0.003 ¢/? (essentially blind) and the
maximum value was always below 0.5 c/. The reflexive movements of the head and neck
were recorded by a masked observer to decode the values. Corneal sensitivity was measured
using a Cochet-Bonnet esthesiometer as previously described.?9 Briefly, the non-
anaesthetized mice were presented with a monofilament in the esthesiometer with lengths
ranging from 6.0 cm to 0.5 cm in order to observe a blink response. The length of the
filament at which the blink response was observed was recorded for each eye. No blink
response at 0.5 cm length of the filament was recorded as 0.

Statistics

Data from the time-course experiments comparing the mean + SEM at each time-point to the
uninfected sample were analyzed by one-way ANOVA followed by Dunnett’s multiple
comparisons test. Data comparing three groups at a given time point were analyzed by one-
way ANOVA followed by Tukey’s multiple comparisons test and groups of two were
analyzed by Student’s t test. Data containing repeated measures at each time point
(esthisiometry and OKT) were analyzed by two-way ANOVA followed by Dunnett’s
multiple comparisons test against the uninfected groups. Finally, two groups at each time
point in time-course experiments were analyzed by multiple t tests and statistical
significance was determined using Holm-Sidak method. All data were presented as mean +
SEM and analyzed using Prism software (GraphPad 6.0) and ComplexHeatmap package
(Bioconductor version 3.3) available for R programming tool.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Progressive development and maintenance of HSV-1-induced corneal

neovascularization post virus clearance

Mice were inoculated with HSV-1 onto the scarified corneas, and at indicated days post

infection (pi) the corneas were harvested, stained, and mounted

en face on slides for image

capture and analysis. (A) Representative images of the corneas with lymphatic (green) and
blood (red) vessels at indicated days pi. Each image represents a Z-stacked quadrant of a
cornea. White dotted lines demarcate the limbal region from the cornea proper. Bar, 200 pm.
(B) Metamorph quantification of the corneal area containing lymphatic vessels. (C)

Metamorph quantification of the corneal area containing blood

vessels. Data represent

summary of mean £ SEM of two independent experiments with 7= 10-12 corneas per time
point. ** p<0.01, ***p<0.001, ****p<0.0001 comparing infected mice to uninfected (Ul)
control animals as determined by one-way ANOVA followed by Dunnett’s multiple

comparisons test.
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Figure 2. Leukocytesinfiltrate the cornea beyond the resolution of HSV-1 infection
Mice were inoculated with HSV-1 and the corneas were excised at the indicated times pi.

(A) Flow cytometric analysis results of Gr1+F4/80— (neutrophils), Gr1+F4/80+
(inflammatory monocytes), Gr1-F4/80+ (macrophages), CD3*CD4" T cells, CD3*CD8* T
cells, and NK1.1*CD3™ (natural killer, NK) cells are included. (B) Representative Z-stacked
3D still images of a highly vascularized cornea from a day 30 post infected mouse indicating
lymphatic vessels (green), blood vessels (red), and CD45+ leukocytes (blue). Each image is
a snapshot of a 3D cornea as it rotates clockwise showing endothelium (Endo), stroma (St),
and epithelium (Epi). Bars, 50 um. Results indicate summary of mean + SEM of two
independent experiments with /7= 8-10 mice per time point. * p<0.1, ** p<0.01,
***n<0.001, ****p<0.0001 comparing infected mice to uninfected (UI) control animals as
determined by one way ANOVA and Dunnett’s multiple comparisons test.
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Figure 3. Anti-Gr1 antibody depletes neutrophilsin the cornea but does not have an appreciable
impact on corneal neovascularization

(A) Representative flow cytometry plots indicating myeloid cells, CD3+NK1.1- T cells, and
NK cells in the blood at day 14 pi comparing isotype control antibody-treated mice to Grl-
depleting antibody-treated animals. Myeloid cells were gated on CD45+CD3-CD11b+
population. (B) Quantification of leukocytes in the blood at day 14 pi following antibody
administration. (C) Representative flow cytometric plots indicating myeloid cells, NK cells,
and T cells at day 14 pi comparing isotype control antibody-treated mice to anti-Grl
antibody-treated mice. (D) Quantification of infiltrating leukocytes in the cornea at day 14 pi
post antibody treatment. (E) Representative images of Z-tacked corneas at day 14 pi
comparing isotype control antibody-treated mice to anti-Grl antibody-treated animals. (F
and G) Metamorph quantification of corneal area containing lymphatic (green) and blood
(red) vessels per 100X field of view. Bar, 200 pm. Data represent summary of mean = SEM
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of two independent experiments with /7= 5-8 mice (A and B), 7= 5-6 mice (C-G). *
p<0.05, ** p<0.01, ***p<0.001, as determined by Student’s ftest.
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Figure 4. Gene and protein expression of pro-angiogenic factorsare elevated in the cornea

following virus clearance

Mice were infected with HSV-1 and corneas were harvested at the indicated times pi to for
gene and protein expression analysis. Gene expression is categorized as (A) high relative
expression, (B) medium relative expression, and (C) low relative expression in the corneas at
times pi. (D) Heatmap clustering/analysis of pro-angiogenic gene expression at times pi. (E)
Protein levels of interleukin-6 (IL-6), (F) angiopoietin-2 (Ang-2), (G) fibroblast growth
factor-2 (FGF-2), (H) hepatocyte growth factor (HGF), (1) VEGF-A, and (J) matrix
metalloproteinase-9 (MMP-9) in time-course experiments. Data represent summary of mean
+ SEM of 2-3 independent experiments with /7= 5-9 mice per time point. * p<0.1, **
p<0.01, *** p<0.001, ****p<0.0001 comparing infected mice to uninfected (UI) control
animals as determined by one-way ANOVA followed by Dunnett’s multiple comparisons

test.
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Figure 5. Dexamethasone suppresses HSV-1-induced corneal neovascularization in atime-
dependent manner
A single bolus of vehicle or dexamethasone (DEX, 10 mg/kg) was given by intraperitoneal

injection (ip) at day 10 pi. (A) Representative Z-stacked corneal images depicting lymphatic
(green) and blood (red) vessels at day 14 pi comparing vehicle (VEH) to DEX-treated mice.
Metamorph quantification of corneal area covered by (B) LYVE-1* lymphatic vessels, and
(C) CD31" blood vessels per 100X field of view. Bar, 200 ym. (D) Protein expression of
pro-angiogenic factors at day 14 pi comparing VEH- to DEX-treated mice. (E)
Representative Z-stacked corneal images depicting lymphatic (green) and blood (red)
vessels at day 21 pi comparing VEH- to DEX-treated mice. Metamorph quantification of
corneal area covered by (F) LYVE-1* lymphatic vessels, and (G) CD31* blood vessels per
100X field of view. Bar, 200 pm. (H) Protein expression of pro-angiogenic factors at day 21
pi comparing VEH- to DEX-treated mice. (1) Leukocyte content in the cornea at day 21 pi
indicating (from left to right) neutrophils, macrophages, inflammatory monocytes, CD4* T
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cells, CD8* T cells, and NK cells. Data represent the summary of mean + SEM of two
independent experiments (A-C and E-G) with /7= 10 corneas, three independent
experiments (D and H) with 7= 6-12 mice, two independent experiments (1) and /7= 5-9
mice (H). ** p<0.01, ****p<0.0001 (A—C and E-G) as determined by Student’s ftest. *
p<0.1, **p<0.01, ***p<0.001, ****p<0.0001 (D and H) as determined by one-way ANOVA
followed by Tukey’s multiple comparisons test.
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Figure 6. Matrix metalloproteinase-9 (MM P-9) is dispensable for HSV-1-induced corneal
neovascularization

Wild type (WT) C57BL/6 and MMP9 deficient (MMP-97/7) mice were infected with HSV-1
and euthanized at day 14 pi to excise corneas for whole mount immunostaining of LYVE-1
and CD31. (A) Representative images of Z-stacked corneal whole mount indicating
lymphatic (green) and blood (red) vessels. White dotted lines demarcate the corneolimbal
region. Bar, 200 um. Morphometric quantification of (B) LYVE-1+ lymphatic vessels, and
(C) CD31+ blood vessels comparing WT to MMP ™/~ corneas. Data represents the summary
of the mean = SEM of two independent experiments with 8 corneas per group. Data were
analyzed for significance (p<.05) by Student’s #test.
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Figure 7. IL-6 neutralization blocks progression but does not induce regression of newly
acquired lymphatic and blood vessels

Mice were infected and neutralizing antibody against IL-6 or isotype control antibody (1pg/
10ul PBS) were injected subjconjunctivally at days 8, 10, and 12 pi. (A) Representative Z-
stacked corneal images depicting lymphatic (green) and blood (red) vessels at day 14 pi
comparing isotype control antibody (1gG) to anti-I1L-6 antibody-treated mice. Metamorph
quantification of corneal area containing (B) LYVE-1* lymphatic vessels, and (C) CD31*
blood vessels per 100X field of view. (D) Protein expression of pro-angiogenic factors at day
14 pi comparing isotypic control to anti-1L-6 antibody-treated mice. (E) Representative Z-
stacked corneal images depicting lymphatic (green) and blood (red) vessels at day 21 pi
comparing IgG to anti-I1L-6-treated mice. Metamorph quantification of corneal area covered
by (F) LYVE-1+ lymphatic vessels and (G) CD31* blood vessels per 100X field of view. (H)
Protein expression of pro-angiogenic factors at day 21 pi comparing isotypic control to anti-
IL-6 antibody-treated mice. Data represent summary of the mean + SEM of two independent
experiments (A-C and E-G) with 7= 10 corneas, three independent experiments (D and H)
with 7= 6-12 mice. *p<0.1, ** p<0.01, ***p<0.001 (A—C and E-G) as determined by
Student’s ftest. * p<0.1, **p<0.01, ***p<0.001, ****p<0.0001 (D and H) as determined by
one-way ANOVA followed by Tukey’s multiple comparisons test. Bars for each imaged
frame are 200 pm.
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Figure 8. FGF-2 neutralization suppressed HSV-1-induced corneal neovascularization
Mice were inoculated with HSV-1, and neutralizing antibody against FGF-2 or isotype

control antibody (5ug/10ul PBS) were injected subjconjunctivally at days 8, 10, and 12 pi.
(A) Representative Z-stacked corneal images depicting lymphatic (green) and blood (red)
vessels at day 14 pi comparing isotype control antibody (I1gG) to anti-FGF-2 antibody-
treated mice. Metamorph quantification of corneal area containing (B) LYVE-1* lymphatic
vessels, and (C) CD31* blood vessels per 100X field of view. (D) Protein expression of pro-
angiogenic factors at day 14 pi comparing isotypic control to anti-FGF-2 antibody-treated
mice. (E) Representative Z-stacked corneal images depicting lymphatic (green) and blood
(red) vessels at day 21 pi comparing isotypic control to anti-FGF-2 antibody-treated mice.
Metamorph quantification of corneal area containing (F) LYVE-1* lymphatic vessels, and
(G) CD31* blood vessels per 100X field of view. (H) Protein expression of pro-angiogenic
factors at day 21 pi comparing isotypic control to anti-FGF-2 antibody-treated mice. (I)
Leukocyte content in the cornea at day 21 pi indicating (from left to right) neutrophils,
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macrophages, inflammatory monocytes, CD4* T cells, CD8" T cells, and NK cells. Data
represent summary of mean £ SEM of two independent experiments (A-C and E-G) with n
=10 corneas, three independent experiments (D and H) with 7= 6-12 mice, three
independent experiments (H and 1) with 7= 10-11 mice. ** p<0.01, **p<0.001,
****pn<0.0001 (A-C, E-G, and 1) as determined by Student’s ftest. * p<0.1, **p<0.01,
***p<0.001, ****p<0.0001 (D and H) as determined by one-way ANOVA followed by
Tukey’s multiple comparisons test. Bars for each imaged frame are 200 pum.
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Figure 9. FGF-2 neutralization partially preventsthe loss of visual acuity but not corneal
sensation in HSV-1-infected mice

Mice were inoculated with HSV-1 or left uninfected. At days 8, 10, and 12 pi, anti-FGF-2
antibody or isotype-matched control antibody (5ug/10ul PBS) were administered to infected
mice by subconjunctival injection. (A) Functional vision of the mice was measured using
opto-kinetic response tracking in optomotry at the indicated days pi. (B) Corneal sensation
of mice was measured using a Cochet-Bonnet ethesiometer at the indicated days pi. Data
represent the summary of mean + SEM of two independent experiments, /7= 7-8 mice/
group. * p<0.1, **p<0.01, ****p<0.0001 as determined by two-way ANOVA followed by
Dunnet’s multiple comparisons test (comparing 1gG and Anti-FGF-2 treated animals to Ul
control group).
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Figure 10. Schematic of HSV-1-induced corneal neovascularization
(A) Naive (uninfected) cornea exhibits basal level of VEGF-A which is normally neutralized

by soluble form of VEGFR-1 present within the cornea. Resident APCs (such as
macrophages) decorate the posterior half of the corneal stroma. Limbal vasculature
including blood and lymphatic vessels do not penetrate the center cornea under normal
conditions. (B) Following HSV-1 infection, VEGF-A is predominantly produced by the
infected corneal epithelial cells that drive corneal neovascularization. When the virus is still
present in the corneal epithelium, immune cells including PMN, inflammatory monocytes,
macrophages, T cells, and NK cells infiltrate the cornea. Various cytokines and growth
factors such as IL-6, MMP-9, FGF-2, Ang-2, and HGF are also produced within the cornea
leading to further inflammation. (C) When the virus is cleared in the cornea, the immune
cells continue to infiltrate, pro-angiogenic factors continue to be produced, and
neovascularization prolongs/sustains. However, immune cells do not have major contribution
to corneal neovascularization. MMP-9 is dispensable, IL-6 is necessary but not sufficient,
and FGF-2 is crucial for HSV-1-induced corneal neovascularization. Importantly, FGF-2
controls the expression of VEGF-A, IL-6, Ang-2, HGF, and MMP-9. The primary source of
FGF-2 may not be the leukocytes. Instead, resident non-hematopoietic cells of the cornea
including fibroblast (keratocytes), epithelium, endothelium, blood endothelial cells (BEC),
and lymphatic endothelial cells (LEC) might play important roles in such process.
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