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PURPOSE. Corneal opacity and neovascularization (NV) are often described as outcomes
of severe herpes simplex virus type 1 (HSV-1) infection. The current study investigated
the role of colony-stimulating factor 1 receptor (CSF1R)+ cells and soluble factors in the
progression of HSV-1-induced corneal NV and opacity.

METHODS.MaFIA mice were infected with 500 plaque-forming units of HSV-1 in the cornea
following scarification. From day 10 to day 13 post-infection (pi), mice were treated with
40 μg/day of AP20187 (macrophage ablation) or vehicle intraperitoneally. For osteopon-
tin (OPN) neutralization experiments, C57BL/6 mice were infected as above and treated
with 2 μg of goat anti-mouse OPN or isotypic control IgG subconjunctivally every 2
days from day 4 to day 12 pi. Mice were euthanized on day 14 pi, and tissue was
processed for immunohistochemistry to quantify NV and opacity by confocal microscopy
and absorbance or detection of pro- and anti-angiogenic and inflammatory factors and
cells by suspension array analysis and flow cytometry, respectively.

RESULTS. In the absence of CSF1R+ cells, HSV-1-induced blood and lymphatic vessel
growth was muted. These results correlated with a loss in fibroblast growth factor type 2
(FGF-2) and an increase in OPN expression in the infected cornea. However, a reduction
in OPN expression in mice did not alter corneal NV but significantly reduced opacity.

CONCLUSIONS. Our data suggest that CSF1R+ cell depletion results in a significant reduc-
tion in HSV-1-induced corneal NV that correlates with the loss of FGF-2 expression. A
reduction in OPN expression was aligned with a significant drop in opacity associated
with reduced corneal collagen disruption.
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The cornea is a highly differentiated tissue character-
ized in healthy conditions by its transparency.1 To mini-

mize light scattering, the central cornea aspect has several
anatomical and physiological specializations that include
unmyelinated nerve fibers, the absence of melanocytes, and
the absence of blood and lymphatic vessels. The avascular
state of the cornea is maintained through a combination of
anti-angiogenic factors including, but not limited to, endo-
statin, thrombospondin, and tissue inhibitor proteinase-3, as
well as other anti-angiogenic factors and decoy receptors
for pro-angiogenic molecules.2–4 It is well documented that
corneal neovascularization (NV), including de novo blood
and lymphatic vessel genesis, occurs during wound healing,
tumorigenesis, and infection. Each of these conditions can
result in inflammation with the rapid expression of cytokines
and chemokines and subsequent recruitment of immune
cells.3

Herpes simplex virus type 1 (HSV-1) infection elicits
corneal NV through the upregulation of vascular endothe-
lial growth factor (VEGF)-A initially by resident epithelial

cells5 and perhaps neutrophils that infiltrate the cornea
in response to infection.6 In addition, HSV-1 induces the
expression of the cognate receptors (VEGFR-2 and VEGFR-
3) for VEGF-A on the newly acquired lymphatic vessels.7

The upregulation of VEGF-A following infection is mediated
through the HSV-1-encoded immediate-early gene product
infected cell protein-4.5 However, the process of VEGF-A
upregulation occurs well before the development of vessel
genesis in the cornea proper. In fact, viral clearance occurs
prior to robust corneal NV. Other factors that have been
linked to viral-mediated corneal NV during acute infection
include IL-6 and TNF-α.8,9 Following the clearance of virus,
the expression of numerous pro-angiogenic factors peaks
at around day 14 post-infection (pi) and subsequently
dissipates with the exception of matrix metalloproteinase
(MMP)-9 and fibroblast growth factor (FGF)-2.10 Whereas
there remains controversy as to the role of MMP-9 in HSV-
1-induced NV,10,11 neutralization of FGF-2 has been found
to block NV and dampen the expression of other factors
associated with angiogenesis, including IL-6, VEGF-A,
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hepatocyte growth factor (HGF), and angiopoietin
(ANG)-2.10 The role that these factors have in the generation
of new blood and lymphatic vessels in the cornea relative
to the infiltration of leukocytes during the progression and
maintenance phase of the pathologic process has not been
fully elucidated. Based on depletion studies we previously
reported, neutrophils (Ly6G+Ly6Cmid) are not involved in
NV during the progression and maintenance phase of vessel
growth.10 However, other inflammatory cells including
macrophages, have not been fully evaluated in this process.

Because macrophages contribute to NV as a source of
pro-angiogenic factors or as a physical extension to the tube-
like vasculature,12–15 we investigated the role these cells may
have in the progression phase of NV following HSV-1 infec-
tion. The results of this study suggest that colony-stimulating
factor 1 receptor (CSF1R)-expressing cells (predominantly
macrophages and a subpopulation of neutrophils) signifi-
cantly contribute to the progression of corneal lymphatic
and blood vessels following virus infection. Concomitant
with CSF1R+ cell depletion, we observed a downregulation
of FGF-2 and upregulation of osteopontin (OPN). A reduc-
tion in OPN levels was found to significantly reduce opacity,
and this observation was independent of NV but associated
with an increase in MMP-8 expression.

METHODS

Animals

All animal procedures were approved by the University of
Oklahoma Health Sciences Center and Dean McGee Eye
Institute Institutional Animal Use and Care Committee and
were performed in adherence to the ARVO Statement for
the Use of Animals in Ophthalmic and Vision Research.
Macrophage Fas-induced apoptosis (MaFIA) transgenic mice
(stock number 005070 on a C57BL/6 background expanded
as a colony at the Dean McGee Eye Institute vivarium), and
C57BL/6 wild-type (WT) mice (stock number 000664) were
obtained from The Jackson Laboratory (Bar Harbor, ME,
USA). Mice were 7 to 10 weeks old at the time of perform-
ing experiments. Prior to scarification, harvesting tissue, or
euthanizing animals, mice were deeply anesthetized with
ketamine (100 mg/kg) and xylazine (6.6 mg/kg). Animals
were euthanized by cardiac perfusion with 10 mL PBS.

Virus and Infection

HSV-1 strain McKrae was propagated in green monkey
kidney (Vero) cells and maintained at a stock concen-
tration of 1.7 × 108 to 1.0 × 109 plaque-forming units
(PFU)/mL. Anesthetized mice were infected by scarifica-
tion of the corneal surface with a 25-G 1.5-inch needle
and tear film blotted, followed by application of 2.0 μL of
RPMI medium containing virus (500 PFU/eye) as previously
described.16 Non-infected control animals included scarifica-
tion of corneas only.

Treatment with B/B Homodimerizer

Forty micrograms of the compound AP20187 B/B homod-
imerizer (AP, catalog no. 635058, lot no. 1902029; Takara
Bio USA, Mountain View, CA, USA) or vehicle (VEH) solu-
tion (4% ethanol, 10% PEG-400, and 1.7% Tween 80 in
sterile water) was intraperitoneally injected into MaFIA
transgenic mice daily for 4 consecutive days, starting at

day 10 pi as previously described.17,18 Treatment of mice
depletes CSF1R-expressing cells in circulation, as well as in
the cornea of infected mice.17–19

Treatment with Anti-Mouse OPN Antibody

Starting at day 4 pi, anesthetized WT mice received subcon-
junctival injections of 2 μg (in 2 μL of sterile PBS) of
goat anti-mouse OPN IgG (catalog no. AF808, lot no.
BDO0618021; R&D Systems, Minneapolis, MN, USA) or
normal goat IgG (catalog no. AB-108-C, lot no. ES4119031;
R&D Systems) as isotypic control using a 31-gauge syringe
under a dissecting scope. Injections were repeated every
2 days through day 12 pi, and mice were euthanized
at day 14 pi.

Immunochemistry and Imaging

Mice were euthanized and the eyes were removed at the indi-
cated time post-infection. All tissue preparation, antibody
sources and dilutions, and confocal imaging were as previ-
ously described.19 For each cornea, each of four quadrants
was analyzed.

Protein Extraction, Angiogenic Proteome Profile,
and Suspension Array

Corneas were harvested and homogenized in sterile PBS
containing protease inhibitors—10 μg/mL aprotinin (cata-
log no. A6279; Sigma-Aldrich, Natick, MA, USA), 10 μg/mL
leupeptin (catalog no. 1167; Tocris Bioscience, Bristol, UK),
and 10 μg/mL pepstatin (catalog no. 1190; Tocris)—using
1.5-mL snap-cap Eppendorf tubes (Advanced Bullet Blender
Storm 24 (Troy, NY, USA)), three times for 5 minutes each
at the maximum setting. Samples were then centrifuged (1
minute, 10,000g), and the protein content in the clarified
supernatant was quantified using a Pierce BCA Protein Assay
Kit (catalog no. 23227; Thermo Fisher Scientific, Waltham,
MA, USA).

The proteome profile was performed using a mouse
angiogenesis proteome array according to the manu-
facturer’s recommendations (catalog no. ARY015; R&D
Systems). The relative intensity of the blots was quanti-
fied using the open-source platform for biological image
analysis, Image J software (National Institutes of Health,
Bethesda, MD, USA). Mouse Magnetic Luminex Assays (cata-
log no. MMMP1MAG-79K; EMD Millipore, Burlington, MA,
USA) were used to quantify pro-/anti-angiogenic factors,
including Serpin-E1, FGF-2, VEGF-A, tissue inhibitor of
metalloproteinase-1 (TIMP-1), OPN, and insulin-like growth
factor binding protein (IGFBP)-3, according to the manufac-
turer’s instructions (catalog no. LXSAMSM; R&D Systems).
Metalloprotinease (MMP)-2, MMP-3, and MMP-8 levels were
detected using Mouse Magnetic Luminex Assays (EMD Milli-
pore). IL-1α, IL-6, CXCL1, and CCL2 levels were determined
using Magnetic Luminex Assays (catalog no. 12002798; Bio-
Rad Laboratories, Hercules, CA, USA). The concentration of
each candidate protein is expressed as pg analyte/mg total
protein.

Corneal Opacity Measurement and Collagen Stain

Corneas were harvested from infected or uninfected MaFIA
and WT mice and fixed with 4% paraformaldehyde for
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30 minutes at room temperature followed by washing in
1 mL PBS 3×, 10 minutes per wash. Corneas were then
immersed in glycerol 50% in PBS for 30 minutes. Each cornea
was placed in the bottom and center of the well of a 96-well,
U-bottom plate. The remaining glycerol was removed, and
the corneas were then incubated at room temperature for
10 minutes. At that time, 50 μL of PBS was added to
each well, and the tissue was assayed for absorbance at
500 nm in the FLUOstar Omega (BMG LABTECH, Offenburg,
Germany).

To measure denatured collagen strands, corneas were
permeabilized and washed as previously described19 and
placed separately in the bottom of the well of a 96-well, U-
bottom plate. The wells were then placed on ice, and 20 μL
of 20-μM biotinylated collagen hybridizing peptide (B-CHP;
3Helix, Salt Lake City, UT, USA) was added to each cornea
followed by overnight incubation at 4°C. Corneas were then
washed three times in 1 mL PBS (10 minutes per wash) and
incubated overnight at 4°C with Alexa Fluor 647 conjugated
with streptavidin (3.85 μg/mL; Jackson ImmunoResearch,
West Grove, PA, USA). Prior to mounting, the corneas were
washed as described above (three times in PBS, 30 minutes
each wash). The corneas were mounted in 50% glycerol and
imaged using an Olympus FluoView confocal laser scanning
microscope (Olympus Corporation, Center Valley, PA, USA).

Flow Cytometry and Cell Sorting

The extracted corneas harvested from MaFIA mice were
exposed to Liberase TL (catalog no. 05401020001; Roche,
Mannheim, Germany) for 30 minutes at 37°C at the indi-
cated time point post-infection. Digested tissue was filtered
through a 40-μm cell strainer and washed with stain-
ing buffer (PBS supplemented with 2% FBS). Single cell
suspensions were treated with CD16/CD32 Ab (clone 93)
for 10 minutes at 4°C to block nonspecific binding and
then stained for 20 minutes on ice with a combination
of fluorochrome-conjugated antibodies (all from BioLe-
gend, San Diego, CA, USA): CD45 (clone 30-F11), CCR2
(clone SA203G11), CD64 (clone X54-5/7.1), CD206 (clone
C068C2), and major histocompatibility complex (MHC) class
II (clone M5/114.15.2). The final gate was set on infil-
trating macrophages defined as CD45+GFP+CD64+CCR2+,
followed by analysis of cell subsets expressing CD206 and/or
MHCII. Data were acquired on a MACSQuant Analyzer Flow
Cytometer (Miltenyi Biotec, Auburn CA, USA) and analyzed
with FlowJo software.

To further establish the subpopulations of myeloid and
T-lymphocyte populations that were depleted in MaFIA
mice following AP20187 homodimerizer treatment, a second
series of labeling was conducted. Single-cell cornea suspen-
sions were treated with CD16/CD32 Ab (clone 93) for
10 minutes at 4°C to block nonspecific binding and then
stained for 20 minutes on ice with a combination of
fluorochrome-conjugated antibodies (all from BioLegend):
CD45 (clone 30-F11), CCR2 (clone SA203G11), CD11b
(clone M1/70), Ly6G (clone 1A8), and Ly6C (clone H1.4),
with the addition of GFP+/– gate to separate CSF1R-
expressing and non-expressing cells, or with a combina-
tion of fluorochrome-conjugated antibodies including CD45
(clone 30-F11; BioLegend), CD3 (clone 145-2C11; BioLe-
gend), CD4 (clone GK1.5; BioLegend), and CD8a (clone
53-6.7; Thermo Fisher Scientific). Data acquisition and anal-
ysis were identical as described above.

A Sorter S3e (Bio-Rad Laboratories) equipped with a
488-nm, 100-mW laser was used for all myeloid cell-sorting
experiments. The instrument performance (i.e., laser power,
fluids flow, and shutter) was controlled by ProSort soft-
ware, version 1.6 (Bio-Rad Laboratories) working under
the Windows operating system (Microsoft Corporation,
Redmond, CA, USA). For cell sorting, the instrument was
set per the manufacturer’s settings using a 100-nm tip
nozzle, and drop delay was optimized using Proline Univer-
sal Calibration Beads (Bio-Rad Laboratories). Compensa-
tion and gates were set based on fluorescence collected
through a 488/560 bandpass filter. All cell-sorting experi-
ments used pooled cells isolated from corneas after enzy-
matic digestion (four to six mice per one cell-sorting
experiment). The cells were filtered through 30-nm cell
strainers and resuspended in PBS supplemented with 2%
FBS. Sorted cell populations were identified as follow:
CD45+CD11b+GFP+, CD45+CD11b+GFP–, and CD45–Epcam
(Epcam/CD326 clone G8.8; BioLegend)–. All sorting exper-
iments were done under the purity sort mode. The effi-
ciency of cell sorting across all experiments ranged between
95% and 100%. Epcam+ cells were enriched as previously
described.20

Statistical Analysis

Data are presented as mean ± SEM. Prism 5 software (Graph-
Pad, San Diego, CA, USA) was used for statistical analysis,
and tests utilized are described in each figure legend. Data
were considered to be significant at P < 0.05.

RESULTS

CD45+CD11b+GFP+ Cell Depletion Significantly
Reduced HSV-1-Induced Corneal
Neovascularization

Macrophages have been noted in the peripheral and central
aspects of the cornea stroma of mice.21 As macrophages
are an evolving population of cells, especially during times
of inflammation, we evaluated this population over the
course of acute infection to day 21 pi. The results show a
significant rise in the CD64+CD206– macrophage popula-
tion at day 7 pi that resolved by day 21 pi (Figs. 1A, 1B).
By comparison, the activated CD64+CD206+ macrophage
population levels peaked at day 14 pi and subsequently
resolved by day 21 pi (Fig. 1B). Because macrophages have
been associated with NV,22,23 we next determined whether
a loss in the macrophage population that infiltrates the
cornea would alter the course of HSV-1-mediated corneal
NV. MaFIA transgenic C57BL/6 mice were infected with
HSV-1 and subsequently treated with vehicle or AP20187
daily for 4 consecutive days starting 10 days pi to deplete
CD45+CD11b+CSF1R(GFP)+ cells from the cornea. This
treatment regimen led to the loss of over 92 ± 2% of GFP+

cells in the infected cornea (Fig. 2A) and resulted in a signif-
icant drop out of blood and lymphatic vessels found in the
cornea proper by day 14 pi (Figs. 2B, 2C). The loss was most
pronounced in the blood vasculature, but lymphatic vessels
were affected as well.

To confirm the assumption that the majority of the
CSF1R+GFP+ cells were consistent with a macrophage
phenotype, flow cytometry analysis was conducted on
VEH- and AP20187-treated mouse cornea single-cell
suspensions. The results show that there was no loss in
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FIGURE 1. Changes in dynamics in macrophage subsets infiltrating the cornea after HSV-1 infection. The corneas from MaFIA mice were
infected following scarification with HSV-1 (500 PFU/cornea). At day (D) 3, D7, D14, and D21 pi, the corneas were harvested and digested
with Liberase followed by staining with cocktail antibody sets as described in the Methods section. Stained cells were acquired with flow
cytometry and analyzed with FlowJo software. (A) Representative image of the gating strategy (corresponding to day 3 pi). (B) Distribution
pattern of macrophage subsets at the indicated time points. The values are presented as mean ± SEM from two experiments with three
mice per group for each time point. Scarified mouse corneas that were not infected served as controls. **P < 0.01, *P < 0.05 comparing the
indicated group to the scarified control group as determined by Student’s t-test and Holm–Sidak correction.
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FIGURE 2. Depletion of CSF1R+ cells resulted in a loss of HSV-1-induced neovascularization in the cornea of MaFIA mice. MaFIA mice
were infected with HSV-1 (500 PFU/eye) and treated with AP20187 dimerizer or vehicle control as described in the Methods section. (A)
Representative flow cytometry plot comparing CSF1R+ GFP+ cells after AP20187 and VEH treatment in the cornea day 14 pi. Summary of two
experiments depicting depletion of GFP+ cells following AP20187 treatment. **P < 0.001 comparing the VEH- to AP20187-treated groups as
determined by Student’s t-test and Holm–Sidak correction (n = 6 per treatment). (B) Representative confocal microscopy images of whole-
mount cornea at day 14 pi from mice treated with VEH or AP20187 (scale bar: 100 μm). Blue, blood vessels (CD31+); red, lymphatic vessels
(LYVE-1+); discontinuous white line, corneoscleral limbus margins. Each image represents a z-stack quadrant of a cornea. (C) Metamorph
quantification of the cornea area containing blood (CD31+) or lymphatic (LYVE-1+) vessels presented as mean + SEM (n = 5 corneas per
treatment). *P < 0.05 comparing the VEH- to AP20187-treated group as determined by Student’s t-test.

the neutrophil (CD45+CD11b+Ly6G+Ly6CmidCCR2+/–) or
inflammatory monocyte/macrophage (CD45+CD11b+Ly6G+

Ly6ChighCCR2+/–) GFP– cell populations that reside in
the cornea of HSV-1-infected mice comparing VEH- to
AP20187-treated groups (Figs. 3A, 3B; Supplementary
Figs. S1, S2). This group constitutes the majority (68%)
of the myeloid (CD11b+) cell population that resides

in the cornea at day 14 pi. However, in the GFP+ cell
population that constituted 30% of the myeloid cells
residing in the cornea of infected mice, AP20187 treat-
ment depleted these cells, which included macrophages
(CD45+CD11b+Ly6G–Ly6ChighCCR2+/–) and neutrophils
(CD45+CD11b+Ly6G+Ly6CmidCCR2+/–) (Figs. 3C, 3D). Of
note, the remaining fraction of CD45+CD11b+ cells not
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FIGURE 3. Depletion of CSF1R (GFP+) cells resulted in a significant loss of macrophages and a unique population of neutrophils. MaFIA
mice were infected with HSV-1 (500 PFU/eye) and treated with AP20187 dimerizer or vehicle control as described in the Methods section.
(A) Representative flow cytometry plot comparing CD45+CD11b+CSF1R+ GFP+ and CD45+CD11b+CSF1R– GFP– cells and expression of
CCR2 after AP20187 and VEH treatment in the cornea day 14 pi. (B–D) Summary of data represented in A for (B) GPF+/– neutrophils
(Ly6G+Ly6Cmid), (C) GPF+/– inflammatory monocytes (Ly6G+Ly6Chigh), and (D) GPF+/– macrophages (Ly6G–Ly6Chigh). **P < 0.001 compar-
ing the VEH- to AP20187-treated groups for each phenotype as determined by Student’s t-test and Holm–Sidak correction.



HSV-1 and Osteopontin IOVS | August 2020 | Vol. 61 | No. 10 | Article 24 | 7

depleted expressed very low levels of Ly6G and displayed
a high side scatter profile consistent with a granulo-
cyte/neutrophil cell, but exactly what these cells constitute
remains an enigma. A second analysis was conducted on
the T-lymphocyte populations to determine whether unex-
pected changes occurred with these cells post-AP20187
treatment. Similar to GFP– myeloid populations, there were
no differences in the frequency of CD4+ or CD8+ T cells
comparing VEH-treated to AP20187-treated HSV-1-infected
MaFIA mice (Supplementary Fig. S3).

CD45+CD11b+CSF1R+ Cell Depletion in Cornea
Resulted in Significant Decrease in FGF-2 and
Increase in OPN Expression

The relationship between soluble pro-/anti-angiogenic
factors is a complex, multivariable, and interactive network.
As an initial attempt to identify proteins that contribute
to or dampen HSV-1-induced NV in the MaFIA transgenic
mouse model, an interactome analysis was conducted using
the functional protein association network software STRING
(https://string-db.org/)24 and the input data of pro- and anti-
angiogenic factors including ANG-2, FGF-2, MMP-9, HGF,
CCL3, CXCL2, CXCL1, CXCL2, CXCL10, IFN-γ , IL-1, IL-6, IL-
10, IL-12, IL-17, IL-18, TNF-α, and VEGF-A.9,10,25–35 A total of
187 proteins were identified with pro-/anti-angiogenic prop-
erties defined by an interaction confidence score of 0.900 or
greater. Candidate proteins included those already identi-
fied with a clear role in HSV-1-induced NV including VEGF-
A and FGF-2, as well as other proteins with less defined
roles, including OPN, IGFBP-3, and ANG-1, among others
(Fig. 4A).

To analyze the relative expression profile of the
angiogenesis-related proteins in cornea after HSV-1-
infection, a mouse proteome angiogenesis profile analysis
was performed. The result of this semiquantitative technique
found that 14 proteins were downregulated and 16 proteins
were upregulated comparing CSF1R+-depleted corneas to
non-depleted corneas (data not shown). These results gave
us a target base for further investigation using a more
quantitative means, with the limitation of the availability of
reagents to detect select candidate proteins. Based on the
results from the semiquantitative mouse proteome angio-
genesis profile, six proteins (FGF-2, IGFBP-3, OPN, serpin-
E1, TIMP-1, and VEGF-A) were further evaluated to quan-
tify expression in the cornea of MaFIA transgenic mice
infected with HSV-1 and treated with AP20187 or VEH. HSV-
1-infected mice depleted of macrophages expressed signif-
icantly less FGF-2 and, inversely, significantly more OPN
compared to the VEH-treated control group at day 14 pi
(Fig. 4B). The other four proteins surveyed did not differ
significantly between the two groups of MaFIA-treated mice.

To identify the source of the soluble factors expressed
following HSV-1 infection, single-cell suspensions of HSV-1-
infected corneas were sorted into four highly enriched
groups: epithelial cells (CD45–EpCam+), leukocytes
minus CSF1R (CD45+GFP–), CSF1R-enriched leukocytes
(CD45+GFP+), and stromal fibroblasts and endothelial cells
(CD45–EpCam–). RNA extracted from sorted cell popu-
lations was assessed for relative levels of soluble factor
transcripts by real-time RT-PCR. Serpin-E1, TIMP-1, and
IGFBP-3 were primarily expressed by the stromal
cell/endothelial cell populations (Fig. 4C). FGF-2 was
expressed in stromal/endothelial cell and macrophage

FIGURE 4. Analysis in silico and analytes assayed in vivo. (A)
Functional protein association network analysis performed with
STRING software. Angiogenic core proteins are included, with
molecules involved in various immune system processes excluded.
Each node represents one protein produced by a single protein-
coding locus. Lines represent protein–protein associations (physi-
cal and/or functional association). The biological process associated
with these proteins is noted by color: red, pro-angiogenic factors;
green, anti-angiogenic factors; gray, undefined role in corneal HSV-
1-induced NV. Proteins include the following: Angpt1, angiopoietin-
1; Angpt2, agiopoietin-2; Angpt4, angiopoietin-4; Bst2, bone marrow
stromal antigen-2; Cd63, CD63 antigen; Cxcr3, C-X-C chemokine
receptor type 3; Cxcrl10, C-X-C motif chemokine 10; Ebi3, inter-
leukin 27; FGF-2: fibroblast growth factor 2; Fgfbp1, fibroblast
growth factor-binding protein-1; Flt1, vascular endothelial growth
factor receptor-1; Flt4, vascular endothelial growth factor receptor-3;
Gpc1, glypican-1; Igfbp3, insulin-like growth factor-binding protein-
3; IL-6, interleukin-6; IL-10, interleukin-10; Itga9, integrin alpha-9;
Itgav, integrin alpha-5; Itgb3, integrin beta-3; Jak1, tyrosine-protein
kinase-1; Kdr, vascular endothelial growth factor receptor-2; MMP-9,
matrix metalloproteinase-9; Nrp1, neuropilin-1; Psg22, pregnancy-
specific glycoprotein-22; Ptprb, receptor-type tyrosine-protein phos-
phatase beta; Serpinc1, antithrombin-III; Serpine1, plasminogen
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populations, whereas VEGF-A and OPN expression was
equally distributed among the enriched cell populations
(Fig. 4C).

To evaluate the relationship between OPN and
NV, neutralizing antibody to OPN was administered
subconjunctivally to mice following infection. Treatment
of HSV-1-infected mice with anti-OPN IgG reduced OPN
expression by 50% to 60% (Fig. 5A) without affecting other
soluble factors measured, including FGF-2, TIMP-1, and
IGFBP-3 (data not shown). Furthermore, there was no
significant difference in corneal NV comparing anti-OPN
IgG to the ISO control-treated group of animals (Fig. 5B).

Reduction in OPN Expression Resulted in Loss of
Opacity in the Cornea of HSV-1-Infected Mice

Corneal opacity is a feature often reported in experimen-
tal HSV-1 keratitis.28,36,37 Although there was no change in
corneal NV comparing anti-OPN IgG-treated versus isotypic
IgG control-treated eyes infected with HSV-1, there was a
noticeable increase in the clarity of the cornea of anti-OPN
IgG-treated mice. Using a methodology developed in our lab
(Supplementary Fig. S4), we were able to quantify opacity
based on absorbance of damaged cornea tissue and found a
significant reduction in corneal opacity from mice treated
with anti-OPN IgG compared to the isotypic IgG control
(Fig. 6A). However, the opacity score was still above unin-
fected baseline levels. Using a biotin-conjugated collagen
hybridizing peptide, denatured collagen foci were readily
identified more often and to a greater degree in corneas from
isotypic IgG control-treated mice compared to anti-OPN IgG-
treated animals (Fig. 6B). To determine whether the loss
of CSF1R+ cells altered the opacity in HSV-1-infected mice,
MaFIA mice were treated with VEH or AP20187 and opacity
scores were assessed. The results show that the absence of
CSF1R+ cells did not alter the corneal opacity of the HSV-
1-infected mice (Fig. 6C), suggesting that these cells do not
contribute to collagen fiber damage.

MMPs are associated with degradation of collagen, opac-
ity, and ocular HSV-1 infection.38–40 Because there was a
significant change in the collagen architecture in the cornea
of HSV-1-infected mice treated with isotypic control IgG-
treated compared to the anti-OPN IgG-treated mice, we
investigated MMP levels and inflammatory markers between
these two groups. At the time opacity scores were assessed,
there was no difference in MMP-2, MMP-3, IL-1α, IL-6, CCL2,
or CXCL1 levels recovered in the cornea of anti-OPN versus
isotypic control-treated mice (Figs. 7A, 7B). However, there

activator inhibitor-1; Shc1, SHC-transforming protein-1; Ssp1, oteo-
pontin; Stat1, signal transducer and activator of transcription-1;
Tek, angiopoietin-1 receptor; Timp1, metalloproteinase inhibitor-1;
Tmbim1, protein lifeguard-3; VEGFA, vascular endothelial growth
factor-A. Interaction score confidence = 0.900; number of nodes and
edges 187 and 360, respectively (not all shown). The input data for
this analysis included 18 pro-/anti-angiogenic proteins involved in
corneal neovascularization induced by HSV-1 infection. (B) Protein
expression of select analytes obtained from corneal protein extracts
from MaFIA mice treated with AP20187 and VEH. *P < 0.05 by
unpaired t-test comparing AP20187 to VEH group. (C) Relative fold-
change expression of indicated transcripts from sorted corneal cell
populations from MaFIA mouse corneas day 14 pi. Corneas from
10 animals were pooled. The asterisk represents the value reduced
20-fold to fit within the range included in the figure.

FIGURE 5. Anti-OPN antibody treatment did not affect corneal
neovascularization. MaFIA mice were infected with 500 PFU (HSV-
1) and treated with anti-OPN or isotypic control (ISO) IgG every
2 days starting at day 4 pi as described in the Methods section.
Mice were euthanized at day 14 pi and evaluated for cornea OPN
levels by suspension array (A) or corneal neovascularization (B).
In A, the results are expressed in picograms of OPN per milligram
of total protein. Scale bars depict mean ± SEM; n = 5 per group
per experiment, total of two experiments; *P < 0.05 by two-tailed,
unpaired t-test corrected using the Holm–Sidak method. In B, the
top panel includes a representative confocal microscopy image of
flat-mount cornea from each treated group (scale bar: 100 μm). Red,
blood vessels (CD31+); green, lymphatic vessels (LYVE-1+); discon-
tinuous white lines, corneoscleral limbus margin. The bottom panel
is a summary of the percent threshold area positive for blood and
lymphatic vessels (CD31+ and LYVE-1+) ± SEM (n = 5 mice per
group).

was a significant increase in MMP-8 found in the cornea of
mice treated with anti-OPN IgG (Fig. 7B).

DISCUSSION

Corneal NV is induced by various inflammatory stim-
uli including microbial pathogens (e.g., HSV-1), corneal
transplantation, chemical burns, and ischemia. 41,42 Exper-
imental models of corneal trauma and HSV-1 infection
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FIGURE 6. Osteopontin neutralization reduced HSV-1-mediated corneal opacity. MaFIA mice were infected with 500 PFU (HSV-1) and treated
with anti-OPN or isotypic control (ISO) IgG every 2 days starting at day 4 pi as described in the Methods section. Mice were euthanized
at day 14 pi, and the corneas were surgically removed and assessed for opacity measuring the optical density at 500-nm wavelength in a
30-by-30 matrix distributed over the corneal surface. Mouse corneas scarified but not infected served as baseline controls. (A) Top panel
is representative images (32× magnification) of two corneas treated with anti-OPN or ISO IgG (left) and images (right) digitalized with
analyzed optical density units (ODU) of 0.25 and 0.55, respectively. Lower panel is a summary from two experiments of 24 corneas per
group displaying the mean (horizontal line) ± SEM corneal ODU. **P < 0.0001, *P < 0.05 as determined by two-tailed, unpaired t-test with
Holm–Sidak correction. It should be noted that the ISO to baseline control group is also P < 0.0001. (B) Top panel is a representative
confocal microscopy image of flat-mounted corneas from day 14 pi mice treated with anti-OPN or ISO IgG (scale bar: 100 μm) showing
damaged collagen stained with collagen hybridizing peptide biotin conjugated (B-CHP, blue) to detect denatured collagen (see Methods).
Horizontal bars depict the mean percent area positive for B-CHP ± SEM. *P < 0.05 as determined by two-tailed, unpaired t-test with Holm–
Sidak correction. (C) The corneas of HSV-1-infected MaFIA mice (n = 7 to 9 mice per group) treated with VEH or AP20187 were analyzed
for opacity by absorbance measurement at 500 nm day 14 pi. The baseline score of uninfected MaFIA mice is included.

have reported that hem- and lymphangiogenesis are closely
linked, and they serve as major routes of induction of adap-
tive immunity.43,44 Central to the initial phase of corneal
vessel genesis is VEGF-A, a potent pro-angiogenic factor
that primarily promotes blood vessel growth2 but has also
been reported to be critical to lymphatic vessel genesis
in response to HSV-1 infection.7 VEGF A has also been
reported to recruit circulating Ly6C+ monocytes that are

reprogrammed and contribute to remodeling small vessels
into large vascular conduits, and they are a significant source
of pro-angiogenic factors including VEGF-A, -C, and -D.2,45,46

In the present work, we found that the depletion of
CSF1R+ cells, including macrophages and a subpopula-
tion of neutrophils, during the progressive phase of NV
results in a loss of blood and lymphatic vessels. This
change in angiogenesis correlated with a significant reduc-
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FIGURE 7. Osteopontin neutralization resulted in enhanced MMP8
expression in the cornea. MaFIA mice were infected with 500 PFU
(HSV-1) and treated with anti-OPN or isotypic control (ISO) IgG
every 2 days starting at day 4 pi as described in the Methods section.
Mice were euthanized at day 14 pi, and the corneas were surgically
removed and processed for analyte assessment by suspension array.
(A) Measurement of IL-1α, IL-6, CXCL1, and CCL2 expressed as mean
pg analyte/total cornea protein ± SEM (n = 10 or 11 per group from
two independent experiments). (B) Measurement of MMP-2, MMP-
3, and MMP-8 expressed as mean pg analyte/total cornea protein ±
SEM (n = 10 or 11 per group from two independent experiments).
*P < 0.05 comparing the ISO- to anti-OPN-treated groups as deter-
mined by two-tailed, t-test comparison and Holm–Sidak correction.

tion in FGF-2 expression, consistent with our previous
findings suggesting that FGF-2 is a critical factor during
this time period.10 Because macrophages are a source
of FGF-2 and can cleave matrix-bound FGF-2 produced
by corneal epithelial cells, fibroblasts, and endothelial
cells,47–49 the depletion of macrophages is consistent with
the outcome observed in the current dataset. The peak of
CD64+CD206+ macrophages occurred at day 14 pi with
the FGF-2 levels recovered in the infected cornea, as
these cells are a source of FGF-2.48 However, we cannot
discount the potential contribution of the unique neutrophil
(CD45+CD11b+Ly6G+Ly6CmidCCR2+/–GFP+) population to
the NV process. The CD64+CD206+ macrophages were also
CCR2+, thought to be recruited from circulation during
inflammation.50 However, the dynamics of macrophage
populations and their contribution to ocular tissue pathol-
ogy and establishment of resistance to HSV-1 infection in
the cornea environment continue to unfold. Macrophages
and inflammatory monocytes have been identified as a criti-

cal cell population that initially controls cornea HSV-1 infec-
tion.51,52 Depletion of these cells may not only exacerbate
HSV-1 replication and spread but also diminish corneal
wound healing.53,54 However, manipulating macrophage
plasticity in the local environment through the addition
of autonomic nervous system ligands during the course of
inflammation is a promising development.55

OPN is an extracellular matrix protein that greatly influ-
ences fibroblast proliferation, migration, and matrix remod-
eling and is a critical factor in corneal wound healing.56

In terms of corneal HSV-1 infection and consistent with
our data, a previous study reported that OPN-deficient mice
presented with a significant drop in the incidence and sever-
ity of herpes stromal keratitis (HSK) following corneal infec-
tion out to day 15 pi.57 Whereas several factors known to
contribute to or correlate with opacity and HSK were evalu-
ated after OPN neutralization, including IL-1α, IL-6, CXCL1,
CCL2, MMPs, and IGFBP-3,58–61 MMP-8 was the only factor
investigated that changed (increased) following anti-OPN
treatment. In general, MMPs are zinc-binding proteolytic
enzymes that are involved in degradation and remodeling
of the extracellular matrix in tissues, including the cornea.62

In the case of MMP-8, one study reported dexamethasone-
treated, alkali-injured corneas showed a significant drop in
the levels of MMP-1, -9, and -13 and TIMP-1, as well as an
increase in MMP-8 expression, that correlated with improved
corneal opacity scores.63 Such results may involve a reduc-
tion in TGF-β expression as previously reported.64 However,
the role of OPN in HSV-1-mediated corneal pathology
requires further rigorous investigation, as OPN is involved in
immune regulation and the expression of various cytokines
and chemokines.57,65,66

The lack of a consistent, quantitative means to evaluate
corneal opacity has plagued vision science and continues
to do so.67 Similar to subjective scoring of the cornea for
NV, numerous investigative teams assess corneal opacity in
terms of grade or score based on visual inspection with or
without the aid of a slit-lamp. Although the method reported
in the current study is limited in its use to ex vivo analysis, it
utilizes a common piece of laboratory equipment in research
labs often used to determine absorbance for ELISAs kits. Our
analysis of corneas from mice includes a matrix template
programmed into the instrument that allows the entire flat-
mounted cornea to be assessed in under 10 minutes.We note
that, during our analysis, there was no correlation between
NV and opacity, as opacity initiated well before signs of NV
in response to HSV-1 infection. Such results suggest that, at
least in experimental HSV-1 cornea infection, opacity and
NV are independent of one another.
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