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Purposk. To explore the impact of ocular surface insults on the immunomodulatory capacity
and phenotype of corneal epithelial cells (CECs) with a focus on epithelial-mesenchymal
transition (EMT).

MerHoDS. Corneas were harvested from mice 6 days following scratch injury, ragweed pollen-
induced allergy, or herpes simplex virus type 1 (HSV-1) infection and compared to healthy
tissue controls. Corneas were enzymatically digested and CECs phenotypically characterized
using flow cytometry. CECs were defined as epithelial cell adhesion molecule (EpCAM)-
positive CD45-negative cells. CECs were assessed by PCR to evaluate EMT-associated
transcripts. Recombinant HSV-1 and transgenic mice were utilized to investigate the role of
vascular endothelial growth factor A (VEGFA) on the phenotype observed. The immuno-
modulatory potential of CECs was assessed in coculture assays with ovalbumin-specific CD4 T
cells.

Resurs. Ectopic expression of classic “myeloid” antigens Ly6G, CCR2, and CX3CR1 was
identified in CEC subsets from all groups with evidence supporting an underlying partial EMT
event resulting from loss of cell-cell contacts. Corneal HSV-1 infection induced Ly6C
expression and major histocompatibility complex (MHC)-II upregulation in CECs through a
VEGFA-linked mechanism. These Ly6C" MHCII" CECs were found to function as amateur
antigen-presenting cells and induced CD4 T cell proliferation in vitro.

Concrusions. This study characterizes a novel immunomodulatory CEC phenotype with
possible implications for immune privilege, chronic inflammation, and tissue fibrosis.
Moreover, the identification of CECs masquerading with multiple “myeloid” antigens
warrants careful evaluation of flow cytometry data involving corneal digests.

Keywords: immunoregulation, herpes simplex virus type 1, corneal epithelium, epithelial-
mesenchymal transition

Mucosal epithelial cells form protective barriers and help
regulate local inflammatory responses.'™ Conversely,
epithelial barrier dysfunction exacerbates inflammatory diseas-
es in a variety of mucosal sites including the airways, gut, and
Niche-specific microenvironmental cues
regulate epithelial cell differentiation and function in health
and disease.””® At the ocular surface, corneal epithelial cells
(CECs) modulate many inflammatory diseases across the life
span and are essential for maintaining corneal immune
privilege, avascularity, and visual acuity.'®™'® Tightly regulated
transcriptional programs in CECs facilitate homeostatic barrier
integrity and proper histoanatomic organization of the cor-
nea.'*'> While healthy CECs undergo continual turnover and
renewal, pathologic changes in the corneal epithelium or its
progenitor stem cell niche contribute to vision loss and
significantly affect quality of life.
logic impacts of CECs are incompletely understood in ocular

ocular surface.®°

surface diseases.
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7 However, the immuno-

Cellular plasticity is essential for normal tissue development,
maintenance, and repair. However, insults such as mechanical
injury, inflammation, and infection can induce aberrant cellular
reprogramming and transdifferentiation. Epithelial-mesenchy-
mal transition (EMT) is one such phenomenon involved in
development, wound healing/fibrosis, and malignancy/meta-
static transformation.'® Several viruses have also been reported
to elicit EMT including human papilloma virus,'® Epstein-Barr
virus,?® hepatitis B virus,>' and hepatitis C virus.?? During EMT,
epithelial cells undergo dynamic transcriptional changes
affecting adhesion, polarity, and survival.?® In addition, the
possibility of “epithelial to myeloid” transition has been
considered due to the phenotypic overlap between many
mesenchymal- and myeloid-associated antigens.24'26 This prop-
osition is further supported by similar chemokine-dependent
mechanisms of leukocyte dissemination through lymphatic
Vessezlg and lymphatic metastasis of malignant cells arising from
EMT.
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In this article, we investigate the hypothesis that herpes
simplex virus type 1 (HSV-1) mediates EMT in CECs. Our work
stems from a serendipitous observation that cells sort-purified
from HSV-1-infected corneal digests contained a heterogeneous
population of Ly6G-positive (antibody clone 1A8) and Ly6C-
postive cells (antibody clone HK1.4) including many with
epithelioid morphology. However, Ly6G and Ly6C are widely
regarded as murine “neutrophil” and “monocyte” markers,
respectively. Both Ly6G and Ly6C are GPl-anchored cell surface
proteins that lack human orthologs.®® While the function of
these proteins is unclear, Ly6G and Ly6C expression is
associated with leukocyte recruitment and homing.?**° We
have recently shown that CD326/epithelial cell adhesion
molecule (EpCAM) is an excellent cell-surface marker for
identifying CECs by flow cytometry—circumventing the need
for intracellular cytokeratin staining.>' In the same study, we
found that HSV-1 infection leads to an acute increase in the
total number of CECs,>! but the phenotype and physiology of
these CECs originating under inflammatory conditions have
not been characterized. Here, we investigate ectopic “myeloid”
antigen expression on CECs as a possible outcome of EMT
following ocular surface injury, allergy, and HSV-1 infection and
explore the downstream immunologic consequences.

MATERIALS AND METHODS

Animals

Eight- to 16-week-old male and female mice were used for
experiments; sexes are recorded in each figure legend. Animals
were housed in the Dean McGee Eye Institute’s specific-
pathogen-free vivarium for at least 1 week prior to experimen-
tation. Wild-type (WT) C57BL/6 and OT-II TCR transgenic mice
were obtained from the Jackson Laboratory (Bar Harbor, ME,
USA). Transgenic C57BL/6-background alpha smooth muscle
actin GFP-reporter mice (oz—SMA-GFP)z'2 were bred in-house.
Transgenic C57BL/6-background mice expressing a floxed
vascular endothelial growth factor A allele (Vegfaﬂ"x)ss‘34 were
bred within our institution’s Rodent Barrier Facility and were
originally provided by Genentech (South San Francisco, CA,
USA). Mice were anesthetized by intraperitoneal (IP) injection
with xylazine (6.6 mg/kg) and ketamine (100 mg/kg) for all
procedures and euthanized by exsanguination via intracardiac
perfusion with 10 mL PBS prior to tissue collection. The
Institutional Animal Care and Use Committee at the University
of Oklahoma Health Sciences Center approved all procedures.
Experiments were conducted in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research.

Corneal Disease Models

Allergic keratoconjunctivitis was induced with short ragweed
(Ambrosia artemisiifolia) pollen (SRP) from Greer Labs
(Lenoir, NC, USA) as previously described,55 with modifica-
tions. Briefly, mice were immunized by footpad injection with
50 pg SRP in 25 pL Imject alum (Thermo Fisher Scientific,
Waltham, MA, USA). Ten days later, mice were subjected to
daily topical treatments of 0.25 mg SRP in 5 pL PBS in both
eyes for 6 days. For the corneal scratch injury model (mock
infection control), the corneal epithelium of both eyes was
partially debrided with a 25-gauge needle and blotted to
remove the tear film. Mice were infected with HSV-1 by
applying an inoculum of virus in 3 pL PBS to each eye
following partial epithelial debridement (described above).
Unless otherwise indicated, HSV-1 infection was mediated
using 1 X 10% plaque-forming units (PFU) HSV-1 McKrae per
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eye and corneas were harvested at day 6 post infection (p.i.).
Studies with Vegfa®** mice were conducted using 1 X 10> PFU
HSV-1 SC16 or a recombinant derivative expressing Cre
recombinase under the ICPO promoter as described else-
where 333436

Cell Isolation and Flow Cytometry

Corneas were cut from enucleated eyes to exclude the
vascularized limbus and digested into single-cell suspensions
for analysis as previously described.>! Briefly, corneas were
enzymatically digested in Liberase TL enzyme mix (Roche
Diagnostics, Indianapolis, IN, USA) and filtered through 40-um
mesh. Corneal digests were incubated with eBioscience anti-
CD16/CD32 Fc block (Thermo Fisher Scientific) and EpCAM-
or CD45-expressing cells labeled with immunomagnetic beads
and isolated by positive selection using MS or LS cell separation
columns (Miltenyi Biotec, Bergish Gladbach, Germany) accord-
ing to the manufacturer’s directions. Isolated cells were labeled
with eBioscience antibodies (Thermo Fisher Scientific) for
phenotypic profiling and washed in PBS containing 1% bovine
serum albumin. For cell cycle analysis, mice were injected with
1.5 mg bromodeoxyuridine (BrdU) IP at the time of infection.
Cornea-derived EpCAM" cells were then isolated and labeled
with anti-BrdU and 7-aminoactinomycin D (7-AAD) using a
commercial flow cytometry kit according to the manufactur-
er’s directions (BD Biosciences, San Jose, CA, USA). Intracel-
lular labeling for FoxP3 and IFNy was performed using the
eBioscience transcription factor staining kit (Thermo Fisher
Scientific) according to the manufacturer’s instructions. A
MACSQuant 10 flow cytometer and MACSQuantify software
were utilized to analyze all samples (Miltenyi Biotec). Gating
boundaries were established using isotype labeling, fluores-
cence minus one, or biological negative controls. For coculture
assays, CD4 T cells were sorted from the spleens of OT-II TCR
transgenic mice using a Biorad S3e cell sorter (Hercules, CA,
USA).

Immunohistochemistry and Microscopy

Corneas were prepared as previously described for imaging.'
Briefly, corneas were fixed in 4% paraformaldehyde, permea-
bilized in 1% Triton X-100 (Sigma-Aldrich Corp., St. Louis, MO,
USA), blocked with anti-CD16/32, and labeled using a
biotinylated anti-EpCAM antibody (eBioscience, Thermo Fisher
Science) with a streptavidin-rhodamine conjugate (Jackson
ImmunoResearch, West Grove, PA, USA). Filamentous actin
and nuclei were stained using Alexa Fluor 488-conjugated
phalloidin (Life Technologies, Carlsbad, CA, USA) and 4’,6-
diamidino-2-phenylindole (DAPID), respectively. An Olympus
FV1200 confocal microscope was used for immunofluores-
cence image acquisition using sequential channel scanning
mode (Center Valley, PA, USA). Phase contrast imaging of
isolated EpCAM" cells was performed using an Olympus IX71
microscope at X32 magnification following cytospin prepara-
tion with a Wescor Cytopro 7620 cytocentrifuge (Logan, UT,
USA).

Semiquantitative PCR

For analysis of EMT-associated transcripts, total RNA was
isolated from EpCAM" cells using the Trizol reagent (Thermo
Fisher Scientific) method and converted to cDNA with iScript
(Biorad). Gene amplification was conducted by real-time PCR
using a Biorad CFX-Connect thermocycler and PrimePCR
technology with commercially validated proprietary primer
sequences (Biorad) according to the manufacturer’s directions.
Relative expression was normalized to uninfected controls
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using the 272AC method with GAPDH (glyceraldehyde 3-
phosphate dehydrogenase) used as an internal reference gene.

Phagocytosis Assay

Freshly isolated neutrophils were cocultured with pHrodo
green-labeled Escherichia coli bioparticles (Invitrogen, Carls-
bad, CA, USA) at 37°C for 1 hour in 24-well plates containing
500 pL culture media to establish detection parameters for
endocytosis by flow cytometry. Culture media consisted of
RPMI 1640-supplemented 10% heat-inactivated fetal bovine
serum, 10 pg/mL gentamicin, 1X antibiotic/antimycotic (In-
vitrogen). In order to obtain neutrophils, mice were injected IP
with 0.09 g casein in PBS (Sigma-Aldrich Corp.) to elicit a
neutrophilic inflammatory response overnight. Neutrophils
were collected the following day by peritoneal lavage with 5
mL warm PBS 1 hour following a second IP casein injection as
described.’”*® To assess endocytosis of corneal cells, whole
corneal digests were incubated with pHrodo green-labeled E.
coli bioparticles at 37°C for 1 hour in 24-well plates containing
500 pL culture media. Cells were then immunolabeled and
analyzed by flow cytometry.

Lymphocyte Proliferation Assay

Cocultures of sequentially isolated CD45" and EpCAM" cells
from healthy or HSV-1-infected corneas were established in
500 pL culture media containing 5 pg/mL acyclovir (Sigma-
Aldrich Corp.) in 24-well plates. Each culture contained one-
cornea equivalent of EpCAM" cells, two-cornea equivalents of
CD45" cells, or no corneal cells (negative control) in the
presence of 10 pug OVAszz3.339 peptide (EZ-Biolab, Carmel, IN,
USA) and 1 X 10° FACS-purified transgenic OT-II CD4 T cells
prelabeled in 1 puM carboxyfluorescein succinimidyl ester
(CFSE; Thermo Fisher Scientific). Proliferation of the OT-II CD4
T cells was assessed by flow cytometry after incubating for 40
hours at 37°C with 5% CO,. Plates were incubated for 5
additional hours following addition of 0.5 pL/culture Golgi-stop
(BD Biosciences) to assess IFNy production and FoxP3
expression.

Statistical Analysis

Data shown on bar graphs reflect mean * SEM. Prism 5
software (GraphPad, San Diego, CA, USA) was used for
statistical analysis, and the tests utilized are described in each
figure legend. Significance thresholds for comparisons are as
follows: *P < 0.05, **P < 0.01, P < 0.001. Distinctions in sex
are noted where statistically significant differences were
identified between male and female mice.

Supplementary Materials

Supplementary data provide a time-course study highlighting
the kinetics of Ly6C and Ly6G expression in CECs from HSV-1-
infected corneas (Supplementary Fig. S1) and the cell cycle
distribution of corneal EpCAM' CD45" Langerhans cells
(Supplementary Fig. S2).

RESULTS

Corneal Epithelial Cells Express Select “Myeloid”
Antigens

Ubiquitous intercellular EpCAM expression was observed in
the corneal epithelium of C57BL/6 mice as shown by confocal
microscopy (Fig. 1A). Corneas were harvested and digested
and EpCAM" cells isolated using immunomagnetic beads. Flow
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cytometry was utilized to phenotypically characterize the
putative expression of Ly6C and Ly6G in the EpCAM' CECs
from healthy corneas and 6 days following superficial epithelial
scratch injury (mock infection), ragweed pollen-induced
allergic keratoconjunctivits, or HSV-1 infection (Fig. 1B).
Doublets and EpCAM™ CD45" leukocytes (Langerhans cells)
were excluded from analysis (Fig. 1B). Ectopic expression of
Ly6G was observed in a subset of CECs from all experimental
groups, although a population of CECs from mice ocularly
infected with HSV-1 exhibited stark upregulation of Ly6C
relative to healthy or epithelial scratch controls (Fig. 1B).
Isotype controls for anti-Ly6C (HK1.4) and anti-Ly6G (1A8)
were included to rule out nonspecific antibody binding in
CECs from HSV-1-infected mice (Fig. 1C). Furthermore,
ectopic Ly6C expression was identified in CECs from HSV-1-
infected corneas as early as day 3 p.i. (Supplementary Fig. S1).

Isolated EpCAM' cells exhibited a mixed epithelioid
morphology (Fig. 1D); however, flow cytometry-based anti-
body profiling for other common myeloid antigens was
performed to further characterize the Ly6G" CECs from healthy
and HSV-1-infected corneas (Fig. 1E). Notably, the chemokine
receptor CCR2 was upregulated in Ly6G" CECs from healthy
and HSV-1-infected corneas, and the fractalkine receptor
CX3CR1 was expressed in Ly6G' and Ly6G~ CECs from both
groups (Fig. 1E). Other common leukocyte/macrophage
antigens were not detected on the CECs, including CD11b,
CDl11c, CSF1R, CXCR3, or LYVE1 (data not shown). Given the
ectopic expression of select myeloid antigens in CECs, we
investigated the hypothesis that HSV-1 drives EMT-associated
cellular reprogramming and immunomodulation.

The Epithelial Ly6C" Phenotype Induced by HSV-1
Diverges From Classical EMT

Cellular reprogramming associated with EMT involves cell
cycle changes concomitant with a progressive loss of epithelial
markers and induction of a mesenchymal phenotype.?®> Flow
cytometry-based cell cycle analysis of EpCAM™ CD45~ cell
populations revealed distinct profiles based on BrdU and 7-
AAD labeling (Fig. 2A). Although nearly half of the Ly6G  Ly6C™
CECs from healthy and HSV-1-infected corneas were dead/
apoptotic, the majority of viable Ly6G~ Ly6C ™ cells from both
groups were in the GO/G1 state (Fig. 2B, left). Fewer dead/
apoptotic cells were observed in the Ly6G" Ly6C  CEC
population from both groups with a greater proportion of
these cells exhibiting a shift to the G2/M profile (Fig. 2B,
middle). The staining pattern among the Ly6G" Ly6C™ CECs
following HSV-1 infection reflected the Ly6G' Ly6C™ subset
with a dominant G2/M phenotype (Fig. 2B, right). Few cell
cycle differences were observed between CEC subpopulations
from healthy and HSV-1-infected corneas, although enhance-
ment of the G2/M population was noted among all Ly6G™
CECs. Incidentally, 60% of the corneal C45" EpCAM' Langer-
hans cells were in S phase (Supplementary Fig. $2)—consistent
with their self-renewal capacity in the epidermis.®®

Other characteristics of EMT were subsequently explored in
Ly6G" CECs exhibiting a G2/M phenotype, as G2 phase cell
cycle arrest is associated with partial EMT and fibrosis in some
contexts. © Epithelial (E)-cadherin expression was diminished
in the Ly6G™ CEC population from healthy and HSV-1-infected
corneas relative to the corresponding Ly6G  populations (Fig.
2C). However, the mesenchymal marker o-smooth muscle actin
(-SMA) was detected only in a small population of Ly6G~ CECs
following HSV-1 infection as determined using transgenic o-
SMA-GFP reporter mice (Fig. 2D). Semiquantitative RT-PCR was
performed to evaluate other EMT-associated transcripts in
EpCAM+ cells isolated from healthy, HSV-1-infected, or mock-
infected (scratch control) corneas (Fig. 2E). Several transcripts
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Ficure 1. Corneal epithelial cells express select “myeloid” antigens. (A) Representative confocal micrograph depicting EpCAM expression in the
epithelium of a corneal whole mount with DAPI and phalloidin staining for nuclei and cell boundaries, respectively. Scale bar: 50 pm. (B) Flow
cytometry gating strategy utilized to characterize isolated CD45~ EpCAM™ corneal epithelial cells (CECs) including exclusion of doublets and CD45"
cells followed by analysis of Ly6C (HK1.4) and Ly6G (1A8) expression. Representative dot plots are shown for CECs from healthy corneas, mock
infection (scratch control), short ragweed pollen-induced allergic keratoconjunctivitis, and HSV-1 infection (1 X 10 PFU HSV-1 McKrae per eye)
reflecting at least four mice per group from at least two independent experiments with male and female animals. Cornea pairs were collected and
processed together 6 days post injury/infection or after 6 days of repeated topical allergen challenge. (C) Isotype controls for Ly6C and Ly6G labeling
of CECs isolated from HSV-1-infected corneas. (D) Phase contrast micrograph of isolated EpCAW cells from HSV-1-infected corneas (X32
magnification). (E) Flow cytometry histograms depicting CCR2 and CX3CR1 expression in Ly6G ™ and Ly6G~ CECs from healthy (blue) and HSV-1-
infected (red) corneas as in (B). Isotype labeling (gray) was conducted using CECs from HSV-infected corneas. Data are representative of two

independent experiments with three male mice per group.

fell below the detection threshold, although expression of the
EMT-associated transcription factors Snai2 and Twist was
identical among EpCAM+ cells from healthy, scratch control,
and HSV-infected corneas (Fig. 2E). However, expression
profiles corroborated Ly6C and IFNp upregulation in EpCAM"
cells from HSV-1-infected corneas (Fig. 2E). These findings
collectively indicate that acute HSV-1 infection does not
augment EMT in CECs beyond putative partial transitions
observed in Ly6G™ CECs from healthy corneas. Accordingly,
ectopic Ly6C expression observed in CECs following HSV-1
infection cannot be attributed to EMT alone.

VEGFA Enhances Epithelial Ly6C Expression in
HSV-1 Keratitis

Although the proangiogenic effects of vascular endothelial
growth factor A (VEGFA) are well established, VEGFA signaling
is also linked to cellular reprogramming and transformation. *!
Moreover, VEGFA is directly induced by HSV-1 infection.>® In
order to assess the impact of HSV-1-associated VEGFA
production on Ly6C expression in CECs, transgenic Vegfa**
mice expressing LoxP sequences flanking the Vegfa gene were
utilized in parallel with the HSV-1 SC16 parental strain or a
recombinant derivative expressing Cre recombinase under the
infected cell protein 0 (JCP0O) gene promoter as previously
described.>*3° In this model, Vegfa®™ mice were ocularly

infected with HSV-1 ICPOY" or the recombinant HSV-1 ICPO-
Cre strain that ablates VEGFA in infected cells (Fig. 3A). This
model reduces VEGFA protein levels in corneas of Vegfa™*™
mice by 75% to 80% at days 1 and 7 p.i. comparing the parental
HSV-1 SC16 strain to the recombinant HSV-1 ICPO-Cre
strain >34

Flow cytometry profiles of EpCAM™ CD45  CECs derived
from healthy corneas of Vegfa* mice exhibited a negligible
population of Ly6G" Ly6C* cells. However, a large reduction in
the Ly6G" Ly6C" population was observed in CECs from
Vegfa°* mice infected with HSV-1 ICPO-Cre relative to their
respective counterparts infected with HSV-1 ICPO™" at day 6
p.i. (Fig. 3B). Higher numbers of CECs were recovered from
female Vefga™ ™ mice regardless of which virus was utilized,
and a 50% decrease in the total number of CECs was observed
in male mice infected with HSV-1 ICPO-Cre compared to HSV-1
cro™” (Fig. 3C). However, the sex-dependent number of total
CECs recovered did not correlate with the overall Cre/VEGFA-
dependent shift in the proportion of Ly6C expressing CECs
following infection (Figs. 3D, 3E). Specifically, VEGFA ablation
mediated by the HSV-1 ICPO-Cre virus diminished the
proportion of Ly6G Ly6C coexpressing CECs by more than
50% compared to animals infected with the HSV-1 ICPO™"
virus (Fig. 3E). Collectively, these data indicate that VEGFA
signaling facilitates Ly6C upregulation in CECs following ocular
HSV-1 infection.
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FiGure 2. Ly6GT corneal epithelial cells exhibit a G2/M cell cycle bias and downregulate E-cadherin. EpCAM" cells isolated from healthy or HSV-1-
infected corneas (day 6 p.i., 1 X 10* PFU HSV-1 McKrae per eye) were evaluated for evidence of epithelial-mesenchymal transition. (A) Cell cycle
analysis showing representative plot of BrdU and 7-AA7 labeling. (B) Quantitative summary depicting the proportion of each EpCAM' CD45~
corneal epithelial cell (CEC) subset in each phase of the cell cycle; subsets are based on presence or absence of Ly6C and Ly6G expression. Data
reflect corneas from three male mice per group (six corneas) and two independent experiments analyzed using 2-way ANOVAs with Bonferroni
posttests. (C) Flow cytometry histograms depicting E-cadherin expression in Ly6G' and Ly6G~ CECs from healthy (blue) and HSV-1-infected (red)
corneas. Isotype labeling (gray) was conducted using CECs from HSV-infected corneas. Data are representative of two independent experiments
with three male mice per group. (D) Plot reflects CECs from HSV-infected WT and transgenic o-SMA-GFP reporter mice; data are representative of
four or five male or female mice per group with two independent experiments. (E) Semiquantitative RT-PCR analysis of EMT-associated genes, Ly6C1
and IFNp. Data reflect reads of pooled EpCAM" cells from two male mice/sample (7 = 5 pooled samples/group, two independent experiments).
Expression is relative to GAPDH expression and normalized to uninfected controls using the 2™**“ method.

Ly6C" Corneal Epithelial Cells Function as
Antigen-Presenting Cells

To follow up on the unique myeloid-like phenotype observed
in CECs following HSV-1 infection, we investigated their
immunomodulatory potential. First, the impact of HSV-1
infection on the phagocytic capacity of CECs was assessed
using pHrodo green-labeled E. coli bioparticles. The pH-
dependent fluorescence shift observed upon bioparticle
uptake was empirically determined using isolated neutrophils
(Fig. 4A). Corneal digests were then incubated with biopar-
ticles in vitro and compared to cell-only digests lacking
bioparticles. Bioparticle uptake was evaluated in corneal digest
subpopulations including EpCAM~ CD45" leukocytes, EpCAM "
CD45" Langerhans cells, and EpCAM™ CD45~ CECs (Fig. 4B).
Bioparticles were endocytosed by each cell population as

evidenced by the fluorescence shift upon bioparticle uptake
(Fig. 4C). The phagocytic capacity of the Ly6C™ CECs from
HSV-1-infected corneas was uniform with the Ly6C™ subset
(Fig. 4C, right side). However, no quantitative differences were
observed in the phagocytic capacity of cells from HSV-1-
infected corneas relative to healthy control corneas based on
the median fluorescence intensity (MFI) shift comparing cells
with and without bioparticles (Fig. 4D).

Given the phagocytic nature of CECs, we subsequently
evaluated major histocompatibility complex (MHC)-II expres-
sion and the immunomodulatory potential of these cells. A
small population of CECs from healthy corneas expressed
MHCHLI, although HSV-1 infection led to a large upregulation of
MHCHI specifically in the Ly6C" CEC population (Fig. 5A).
Subsequent assessment of cosignaling molecules revealed that
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Ficure 3. HSV-induced VEGFA signaling amplifies Ly6C expression in corneal epithelial cells. The impact of HSV-1-induced VEGFA production on
Ly6C expression in CECs was assessed using transgenic VEGFA"* mice ocularly infected bilaterally with 1 X 10> PFU HSV-1 SC16 or a recombinant
derivative strain expressing Cre recombinase under the viral ICPO promoter. (A) Cartoon depicts VEGFA ablation on chromosome 17 upon infection
with the Cre-expressing virus (ICPO-Cre). (B) Representative plots of Ly6C and Ly6G expression in EpCAM™ CD45~ CECs derived from healthy or
HSV-infected VEGFA"®* mice at day 6 p.i. (C) Quantitative summaries of the total number of EpCAM"™ CD45~ CECs recovered from each cornea from
male and female VEGFA"* mice infected with ICPOY" or ICPO-Cre virus (1 = 8-10 corneas/group with three independent experiments). Sex-

combined percentages of Ly6G™ Ly6C~ and Ly6G* Ly6C™ CECs from mi
ANOVA in (C) or by Student’s #test in (D, E).

a subset of Ly6C" MHC-II" CECs from HSV-1-infected corneas
express PD-L1 and low levels of CD86 (Fig. 5B).

Since a subpopulation of CECs express MHC-II, we next
investigated the functional ability of CECs to prime CD4 T cells
in vitro. Corneal digests from healthy or HSV-1-infected mice
were separated by consecutive immunomagnetic isolation of
CD45" and EpCAMY cells. Isolated leukocytes and CECs were
then independently cocultured in vitro with FACS-purified
transgenic OTII CD4 T cells and OVAs,3330 peptide in the
presence of acyclovir for 40 hours. EpCAM" CECs from HSV-1-
infected corneas induced proliferation of OT-II CD4 T cells as
evidenced by CFSE dilution (Figs. 5C, 5D). This effect was
modest, however, compared to proliferation induced by CD45"
cells from infected corneas (Figs. 5C, 5E). Further experiments
were undertaken to characterize the phenotypic signature of
the OTI CD4 T cells following in vitro coculture. Analysis of
proliferating OT-II CD4 T cells revealed no trends in CD25,

ce in (C) are shown in (D, E), respectively. Data were analyzed by 2-way

CTLA-4, or TIM3 expression patterns (data not shown).
However, a fraction of the proliferating OTII CD4 T cells
expressed IFNYy (Fig. 5F). In addition to inducing OT-II CD4 T
cell proliferation, the corneal CD45" population uniquely
induced FoxP3 expression in a subset of nonproliferating OT-II
CD4 T cells (Fig. 5G). Taken together, our data provide
evidence that CECs are amateur phagocytes capable of
presenting antigen and modulating CD4 T cell responses.

DISCcUSSION

Ectopic Ly6G and Ly6C expression coincided with clear
physiological changes impacting the molecular, cellular, and
functional properties of isolated CECs. On the molecular level,
the upregulation of chemokine receptors CCR2 and CX3CR1
as well as the loss of E-cadherin in Ly6G"™ CECs suggests that
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Ficure 4. Corneal epithelial cells function as phagocytes. (A) Representative plots showing median fluorescence intensity (MFI) shift upon
phagocytic uptake of pHrodo-green-labeled E. coli bioparticles in purified neutrophils (PMN). (B) Representative plots showing corneal digests
segregated by CD45 and EpCAM labeling. (C) Representative histograms of cell populations from (B) isolated from HSV-1-infected cornea digests
depicting median fluorescence intensity shift upon pHrodo-green bioparticle uptake (bottom) relative to no bioparticle (cell-only) populations
(top). (D) Quantitative analysis of MFI shift from baseline (no bioparticles) upon uptake of pHrodo-green bioparticles in relative fluorescence units
(RFU) for each cell population in (B) for healthy (control) and HSV-1-infected corneas. Shift reflects MFI change comparing corneal digests with and
without bioparticles (n = 7-8 corneas from male or female mice per group with three independent experiments).
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Ficure 5. Corneal epithelial cells function as antigen-presenting cells during HSV-1 infection. EpCAM™ CD45~ CECs isolated from healthy or HSV-
1-infected corneas were functionally evaluated for immunomodulatory effects. (A) Representative plots for analysis of MHC-II (I-A/I-E) expression in
EpCAM' CD45  CECs from healthy control and HSV-1-infected corneas (7 = 7-10 male or female corneas/group with three independent
experiments). (B) Representative plots showing PD-L1 and CD86 expression (or isotype labeling) on Ly6C™ MHCII™ CECs from HSV-1-infected
corneas (data are representative of three male mice with two independent experiments). (C) Representative plots show proliferation of CFSE-
labeled OTII CD4 T cells cocultured with purified EpCAM" or CD45" cells from corneal digests in the presence of OVAs,3330 peptide. (D)
Quantitative assessment of OTII T cell proliferation induced by isolated EpCAM" cells (7 = 6-8 cultures/group; two independent experiments
utilizing cells from male and female corneas). (E) OT-II T cell proliferation induced by isolated CD45" cells (n = 2 uninfected, 4 HSV-1, and 6 OTI-
only cultures/group with two independent experiments utilizing cells from male and female corneas). (F) Percentage of proliferating (CFSE*™) OT-
II T cells expressing IFNy following incubation with no exogenous cells, EpCAM" cells, or CD45" leukocytes from HSV-1-infected corneas. (G)
Percentage of all OTII T cells expressing FoxP3 following incubation with no cells, EpCAM" cells, or CD45+ leukocytes from HSV-1-infected
corneas. For (E G), n="7 EpCAM" cultures, 4 CD45" cultures, and 6 OTIl-only cultures per group with two independent experiments utilizing cells
from male and female corneas. Differences among groups in each part of the figure were calculated by 1-way ANOVA with Student-Newman-Keuls
multiple comparison tests.

these cells may have enhanced motility. Indeed, CCR2 and
CX3CR1 expression facilitate mucosal epithelial cell prolifer-
ation and mechanical wound closure in the airway and
gut.z'z'44 Furthermore, the EMT-inducing transcription factor
Snai2 but not Snail was detectable by PCR in isolated EpCAM "
cells from healthy and HSV-1-infected corneas. This finding is
consistent with data showing nuclear accumulation of Snai2
but not Snail in CECs associated with corneal wound healing
in vivo.® Progression of EMT in Ly6G" CECs is incomplete, as
evidenced by lack of the mesenchymal markers o-SMA and
vimentin. However, the observed phenotypic changes are
consistent with a putative partial EMT event.

At the cellular level, Ly6G' CECs shift from the GO/G1 state
observed in viable Ly6G~ CECs to a G2/M-biased phenotype
similar to what has been described during EMT-associated
kidney fibrosis.*® Importantly, the conspicuous absence of

CD45, CD11b, CD11c, and CSFIR confirms that LyGGJr CECs
are not of hematopoietic origin. Furthermore, it is well
established that extracellular matrix remodeling impacts
cellular physiologyA46 While the phenotypes observed in our
study are likely exacerbated by corneal digestion, pathologic
inflammatory conditions in vivo are intimately associated with
loss of cell-cell contacts in the cornea through the actions of
infiltrating leukocytes and matrix metalloproteinases.47'51
Moreover, loss of cell-cell contacts in the corneal epithelium
in vivo may enhance susceptibility to HSV-1 infection by
liberating viral entry receptors normally sequestered within
intercellular junctions.>?

Many sexually dimorphic traits have been recognized in the
cornea. As reviewed by Sullivan and colleagues,55 these
include differences in some corneal disease prevalence
patterns as well as unique male/female gene expression
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profiles involving a wide range of cellular dynamics in human
CECs.>>>% While we identified higher total numbers of CECs in
female Vegfa"°® mice in the present investigation, it is
important to note that Ly6C upregulation and immunomodu-
latory potential following HSV-1 infection were sex-indepen-
dent. Our data are consistent with the sex-independent
expression pattern of the related Ly6-family protein Slurpl,
which is expressed in the healthy corneal epithelium but
repressed by inflammation—including HSV-1 infection.”>>®

Although the EMT-associated characteristics observed in
isolated CECs did not differ as a result of HSV-1 infection as
hypothesized, there was a clear functional difference endow-
ing CECs from HSV-1-infected corneas with immunomodula-
tory potential. Corneal HSV-1 infection uniquely induced
ectopic Ly6C upregulation in CECs through a VEGFA-linked
mechanism. Consistent with this observation, the Ly6C+ CEC
population induced by HSV-1 infection coexpressed MHC-II.
Previous studies have shown that CECs function as amateur
phagocytes.’”>® While CECs from both healthy and HSV-1-
infected corneas were able to phagocytize particulate antigen,
only CECs from HSV-1-infected corneas induced CD4 T cell
proliferation above background levels.

Mucosal epithelial cells are increasingly recognized as
enigmatic modulators of immune responses under pathologic
conditions. This effect is mediated in part by aberrant MHC-II
expression that is thought to promote peripheral toler-
ance.”% Leukocytes can also transfer loaded peptide-MHC-
II complexes to other cells via exosomes.® 02 However, MHC-II
expression on mucosal epithelial cells is not likely from
exogenous sources, as evidence corroborates the ability of
mucosal epithelial cells and other nonhematopoietic cells to
independently process and present antigen through MHCL%
Briefly, mucosal epithelial cells express the MHC-I transcrip-
tional coactivator (CIITA) and various MHC-II alleles following
IFNy stimulation in vitro.®*® In addition, mucosal epithelial
cells can also secrete immunomodulatory exosomes containing
peptide-MHC-II complexes following IFNy stimulation.®*
While MHC-II expression has been documented in the corneal
epithelium following HSV-1 infection,®> %% our study is the first
to directly show a functional immunologic consequence of
MHC-II expression in CECs using an HSV-independent model
antigen system. Specifically, we show that MHCII" CECs
exhibit functional antigen-presenting capacities to naive CD4 T
cells using an in vitro OT-II/OVAs353 339 peptide model. A similar
study has shown that CD4 T cell priming by airway epithelial
cells promotes a FoxP3™ regulatory T cell phenotype.69 Results
from the current investigation show that CECs have limited
ability to induce FoxP3 expression in naive OT-Il CD4 T cells.
However, interactions between naive CD4 T cells and MHCIT"
CECs are unlikely to occur in vivo. Nonetheless, coexpression
of MHC-II and PD-L1/CD86 on CECs, as observed in this study,
may protect the cornea in situ by tolerizing infiltrating effector
CD4 T cells. The functional implication of MHC-II expression
by CECs necessitates further study to discern its impact on
ocular surface disease.

The identification of CECs masquerading with multiple
“myeloid” antigens warrants careful evaluation of experimen-
tal systems in which ectopic antigens may arbitrate inadvertent
consequences. For example, neutralizing receptor/ligand
interactions between PD-L1 and PD-1 during acute ocular
HSV-1 infection exacerbates the severity of CD4 T cell-
mediated corneal pathology.”® Given that many MHC-II" CECs
derived from HSV-1-infected corneas express PD-L1, it is
tempting to speculate that MHC-II expression in the ocular
mucosa serves as an additional mechanism of ocular immune
privilege to limit CD4 T cell-driven immunopathology.
Mucosal epithelial cells likely partner with their counterparts
in the thymus to mediate peripheral and central tolerance,
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respectively. Moreover, ectopic Ly6G expression may be a
surrogate marker for EMT in the mouse despite its universal
recognition as a “myeloid” marker. We anticipate that our
observation that VEGFA signaling coincides with Ly6C
expression and enhanced immunomodulatory properties in
CECs will be of considerable interest to those investigating
epithelial malignancies, immune-evasion/-suppression, and
tissue transplantation.

Although we have previously shown that HSV-1 drives
VEGFA-dependent corneal lymphangiogenesis through the
viral protein ICP4,>® recent informatics approaches have
validated single nucleotide polymorphisms in the ICP4 gene
as virulence determinants for HSV-1-associated corneal neo-
vascularization.”! From the standpoint of viral immune-
evasion, the connections between HSV-1-associated VEGFA
production and MHC-I expression in the corneal epithelium is
significant and may serve to dampen local CD4 T cell responses
during primary infection. Future studies are needed to
clucidate this aspect of HSV-1 pathogenesis.

In summary, this study systematically characterizes a novel
immunomodulatory CEC phenotype that may have implica-
tions for immune privilege, chronic inflammation, and tissue
fibrosis. While HSV-1 infection does not elicit EMT in CECs
above putative baseline levels detected in healthy corneal
digests, it evokes immunomodulation through a VEGFA-linked
mechanism. Moreover, the identification of CECs masquerad-
ing with multiple “myeloid” antigens warrants careful evalu-
ation of flow cytometry data involving corneal digests.
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