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Abstract

Purpose: To characterize CXCR4-expressing cells in uninfected and herpes simplex virus-1
(HSV-1) infected corneas.

Methods: The corneas of C57BL/6J mice were infected with HSV-1 McKrae. The RT-gPCR
assay detected CXCR4 and CXCL12 transcripts in uninfected and HSV-1-infected corneas.
Immunofluorescence staining for CXCR4 and CXCL12 protein was performed in the frozen
sections of herpes stromal keratitis (HSK) corneas. Flow cytometry assay characterized the
CXCR4-expressing cells in uninfected and HSV-1-infected corneas.

Results: Flow cytometry data showed CXCR4 expressing cells in the separated epithelium

and stroma of uninfected corneas. In the uninfected stroma, CD11b+F4/80+ macrophages are

the predominant CXCR4-expressing cells. In contrast, most CXCR4 expressing cells in the
uninfected epithelium were CD207 (langerin)+, CD11c+, and expressed MHC class Il molecule,
documenting the Langerhans cells (LCs) phenotype. After corneal HSV-1 infection, CXCR4

and CXCL12 mRNA levels increased significantly in HSK corneas than in uninfected corneas.
Immunofluorescence staining showed CXCR4 and CXCL12 protein localization in the newly
formed blood vessels in the HSK cornea. Furthermore, the infection resulted in LCs proliferation,
causing an increase in their numbers in the epithelium at 4 days post-infection (p.i.). However,

by 9-day p.i., the LCs numbers declined to the counts observed in naive corneal epithelium. Our
results also showed neutrophils and vascular endothelial cells as the prominent CXCR4-expressing
cell types in the stroma of HSK corneas.

Conclusions: Together, our data demonstrate the expression of CXCR4 on resident antigen
presenting cells in the uninfected cornea and on infiltrating neutrophils and newly formed blood
vessels in the HSK cornea.
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Introduction

The naive cornea is an avascular tissue but is well-reported to harbor antigen-presenting
cells (APCs) [1]. These APCs are stratified in the different layers of the naive cornea.
Among APCs, CD11c+ dendritic cells are reported in the basal layer of the corneal
epithelium [2], whereas the CD45+CD11b+ resident macrophages are shown in the corneal
stroma of uninfected mouse cornea [3]. Similar stratification of APCs is noted in the human
corneas. CD207+ Langerhans cells (LCs), a subpopulation of dendritic cells, are shown

in the basal layer of the corneal epithelium, and CD68+ macrophages are reported in the
anterior stroma of normal donor human corneas [4]. Although the functional significance of
corneal APCs is not entirely understood, they are shown to mobilize to the site of infection
upon corneal herpes simplex virus-1 (HSV-1) infection [4]. The factors that regulate the
homing of these APCs in naive cornea and their migration upon corneal HSV-1 infection are
not fully understood.

Chemokine receptors are G-protein coupled receptors interacting with structurally similar
protein molecules named chemokines [5]. The interaction between chemokines and
chemokine receptors activates intracellular signaling pathways that play an essential role

in homing, migration, proliferation, and survival of chemokine receptor-expressing cells
[6-8]. CXCR4 is widely expressed among chemokine receptors and regulates physiological
and pathological conditions [9, 10]. CXCR4 protein is evolutionary conserved, and the
human and mouse CXCR4 share 89% similarity [11, 12]. The canonical chemokine ligand
of CXCR4 is CXCL12, also known as stromal cell-derived factor-1 alpha (SDF-1a) [13].
CXCR4-SDF-1a signaling is known to play an important role in the homing of immune
cells into bone marrow [14, 15]. A recent study has shown CXCR4-mediated recruitment of
CD11c+ conventional dendritic cells in suture-induced corneal inflammation [16]. Similarly,
the CXCR4-SDF-1a axis is reported to regulate hem-and lymphangiogenesis in sutured
corneas in mice [17]. Even though the role of CXCR4 signaling is shown in sterile corneal
inflammation, little is known about the characterization of CXCR4-expressing cells in
uninfected and HSV-1-infected corneas.

In the current study, we detected CXCR4-expressing cells in the separated epithelium and
stroma from uninfected murine corneas by flow cytometry. In epithelium, most CXCR4-
expressing cells bear the signature of LCs, whereas most stromal CXCR4+ cells exhibit
macrophage phenotype. Corneal HSV-1 infection resulted in a transient increase in CXCR4-
expressing LCs in the epithelium. In addition to resident APCs, CXCR4 expression was
noticed on infiltrated neutrophils and newly formed blood vessels in HSV-1 infected
corneas. Our results suggest that manipulating CXCR4 signaling in HSV-1 infected corneas
can have therapeutic implications in reducing the severity of herpes stromal keratitis (HSK).
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Eight to twelve-week-old female C57BL/6J mice used in our experiments were procured
from the Jackson Laboratory (Bar Harbor, ME). All mice were housed in the Association
for Assessment and Accreditation of Laboratory Animal Care (AAALAC)- accredited
pathogen-free animal facility at Wayne State University School of Medicine (WSUSOM).
All manipulations after corneal HSV-1 infection were performed in a type 11 biosafety
cabinet. All experimental procedures were in complete agreement with the Association for
Research in Vision and Ophthalmology resolution on the use of animals in research. All
experimental procedures undertaken were in accordance with the Institutional Animal Care
and Use Committee of Wayne State University.

Corneal HSV-1 infection

HSV-1 McKTrae strain was used in the current study. Prior to corneal HSV-1 infection,
C57BL6/J mice were given an intraperitoneal (i.p.) administration of ketamine HCI (100
mg/mL) and xylazine HCI (20 mg/mL) solution, which was prepared in 1X DPBS. The total
volume administered was 200-220 pl/mouse. Once anesthetized, mild scarification of the
corneal epithelium was carried out with 27G %2 inch needle (BD, cat#305109) followed by
topical application of 1000 plaque forming units of HSV-1 prepared in 1X DPBS. Only one
eye was infected, and infected mice were housed in disposable micro isolator cages.

Real-time-quantitative PCR (RT-qPCR) assay

Total RNA was purified from individual whole cornea dissected from naive and infected
eyes using RNeasy® Micro Kit (Qiagen). Briefly, the individual corneas were kept in the
450 pl of RLT buffer (provided in the Micro Kit) and the tissue was disrupted in TissueLyser
I1. cDNA was prepared using RT? First Strand Kit (Qiagen) by reverse transcribing total
RNA as per the manufacturer’s instruction. CFX Connect Real-Time System (Bio-Rad
Laboratories) was used to carry out the RT-qPCR assay. Data were analyzed as fold change
in MRNA expression after normalization with housekeeping R-actin gene using the 27AACT
method. The primers used in the study were procured from Qiagen (RT2 gPCR Primer
Assays). Mouse CXCR4, Gene Globe ID-PPM03149E-200 and Mouse CXCL12, Gene
Globe ID- PPM02965E-200.

Immunofluorescence staining

Immunofluorescence to detect CXCR4 and CXCL12 protein was carried out on 8-um-thick
frozen corneal sections. The corneal sections were prepared from the eye with HSK lesion
at 16-day post-infection (p.i.). Frozen corneal sections collected on glass slides were fixed
in 2% paraformaldehyde for 30 minutes at room temperature. Sections were washed three
times in 1X PBS followed by blocking with blocking buffer (1X PBS + 3% BSA + 0.3%
Triton-X-100) for 2 hours at room temperature. After 2 hours, sections were incubated with
primary unconjugated anti-CXCR4 (R&D systems; MAB21651) or anti-CXCL12 (R&D
systems; MAB350-100) antibody overnight at 4°C. The next day, slides were washed three
times with 1X PBS + 0.3% Triton-X-100 solution and then incubated at room temperature
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for 2 hours with Alexa Fluor 488 conjugated secondary antibody. Next, the slides were
washed three times with 1X PBS + 0.3% Triton-X-100 solution and later mounted with
DAPI containing mounting medium (Vector Laboratories, CA). Images were acquired using
a Leica Confocal Scanner SP8 confocal microscope. Antibody dilutions were made in
dilution buffer (1X PBS + 1% BSA + 0.3% Triton-X-100).

Separation of corneal epithelium from stroma

The procedure for the separation of intact corneal epithelial sheet from the underlying
corneal stroma was same for uninfected and HSV-1 infected corneas. For flow cytometry,
eye balls were enucleated and incubated overnight in 15mg/mL Dispase Il enzyme at 4°C.
After 16 hours of incubation, the intact corneal epithelium was peeled from the stroma under
the stereomicroscope. Next, the corneal stroma was dissected from the eye ball and the
remnants of iris were removed from the intact corneal stroma.

Single cell preparation for flow cytometry

Corneal Epithelium—To prepare single cell suspension of the corneal epithelium,
individual corneal epithelium sheets removed from uninfected and HSV-1 infected corneas
were incubated for 6 minutes in 0.25% Trypsin-EDTA at 37°C in a CO» cell culture
incubator. To deactivate trypsin, soyabean trypsin inhibitor was added at 2 mg/mL and

the live cells in the suspension were counted under phase-contrast microscope using 0.4%
trypan-blue solution.

Corneal Stroma—To prepare single cell suspension of the corneal stroma separated from
uninfected and HSV-1 infected corneas, individual corneal stroma was incubated in 200 pl of
RPMI medium with 20 pl of 2.5 mg/mL Liberase TL reconstituted in RPMI medium only.
The stromas were incubated in this solution on a disruptor genie stirrer at 1500 rpm for 30
minutes at 37°C. At the end of the incubation period, 1 mL of complete RPMI medium was
added to stop the enzymatic activity of Liberase. The samples were triturated using a 3 mL
syringe plunger and passed through a 70 um cell strainer, followed by pelleting down the
cells at 1000 rpm for 10 minutes in a refrigerated centrifuge. Single-cell suspension from
individual corneal stroma was plated in a 96-well U-bottom plate for flow cytometry studies.

Flow Cytometry to characterize CXCR4-expressing cells in the corneal epithelium and

stroma

The single-cell suspension obtained from individual corneal epithelium and stroma was
plated in 96-well U-bottom plate. For cell surface staining, the cells were washed with

PBS followed by staining to discriminate live and dead cells using live/dead fixable aqua
dead cell stain kit (Invitrogen; L34957). After live/dead staining, the cells were washed

with FACS buffer followed by blocking of Fc receptors and incubation with fluorochrome-
conjugated antibodies. The following fluorochrome-conjugated antibodies were used for

cell surface staining: Alexa-647 anti-CD184 (CXCR4), PE-anti-CD207 (langerin), APC-Cy7
anti-CD326, BV605 anti-CD45, FITC-anti-CD11b, BV421- anti-IAP, Alexa 700 anti-LY6G,
PE-CY7 anti-CD11C, Percp-Cy5.5 anti-F4/80, PE-CF594 anti-CD39. These antibodies were
purchased either from BioLegend or BD Biosciences, San Diego, CA. At the end of cell
surface staining, the cells were fixed overnight in 2% paraformaldehyde (PFA). Samples
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were acquired using LSRFortessa (BD Biosciences) flow cytometer, and the data were

analyzed using FlowJo version 10.7.1 software (Ashland, OR, USA).

EdU (5-ethynyl-2-deoxyuridine) cell proliferation assay

EdU staining was carried out using Click-iT™ EdU Pacific blue flow cytometry cell
proliferation assay kit (Thermo fisher Scientific; C10418), as per the manufacturer’s
instruction. Briefly, uninfected and HSV-1 infected C57BL/6J mice received an i.p. injection
of 200 pl of EAU (Img/mL) in 1xPBS. After 18 hours, the mice were euthanized and eye
balls were enucleated to separate the epithelium from uninfected and virus-infected corneas.
Single cell suspension of the corneal epithelium was prepared for cell surface staining

as described above. After cell surface staining, the cells were fixed in Click-iT fixative
(component D) for 15 minutes at room temperature followed by the washing in FACS
buffer. Next, the cells were permeabilized in 1X Click-iT saponin based permeabilization
and wash reagent (component E) for 15 minutes at room temperature in dark. During the
incubation period, the master mix solution of click-iT reaction was prepared and the master
mix cocktail was added to cells for 30 minutes at room temperature. At the end of incubation
period, cells were washed two times in click-iT permeabilization buffer. Finally, the cells
were fixed in 2% paraformaldehyde and the samples were acquired using LSRFortessa flow
cytometer.

Statistical analysis

Results

All statistical analysis was done using GraphPad Prism 9 (San Diego, CA). Significance was
determined by nonparametric Mann-Whitney U test. One-way or Two-way ANOVA was
used to determine statistically significant differences when comparing the results of more
than two independent groups.

LCs are the prominent CXCR4 expressing cells in uninfected corneal epithelium

We recently published an approach to perform flow cytometry on the individual corneal
epithelium (CE) and corneal stroma (CS) separated from uninfected and HSV-1-infected
corneas [18]. The single-cell suspension of individual CE separated from uninfected mouse
corneas was used for flow cytometry to enumerate and characterize CXCR4-expressing

cells (Fig. 1A). The parent gating strategies employed to remove debris, dead cells, and
doublets from the single-cell suspension of the CE are shown in Fig. 1B. Our flow cytometry
results showed CXCR4-expressing cells in the separated epithelium of uninfected corneas
(Fig. 1C). The CE is the home of CD11c+ dendritic cells including CD207+LCs [4].
Therefore, we ascertained whether CXCR4-expressing cells in the CE of naive corneas

bear the phenotype of LCs. The single cell suspension of CE was stained for the markers

of LCs. Our results showed that an average of 57% of CXCR4+ cells in the uninfected

CE expressed CD207 (langerin) molecule (Fig. 1C and 1D). On the other hand, almost all
CD207-expressing cells in naive CE expressed CXCR4 molecule (Supplementary Figure 1).
The CD207-expressing cells in uninfected CE can be LCs; the latter is known to express the
CD11c molecule [19, 20]. Therefore, CD11c expression was measured on CD207+CXCR4+
cells. Our data showed CD11cM and CD11c!® expressing CD207+CXCR4+ LCs subsets
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in the uninfected CE. These two subsets of CXCR4-expressing LCs expressed a similar

level of CD39, a dominant LC-associated membrane-bound ATPase. However, CD11c" LCs
expressed a significantly higher level of MHC class Il and CD326 than CD11c'® LCs (Fig.
1C and 1E). On the other hand, non-langerin (CD207-ve) CXCR4+ cells in the CE of naive
mice exhibited the phenotype of APCs, as they expressed CD45 and MHC class Il molecules
(Fig. 1C). Together, our results showed the presence of CXCR4-expressing resident APCs,
including LCs, in the CE of uninfected mouse corneas.

Macrophages are the prominent CXCR4 expressing cells in the uninfected CS

CS is known to harbor the CD11b expressing macrophages [3], and the macrophages can
express CXCR4 protein [21]. Therefore, we next ascertained whether CXCR4-expressing
cells are present in the CS of naive mouse cornea. The CS was separated from uninfected
mouse cornea (Fig. 2A). The gating strategies employed to remove debris, dead cells, and
doublets from the single-cell suspension of the individual corneal stroma are shown in Fig.
2B. Our flow cytometry results showed the presence of CXCR4-expressing cells in the

CS of naive mice (Fig. 2C). However, in contrast to CE, almost all CXCR4-expressing
cells in the CS of uninfected eyes were CD207-ve but expressed leukocytic marker CD45.
Furthermore, these CXCR4+CD207-ve leukocytes expressed CD11b, F4/80, and MHC class
I1 molecules documenting the phenotype of stromal resident macrophages (Fig. 2D). Taken
together, our results showed that LCs are the predominant CXCR4-expressing cells in the
CE. In contrast, the macrophages are the prominent CXCR4-expressing cells in the CS of
uninfected C57BI/6J corneas.

An increased level of CXCR4 and CXCL12 mRNA transcripts in HSK corneas

We recently reported the occurrence of hypoxia in HSV-1-infected corneas [22]. Hypoxia is
known to upregulate the expression of CXCR4 and its ligand CXCL12 [23, 24]. Therefore,
we assessed the MRNA expression profile of CXCR4 and its ligand CXCL12 between
uninfected and HSV-1 infected corneas. Our results showed that in comparison to uninfected
corneas, HSV-1 infected corneas showed an average of 9-, 23-, 26-, and a 30-fold increase
in CXCR4 mRNA levels at 4-, 9-, 12-, and 16-day p.i., respectively (Fig. 3A). In contrast, a
moderate but non-significant increase in CXCL12 mRNA level was noted in HSV-1 infected
corneas at 4- and 9-day p.i. However, at 12-days p.i., during the progression of HSK,

an about 3-fold increase in CXCL12 mRNA level was seen in infected than uninfected
corneas. At 16 days p.i., the corneas with HSK showed an average 5-fold increase in
CXCL12 mRNA than uninfected corneas (Fig. 3C). We chose these time points to reflect
the four different stages of HSK development (Fig. 3B). The 4-day p.i. is considered a
pre-clinical period during which infectious virus is present. However, the corneal opacity
and hemangiogenesis are not seen. The progression of corneal opacity, epithelial defect, and
hemangiogenesis is evident at 9- and 12- days p.i. The full-blown HSK with severe corneal
opacity, hemangiogenesis, and epithelial defect is noticed at 16 days p.i. (Fig. 3B). Our
results also showed a significantly increased level of CXCR4 in the separated epithelium
and stroma of HSV-1 infected corneas at 4- and 16-day p.i. (Fig. 3D). On the other hand, a
significantly increased level of CXCL12 was seen in the separated epithelium and stroma of
infected than uninfected corneas during clinical (16-day p.i.) but not pre-clinical (4-day p.i.)
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time-period (Fig. 3E). Together, our results showed a significantly increased mRNA level of
CXCR4 and CXCL12 in HSK than naive corneas.

Immunofluorescence of CXCR4 and CXCL12 protein in HSK corneas

Next, we ascertained CXCR4 and CXCL12 protein localization in HSK corneas. The
immunofluorescence staining for CXCR4 and CXCL12 protein was carried out in the frozen
sections of HSK corneas at 16 days p.i. (Fig. 4A). As is shown in Fig. 4B, a prominent
CXCL12 protein staining was evident in the cross-sections of the stromal blood vessels. No
prominent CXCL12 staining was seen in the CE. Our results also showed intense CXCR4
staining in the epithelium and stroma of HSK corneas (Fig. 4B). In the stroma, CXCR4
staining was displayed in the cross-sections of stromal blood vessels of HSK corneas.
Additionally, membrane-bound CXCRA4 staining was also seen on cells in the anterior
stroma and basal layer of the corneal epithelium of the HSK cornea. Isotype controls did not
show non-specific staining in HSK corneas.

Corneal HSV-1 infection causes a transient increase in the number of CXCR4-expressing
LCs in the CE of infected corneas

Next, we measured the outcome of corneal HSV-1 infection on CXCR4+ cells in the CE

of HSV-1 infected corneas at 4-, 9-, and 16-day p.i. Single-cell suspension prepared from

the individual CE of infected corneas was used for flow cytometry. Our results showed that
compared to the uninfected CE, the HSV-1 infected CE displayed an increased frequency
and number of CXCRA4+ cells at 4 days p.i. (Fig. 5A). However, by 9 days p.i., the frequency
and number of CXCRA4+ cells declined to the counts observed in the naive CE. Since most
CXCR4+ cells in uninfected CE exhibit the LCs phenotype (Figure 1), we next determined
whether the transient increase in CXCR4+ cells in HSV-1 infected cornea is the outcome of
an increase in CD207+CXCR4+ LCs. Our results showed that compared to naive CE, the
HSV-1 infected CE exhibited increased CD207+CXCR4+ LCs at 4 days p.i. However, by 9
days p.i., CD207+CXCR4+ LCs number in the CE declined to the counts seen in the naive
CE (Fig. 5B). To test whether an increased number of CD207+CXCR4+LCs at 4 days p.i.

in the epithelium resulted from their proliferation, we performed an /7 vivo EdU labeling of
proliferating cells. Our results showed an approximately 6-fold increase in the frequency and
the absolute number of EdQU+CD207+ LCs in the CE of HSV-1 infected corneas at 4-day p.i.
than uninfected corneas (Figure 5C).

Neutrophils and vascular endothelial cells are the prominent CXCR4 expressing cells in
the stroma of HSK corneas

CXCR4 expression has been reported on neutrophils after extravasation into inflamed lung
tissue [25]. Similarly, CXCR4 signaling is reported to promote hemangiogenesis in tumor
models [26]. Therefore, we next ascertained whether infiltrated neutrophils and newly
formed blood vessels in HSK corneas express membrane-bound CXCR4 molecule. The
single-cell suspension of the individual CS separated from the epithelium of HSK corneas
was used to perform the flow cytometry assay. The gating strategies employed to exclude
debris and dead cells to obtain the singlets for analysis are shown in Fig. 6B. Our results
showed that more than 60% of CD45+ leukocytes expressed membrane-bound CXCR4
molecule in the CS of HSK cornea. Among CXCR4-expressing leukocytes, more than 80%
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were CD11b+ cells and exhibited the myeloid cell phenotype. Furthermore, among CXCR4-
expressing myeloid cells, our results showed 84.8% neutrophils, 8.7% monocytes, and 3.4%
Ly6g-ve Ly6C-ve cells. In addition to myeloid cells, approximately 5% of CXCR4+CD45+
cells were TCR-beta+, showing the T cell phenotype. Although CD4 T cells are the primary
T cell subset in HSK corneas [27], our results showed that only 35% of CXCR4+ T cells
were CD4 T cells (Fig. 6C). On the other hand, most CXCR4- veCD45+ leukocytes were
CDA T cells (Fig. 6C). Collectively, these results showed that neutrophils but not CD4 T
cells are the prominent CXCR4 expressing immune cells in HSK cornea.

Stromal neovascularization is the hallmark of HSK and is clearly evident in the separated
stroma of HSK corneas at 16-day p.i. (Fig. 6A). CD31-expressing vascular endothelial

cells are previously reported to quantify corneal angiogenesis in the mouse model of HSK
[28]. Therefore, we next ascertained whether CD31+ cells in the stroma of HSK corneas
expressed CXCR4 molecule. Our results showed a distinct population of CD31+CD45-ve
cells in the corneal stroma (Fig. 6D). Depending upon the extent of hemangiogenesis in
HSK corneas, the frequency of these cells ranges from 0.30 to 0.83% of CD45-ve cells.
Furthermore, an average of 45% of CD31+CD45-ve cells expressed CXCR4 protein in the
stroma of HSK corneas at 16-day p.i. (Fig. 6D). Together, these results showed a significant
fraction of vascular endothelial cells expressing CXCR4 in HSK lesions.

Discussion

Chemokine receptor-mediated signaling can be essential in homing stem cells, progenitors,
and immune cells. CXCRA4 signaling is reported to control the location of dendritic cells
under a steady state and in inflammation [29]. Additionally, it has been shown that

CXCR4 mediates conventional CD11c+ dendritic cell recruitment into the suture-induced
inflamed murine cornea [16]. The epithelium of murine and human corneas is populated
with CD207+ LCs [30-32]. Our results showed that most CXCR4-expressing cells in the
uninfected epithelium are corneal resident LCs. Our data also suggest two subsets of corneal
resident LCs based on CD11c expression level. CD11c" and CD11c subsets expressed a
similar level of CD39, a dominant LCs-associated ectonucleotidase [33]. In contrast, the
CD11cN subset expressed a significantly higher level of CD326 than the CD11c'® subset.
CD326 expression on epidermal LCs promotes their motility [34]. Therefore, the CD11cM
subset of corneal-resident LCs may be more mobile than the CD11c!° LC subset. LCs are
documented to play an important role in the development of HSK in murine corneas [35,
36]. However, the underlying mechanisms still need to be clarified. Our results showed
that LCs proliferate in response to corneal HSV-1 infection, increasing their numbers in the
epithelium at 4-day p.i. However, by 9-days p.i., the numbers have reduced to the counts
seen in the naive epithelium. Since LCs are reported to migrate to the site of corneal HSV-1
infection [4], CXCR4+ LCs, after acquiring the viral antigens, may migrate from CE to

CS of HSK-developing corneas. In support, the chemotactic signal (CXCL12) to attract
CXCR4+LCs is present in the CS of HSK corneas. In the skin, LCs can migrate from

the epidermis to the dermis and are involved in antigen presentation to T cells [37, 38].
Similarly, in the CS, the LCs can present viral antigens to differentiated CD4 T cells and
potentiate their effector function. Thus, impeding the migration of LCs from the CE to CS
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of HSV-1 infected corneas may reduce the severity of HSK. Our ongoing experiments are
testing this hypothesis.

In addition to CE, we also detected CXCR4-expressing cells in the stroma of the

uninfected cornea. Our results showed that most CXCR4-expressing cells exhibited the
phenotype of stromal macrophages in the uninfected cornea. A recent study showed that
CXCR4 expression could distinguish monocyte-derived macrophages from tissue-resident
macrophages in the brain tissues [39]. The tissue-resident macrophages originate from
yolk-sac but get supplemented by bone-marrow derived monocytes after birth. Our results
may distinguish monocyte-derived macrophages from yolk-sac derived macrophages in the
corneal stroma. Furthermore, corneal stromal macrophages have also been shown to interact
with stromal nerve trunks [40]. The possible involvement of CXCR4-CXCL12 signaling in
these interactions cannot be ruled out, as peripheral nerves are reported to produce CXCL12
chemokine [41].

It is well reported that CXCR4 and CXCL12 expression gets upregulated under hypoxic
conditions [23, 42, 43]. We recently reported the occurrence of hypoxia in progressing
HSK lesions [22]. Accordingly, the results shown in this study demonstrated an
upregulation of CXCR4 and CXCL12 in HSK corneas. The CXCR4-CXCL12 axis promotes
hemangiogenesis in proliferative diabetic retinopathy [44]. CXCL12 secreted from vascular
endothelial cells can act directly on CXCR4 expressing blood vessels and promote their
vascular growth. In support, our immunofluorescence data showed CXCL12 staining in

the cross-sections of newly developed blood vessels in the HSK cornea. Furthermore, a
significant proportion of CD31+ vascular endothelial cells in the stroma of HSK corneas
expressed CXCR4. These results suggest the possible involvement of CXCR4-CXCL12
interactions in promoting hemangiogenesis in HSK.

Neutrophils are the major immune cell type in the HSK cornea, and CXCR2-mediated
signaling plays a pivotal role in attracting neutrophils in HSK lesions [45, 46]. However,
after extravasation, the surface expression of CXCRA4 is increased on neutrophils [25]. Our
results also showed that most of the CXCR4 expressing leukocytes in the stroma of HSK
corneas were neutrophils. Since CXCR4-CXCL12 signaling is involved in homing different
cell types, these interactions may promote the retention of neutrophils in the HSK cornea.

In fact, the use of CXCR4 antagonist AMD3100 has been reported to promote the reverse
migration of neutrophils from the site of inflammation in a zebrafish model [47]. The
ongoing experiments test whether localized blocking of the CXCR4-CXCL12 axis promotes
the reverse migration of neutrophils from HSK developing corneas.

Collectively, our results showed CXCR4 expression on resident APCs in the uninfected
cornea and infiltrating neutrophils and newly formed blood vessels in the HSK cornea,
suggesting a pleiotropic effect of CXCR4 signaling in HSK. Considering the effectiveness
of targeting chemokine receptors in the clinic, CXCR4 can serve as a potential therapeutic
target in HSK. The ongoing experiments are testing this concept.
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Figure 1. LCs are the prominent CXCR4-expressing cells in the epithelium of uninfected
C57BL/6J mouse cornea.

(A) A representative eyeball image from an uninfected mouse and an intact epithelium
separated from the uninfected C57BL/6J mouse cornea. (B) Representative pseudocolor
FACS plots denote the parent gating strategy employed to remove debris, dead cells,

and doublets from the single-cell suspension of the uninfected CE used for FACS

staining. (C) Representative contour FACS plots show the gates employed to determine the
frequency of CXCR4 expressing CD207+ and CD207-ve cells in uninfected CE. Histogram
overlay shows the expression level of CD39, IAP, and CD326 surface molecules between
CD11ch and CD11c!® LCs. (D) The histogram scatter plot shows the frequency of CXCR4-
expressing CD207+ and CXD207-ve cells in individual CE separated from the mouse
cornea. Each dot represents an individual CE. Statistical significance was determined using
non-parametric Mann-Whitney’s test (** p<0.01) (E) Histogram scatter plot shows the
median fluorescence intensity (MFI) of CD39, IAP, and CD326 on CD11chi and CD11c®
LCs in individual CE. Two-way ANOVA followed by Sidak multiple comparison analysis
was used to determine the statistical significance (ns= non-significant, ****p<0.0001)
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Figure 2. Stromal macrophages are the prominent CXCR4-expressing cells in the uninfected
C57BL/6J mouse CS.

(A) Representative image of an uninfected eyeball of the mouse and an intact stroma
separated from the uninfected mouse cornea. (B) Representative FACS plots denote the
gating strategy employed to remove debris, dead cells, and doublets from the single-cell
suspension of an uninfected CS. (C) Representative contour FACS plots show the gates
employed to detect the frequency of cells expressing CXCR4, CD207, and CD45 markers
in an individual CS. The arrows point towards the population derived from the parent gate.
(D) Histogram plot overlays show the median fluorescence intensity (MFI) of Fluorescence
minus one (FMO) and CD11c, CD11b, F4/80 and IAP molecules on CXCR4+CD207-
veCD45+ cells in the stroma of the uninfected cornea. (E) The Scatter plot shows the
frequency of CXCR4-expressing CD207+ and CXD207-ve cells in individual CS separated
from the mouse cornea. Each dot represents an individual CS. Statistical significance was
determined using non-parametric Mann-Whitney’s test (*** p<0.001).
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Figure 3. An increased expression of CXCR4 and CXCL12 in the corneas with HSK lesions.
(A) Histogram scatter plots show the fold change in mRNA level of the CXCR4 gene

in HSV-1 infected cornea at 4-, 9-, 12-, and 16-day p.i. compared to CXCR4 expression
level in uninfected C57BL/6J cornea. (B) Representative eye images depict the development
of opacity and angiogenesis in HSV-1 infected cornea at 4-, 9-, 12- and 16-day p.i. (C)
Histogram scatter plots show the fold change in mRNA level of the CXCL12 gene in HSV-1
infected cornea at 4-, 9-, 12-, and 16-day p.i. compared to the expression of CXCL12 in the
uninfected mouse cornea. Each dot represents an individual cornea. (D) Scatter plots show
the fold change in mMRNA level of CXCR4 in the separated CE and CS of HSV-1 infected
corneas at 4-day and 16-day p.i. than uninfected CE and CS of C57BL/6J mice. (E) Bar
diagrams denote the fold change in mRNA level of CXCL12 in separated CE and CS of
infected corneas at 4-day and 16-day p.i. than uninfected CE and CS of C57BL/6J mice.
Non-parametric Mann-Whitney’s test was used to calculate the statistical significance (ns =
non-significant, and *p<0.05 and **p<0.01 are considered statistically significant).
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Figure 4. Immunofluorescence staining shows CXCR4 and CXCL12 expressing cells in the
frozen sections of HSK cornea at 16-day p.i.

(A) Representative eye image of HSK cornea showing hemangiogenesis and corneal opacity
at 16-day p.i. (B) Eight-micron frozen sections of HSK cornea were stained (green staining)
for either CXCRA4 (top panel) or CXCL12 (bottom panel) protein and counterstained with
DAPI (blue) for nuclear staining. CXCR4 staining was seen in the epithelium and stroma,
while CXCL12 staining was highly localized in the cross-sections of blood vessels in the
corneal stroma. The sections were imaged using Leica confocal microscope. Images were
acquired at 40X magnification for CXCR4 and 40X +1.7 digital zoom for CXCL12 protein.
Inset shows the magnified view of dotted area in the frozen sections of the HSK cornea.
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Figure 5. Corneal HSV-1 infection causes a transient increase in CXCR4-expressing LCs in the
CE during the lytic phase of viral infection.

(A) Representative FACS plots show the frequency of CXCR4 expressing singlets in
uninfected and HSV-1 infected corneas. Scatter plot histograms show a significant increase
in the frequency and number of CXCR4-expressing cells at 4-day p.i. (B) Representative
FACS plots are derived from CXCR4+ cells, and histogram scatter plots show significantly
increased frequency and number of CXCR4 expressing CD207+ cells at 4-day p.i. (C)
Representative contour plots show the frequency of EQU+CD207+ cells in uninfected CE
and HSV-1 infected CE at 4-day p.i. Scatter plot histograms show a significant increase

in the frequency and number of EQU+CD207+ cells in the CE at 4-day p.i. Ordinary
one-way ANOVA or Mann-Whitney test was used to calculate the level of significance.
ns=non-significant and *p<0.05, **p<0.01, and ***p<0.001 were considered statistically
significant.
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Figure 6. The cell surface expression of CXCR4 in the stroma of HSK corneas is localized on
neutrophils and vascular endothelial cells.

(A) Representative eye image showing angiogenesis and opacity in HSK cornea at 16-day
post-infection. (B) FACS plots denoting the parent gating strategies employed to remove
debris, dead cells, and doublets from the single-cell suspension of an individual corneal
stroma during FACS analysis. (C) Representative contour FACS plots show the gates
employed to detect the frequency of leukocyte (CD45) subsets expressing CXCR4 in

an individual corneal stroma. The arrows point towards the population derived from the
respective parent gate population. (D) Representative FACS plots showing CD31 expressing
cells among CD45-ve cells in an individual corneal stroma and CD31+CXCR4+ expressing
vascular endothelial cells. (E) Histogram Scatter plot denotes the frequency of myeloid cells
and T cells among CXCR4+ leukocytes in the CS of the HSK corneas at 16-day p.i. A

total of seven HSK corneas are processed for flow cytometry at 16-day p.i. Non-parametric
Mann-Whitney’s test was used to calculate the statistical significance (***p<0.001).
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