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ABSTRACT Herpes simplex virus 1 (HSV-1) can infect virtually all cell types in vitro.
An important reason lies in its ability to exploit heparan sulfate (HS) for attachment
to cells. HS is a ubiquitous glycosaminoglycan located on the cell surface and teth-
ered to proteoglycans such as syndecan-1. Previously, we have shown that hepara-
nase (HPSE) facilitates the release of viral particles by cleaving HS. Here, we demon-
strate that HPSE is a master regulator where, in addition to directly enabling viral
release via HS removal, it also facilitates cleavage of HS-containing ectodomains of
syndecan-1, thereby further enhancing HSV-1 egress from infected cells. Syndecan-1
cleavage is mediated by upregulation of matrix metalloproteases (MMPs) that ac-
companies higher HPSE expression in infected cells. By overexpressing HPSE, we
have identified MMP-3 and MMP-7 as important sheddases of syndecan-1 shedding
in corneal epithelial cells, which are natural targets of HSV-1 infection. MMP-3 and
MMP-7 were also naturally upregulated during HSV-1 infection. Altogether, this pa-
per shows a new connection between HSV-1 release and syndecan-1 shedding, a
phenomenon that is regulated by HPSE and executed by the MMPs. Our results also
identify new molecular markers for HSV-1 infection and new targets for future inter-
ventions.

IMPORTANCE HSV-1 is a common cause of recurrent viral infections in humans. The
virus can cause a range of mucosal pathologies. Efficient viral egress from infected
cells is an important step for HSV-1 transmission and virus-associated pathologies.
Host mechanisms that contribute to HSV-1 egress from infected cells are poorly un-
derstood. Syndecan-1 is a common heparan sulfate proteoglycan expressed by many
natural target cells. Despite its known connection with heparanase, a recently identi-
fied mediator of HSV-1 release, syndecan-1 has not been previously investigated in
HSV-1 release. In this study, we demonstrate that the shedding of syndecan-1 by
MMP-3 and MMP-7 supports viral egress. We show that the mechanism behind the
activation of these MMPs is mediated by heparanase, which is upregulated upon
HSV-1 infection. Our study elucidates a new connection between HSV-1 egress,
heparanase, and matrix metallopeptidases; identifies new molecular markers of infec-
tion; and provides potential new targets for therapeutic interventions.

KEYWORDS heparan sulfate, heparanase, syndecan, herpes simplex virus,
metalloenzymes

Herpesviruses are a family of enveloped, double-stranded DNA viruses (1). More
than 90% of adults worldwide are infected with a herpesvirus, and roughly 73% of

Americans are infected with herpes simplex virus 1 (HSV-1) or HSV-2 alone (1, 2). HSV-1
has been reported to infect the mouth, gums, genitals, skin, brain, and eyes (3–5).
Ocular HSV-1 infections can lead to a host of diseases, including blepharitis, epithelial
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keratitis, conjunctivitis, and anterior uveitis (6–8). Indeed, HSV-1-induced keratitis rep-
resents one of the leading causes of infectious blindness in the United States (6, 9, 10).

HSV-1 entry into human cells begins with the attachment of its glycoproteins gB and
gC to heparan sulfate proteoglycans (HSPGs) located on the cell surface, although
proteoglycan-independent entry pathways do exist (11–14). HSPGs are composed of
multiple chains of heparan sulfate (HS), a glycosaminoglycan found on the surface of
most mammalian cell types, attached to a core protein by trisaccharide linkages (13, 15,
16). The most common family of HSPGs are the syndecans, made up of syndecan-1, -2,
-3, and -4 (13, 17, 18). Syndecan-1 and syndecan-2 production have been shown to be
upregulated by HSV-1 upon infection, and reduction of these syndecans impedes HSV-1
entry into HeLa cells (13). In addition, the increase in syndecan levels results in more HS
moieties being present on the cell surface (13). A single HS chain has the ability to bind
multiple viruses, and a syndecan-1 protein has three HS attachment sites, giving it the
potential to trap many HSV-1 virions in its structure (19, 20). In addition, syndecan-1 is
commonly found on natural target cells for HSV-1 infection (21–23). Thus, syndecans
are heavily implicated in mediating successful HSV-1 infection (19, 24).

Heparanase (HPSE) is an endo-�,D-glycosidase that is the only known mammalian
enzyme capable of cleaving HS (25–27). HPSE targets heparan sulfate at limited sites
and does not cleave the entire HS chain from syndecan-1 proteoglycans (28, 29). HPSE
has previously been shown to be upregulated upon HSV-1 infection via NF-�B signaling
and is required for the release of HSV-1 from host cells (30). It is believed that HPSE
upregulation by the virus shifts the host cell into a “detachment mode” and cleaves HS
chains on the cell surface, which allows for an efficient release of newly generated
virions (30, 31). In addition, given the connection between HPSE and syndecan shed-
ding (30), the egress of the newly made viruses could be due in part to the shedding
of the entire syndecan HSPG from the extracellular surface. Loss of HSPGs may enhance
the rate of viral release from the cells and facilitate pathogenesis to neighboring cells.
HPSE has been reported to increase syndecan-1 shedding in myeloma cells via the
phosphorylation of extracellular signal-regulated kinase-1 (ERK) and the downstream
activation of the sheddase matrix metalloproteinase 9 (MMP-9) (32, 33). Under various
physiological or pathological conditions, the HS-expressing ectodomains of syndecans
are also shed by additional sheddases that include MMP-3 and MMP-7 (34–36). How-
ever, to our knowledge, a role of MMPs in syndecan shedding during HSV-1 infection
has not yet been elucidated. Likewise, the synchrony between HPSE and syndecan
shedding to facilitate HSV-1 egress is not yet established. The results from this study
target these gaps in the literature.

Here, we demonstrate that HPSE overexpression results in the increased cleavage of
syndecan-1 from the cell surface. The transfection of HPSE or infection with HSV-1
upregulates specific MMPs, which facilitate the shedding of syndecan-1. Our evidence
suggests that HPSE plays a dual role in the viral life cycle by directly cleaving HS chains
from the cell surface to promote entry and mediating the shedding of syndecan-1 to
promote egress. We also implicate MMP-3 and MMP-7 as the sheddases that regulate
syndecan shedding in response to HSV-1 infection. These MMPs may provide new
targets for antiviral therapies.

RESULTS
HSV-1 infection of human corneal epithelial cells increases shedding of

syndecan-1. Given that HSV-1 infection has been reported to decrease HS expression
on the cell surface (30), we sought to identify the effects of HSV-1 on syndecan levels
on immortalized human corneal epithelial (HCE) cells. Using flow cytometry, we ob-
served the loss of syndecan-1 on HCE cells infected with HSV-1 at both 24 and 36 hours
postinfection (hpi) relative to uninfected controls (Fig. 1A). Quantification of the
syndecan loss at each time point revealed a roughly 25% decrease of cell surface
syndecan-1 at 24 hpi, which progressed to 50% by 36 hpi (Fig. 1B). We next wanted to
verify that the loss of syndecan-1 seen in immortal HCE cells was not specific to the cell
line used, so we extracted primary human corneal epithelial cells from human donor
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FIG 1 HSV-1 infection of human corneal epithelial cells increases syndecan-1 shedding. (A) Syndecan-1 expression
is decreased on the HCE cell surface at different time points postinfection, measured using flow cytometry. Cells
were infected with KOS-WT at an MOI of 0.1 and were stained for syndecan-1 at 24 and 36 hpi. (B) Fluorescence
intensity measurements based on flow cytometry results. Integrated mean fluorescence intensity of the whole cell
population was measured, and fold change was normalized to uninfected mock samples for each time point. (C,
left) Syndecan-1 expression on the cell surface is decreased in primary human corneal epithelial cells. Cells were
infected with 17-GFP at MOI 0.1 and were stained for syndecan-1 at 48 hpi. Mean fluorescence intensity (MFI) values
for the uninfected and infected cells were 122,353.86 and 66,945.33, respectively. (C, right) Dot plot of the flow
cytometry results. Q1 and Q2 represent FITC-positive populations (infected). Q2 and Q3 represent syndecan-1-
positive populations (right). (D) Fluorescence intensity measurements based on flow cytometry results. Integrated
mean fluorescence intensity of the whole cell population was measured using flow cytometry at 36 hpi. Uninfected
and 36-hpi samples are compared. (E, left) Immunofluorescence microscopy images show decreased expression of
syndecan-1 on the cell surface of infected cells. HCE cells were grown on imaging dishes and infected with KOS-WT
at an MOI of 0.1 for 24 h. The cells were stained for syndecan-1 (red) and 4=,6-diamidino-2-phenylindole (DAPI)
(blue). Merged images of syndecan-1, DAPI, and brightfield microscopy are also shown. (E, right) Images were
quantified for syndecan-1 intensity. A hundred cells were picked at random for each sample, and the intensity of
syndecan-1 was measured for each cell using ImageJ.
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corneas and infected them with HSV-1. Similar to our initial observation, we found that
syndecan-1 levels decreased in primary HCE cells with infection, again with roughly a
50% loss in the levels of syndecan-1 on the cell surface (Fig. 1C and D). We also
performed immunofluorescence microscopy on HCE cells that were either uninfected
or infected with HSV-1 for 24 h. After staining the cells for syndecan-1, we observed a
loss of syndecan-1 from the cell surface in the infected cells (Fig. 1E).

HSV-1 infection causes the shedding of syndecan-1 from the cell surface.
Although the above experiments demonstrated that there was a loss of syndecan-1
from HCE cells after HSV-1 infection, they did not conclusively show that the
syndecan-1 was shed and not simply endocytosed from the cell surface. In order to
understand the fate of the syndecan-1 on the cell surface, we performed a slot blot
assay on the supernatant of HCE cells 24 and 36 h postinfection. We found that the
supernatant of infected HCE cells showed more unbound syndecan-1 protein than
uninfected cells, suggesting that the syndecan-1 was intact and merely cleaved from
the surface of infected cells (Fig. 2A). Densitometry quantification of the slot blot assay
results revealed that the syndecan-1 in the supernatant increased 1.5-fold 24 hpi and
about 2.5-fold 36 hpi (Fig. 2B). As a result, we concluded that syndecan-1 was being
shed from cells upon infection.

The loss of syndecan-1 from the cell surface during HSV-1 infection is not due
to an increase in the synthesis of syndecan-1. The increase in syndecan-1 shedding
could have been caused by an upregulation of its synthesis in infected cells. It may have
been the case that the upregulation of syndecan-1, in conjunction with a normal rate
of shedding, was responsible for the increase in shed syndecan previously observed
(Fig. 2). HSV-1 infection has previously been shown to upregulate syndecan-1 produc-

FIG 2 HSV-1 infection causes the shedding of syndecan-1 from the cell surface. (A) Slot blot assay shows
increased syndecan-1 shedding in HCE cells. HCE cells were infected with KOS-WT at an MOI of 0.1 for
24 and 36 h. The supernatant was used to measure the levels of syndecan-1 that was shed from the cell
surface. (B) Densitometry quantification of syndecan-1 shed in supernatant based on slot blot assay. The
fold change was normalized to uninfected mock samples at each time point. (C) Image representing
shedding of syndecan-1. The left side of the perpendicular line shows syndecan-1 bound to the cell
surface, which was measured by flow cytometry. The right side of the perpendicular line shows
syndecan-1 shed in the supernatant, which was measured by slot blot assay and is described above in
panel A.
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tion in HeLa cells (13). In order to test if more syndecan-1 protein was being produced
by infected cells, we performed both quantitative PCR (qPCR) and Western blotting on
infected HCE cells. Neither the syndecan-1 transcripts nor protein were increased in
infected cells (Fig. 3A and B). Hence, we concluded that the infection of human corneal
epithelial cells by HSV-1 results in the shedding of syndecan-1 to the extracellular
matrix, not the upregulation of syndecan-1. The lack of changes in syndecan transcripts
in HCE cells compared to HeLa cells suggests that the effects of HSV-1 infection are
highly sensitive to the cell type used.

Upregulation of HPSE decreases cell surface syndecan-1 in human corneal
epithelial cells. Syndecan-1 has been reported to shed by numerous mechanisms (37,
38). Because HPSE is activated during corneal HSV-1 infection, we thought that it may
play a role in mediating the effects of HSV-1 on syndecan-1 shedding (30). To test
whether HPSE is responsible for syndecan-1 shedding, HCE cells were transfected with
a plasmid containing the human HPSE-green fluorescent protein (GFP) gene. Flow
cytometry was performed on the HPSE-transfected cells, and we found that the cells
which overexpressed HPSE had less syndecan-1 present on their cell surfaces than cells
transfected with an empty vector (Fig. 4A). Quantification of the flow results demon-
strated that the HPSE-GFP cells had less than half of the syndecan-1 on the cell surface
compared to the control cells (Fig. 4A). This ratio of cell surface syndecan-1 in HPSE-
transfected to empty vector (EV)-transfected cells is remarkably similar to the ones seen
in immortalized and primary HCE cells at 36 hpi compared to the uninfected group (Fig.
1B and C). Immunofluorescence microscopy using the HPSE-GFP cells also revealed a
loss of syndecan-1 (Fig. 4B).

MMP-3 and MMP-7 are upregulated upon HPSE overexpression or HSV-1
infection. MMPs are sheddases that are capable of cleaving syndecans from the cell
surface. Multiple studies have reported that MMP-1, -2, -3, -7, and -9 are involved with
upregulation of HPSE in various cell lines (32, 39–41). Additionally, decreasing the levels
of MMP-9 has been shown to ameliorate herpes simplex keratitis in vitro and in vivo (42,
43). However, these MMPs are specific to certain cell types. To investigate which of the
MMPs are upregulated in HCE cells, we transfected the HPSE plasmid into HCE cells and
measured the number of MMP transcripts produced 48 h posttransfection using qPCR.
Out of the 5 MMPs selected, only MMP-3 and MMP-7 significantly increased upon HPSE
overexpression (Fig. 5A). Because HSV-1 upregulates HPSE expression in HCE cells, we
wanted to test whether infecting cells would similarly increase their expression of these
MMPs. Upon infection with HSV-1, we observed a similar increase in MMP-3 and MMP-7

FIG 3 Syndecan-1 loss during HSV-1 infection is not due to transcriptional changes in the syndecan protein. (A)
mRNA expression shows no significant change in syndecan-1 transcripts at either 24 or 36 hpi. HCE cells were
infected with KOS-WT at an MOI of 0.1, and mRNA was extracted from cells at the indicated time points. Results
are shown as fold change of infected over uninfected cells at each time point, normalized to GAPDH. (B, left)
Western blotting (WB) shows no significant change in protein expression of syndecan-1 after 24 and 36 hpi. HCE
cells were infected with KOS-WT at an MOI of 0.1. (B, right) Densitometry quantification of syndecan-1 normalized
to GAPDH. The fold change of infected over uninfected cells is shown for each time point.
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in HCE cells (Fig. 5B). We then wanted to investigate whether the rise in MMP transcripts
led to an increase in active, functional enzymes on the cell surface. Both infected and
uninfected cells were stained with either MMP-3 or MMP-7 antibodies. Using flow
cytometry and immunofluorescence microscopy, we observed significant increases in
both MMP-3 and MMP-7 on the infected cell surfaces (Fig. 5C to F). Quantification of
MMP staining from the microscopy images demonstrated a highly significant
(P � 0.0001) increase of both MMP-3 and MMP-7 on the surface of the HCE cells at 24
hpi (Fig. 5G and H). These results suggest a chain of events in which HSV-1 upregulates
HPSE, which proceeds to increase MMP-3 and MMP-7 transcription, and these two
MMPs migrate to the cell surface to facilitate the shedding of syndecan-1.

DISCUSSION

HSV-1 infection can cause many mucosal and systemic diseases, including infection
of the eye (44). Depending on the location of viral replication, the latter can manifest
itself as corneal ulcers, keratitis, conjunctivitis, iridocyclitis, and acute retinal necrosis
(45, 46). One major process underlying the spread of HSV-1 throughout the eye is the
transmission of viral progeny from infected cells to nearby healthy cells (9, 47). It is
known that HSV-1 uses ubiquitously expressed HS moieties on heparan sulfate pro-
teoglycans as attachment receptors for infection of epithelial cells in the cornea (19).

FIG 4 HPSE upregulation decreases cell surface syndecan-1 in human corneal epithelial cells. (A) HCE
cells were overexpressed with enhanced green fluorescent protein (EGFP)-HPSE, and the successfully
transfected cells were isolated and stained with syndecan-1 antibody on the cell surface. Flow cytometry
analysis shows that HPSE-overexpressed cells show decreased syndecan-1 when compared to cells
transfected with only EGFP plasmid. MFI values for the EGFP- and EGFP-HPSE-transfected cells were
366,772.09 and 271,691.79, respectively. (B) Immunofluorescence microscopy shows decreased
syndecan-1 expression on the surface of EGFP-HPSE-overexpressed cells when compared to control
vector EGFP-overexpressed cells. Green indicates either EGFP HPSE or EGFP control vector, blue indicates
4=,6-diamidino-2-phenylindole (DAPI), and red indicates syndecan-1. Merged images are also shown.
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FIG 5 MMP-3 and MMP-7 are upregulated upon HPSE overexpression or HSV-1 infection. (A) HPSE overexpression increases
production of MMP-3 and MMP-7 transcripts. Cells were transfected with HPSE vector, and mRNA was collected 48 h
posttransfection. Quantitative PCR was performed with the primers MMP-1, MMP-2, MMP-3, MMP-7, and MMP-9. (B) When cells
were infected with HSV-1 for 24 h, the increase in MMP profile was similar to that of HPSE-overexpressed cells with significant
increases in MMP-3 and MMP-7. (C) Flow cytometry analysis shows progressively increased expression of MMP-3 on the surface
of HCE cells when infected with HSV-1. The gray histogram shows the isotype antibody; black indicates uninfected, and red
shows infected cell populations. Cells were analyzed at 24 hpi. (D) Flow cytometry analysis shows progressively increased
expression of MMP-7 on the surface of HCE cells when infected with HSV-1. The gray histogram shows the isotype antibody;
black and red indicate uninfected and infected cell populations, respectively. Cells were analyzed at 24 hpi. (E) Immunoflu-
orescence imaging shows a similar increase in the expression of MMP-3 on the surface of infected cells. Red represents surface
MMP-3, and blue shows 4=,6-diamidino-2-phenylindole (DAPI). Images were taken at 0 and 36 hpi. (F) Immunofluorescence
imaging shows a similar increase in the expression of MMP-7 on the surface of infected cells. Red represents surface MMP-7,
and blue shows DAPI. Images were taken at 0 and 36 hpi. (G) Quantification of the immunofluorescence results demonstrates
a significant increase in surface MMP3 expression at 36 hpi. (H) Quantification of the immunofluorescence results demonstrates
a significant increase in surface MMP7 expression at 36 hpi.
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Additionally, it has been shown that heparanase, which is upregulated by HSV-1 during
infection, aids in viral egress by clipping heparan sulfate chains on the cell surface (30).
Both the loss of HS moieties and the upregulation of HPSE are seen in the later stages
of infection at both 24 and 36 hpi (30). For more efficient transmission of viral progeny
to the surroundings, we hypothesized that the entire syndecan-1 proteoglycan is shed
during HSV-1 infection. The loss of HS from the cell surface may be due in part to the
cleavage of the whole syndecan-1 proteoglycan, not just individual HS chains. Addi-
tionally, a previous study has reported that the upregulation of enzymatically active
HPSE was sufficient to enhance the rate of syndecan-1 shedding in myeloma cells (38).
We thought that a parallel mechanism may be at work in HCE cells during HSV-1
infection.

We have discovered that when infected with HSV-1, HCE cells upregulate HPSE,
which stimulates the expression of the enzymes MMP-3 and MMP-7. These MMPs have
been shown to cleave syndecan-1 ectodomains, located either 6- or 15-amino-acid
residues from the transmembrane domain (34). The mechanism by which HPSE up-
regulates MMP-3 and MMP-7 in HCE cells could be mediated by the ERK signaling
pathway. In multiple myeloma cells, the upregulation of HPSE stimulated ERK signaling
and subsequently the expression of MMPs (32, 48). In the model proposed by Pu-
rushothaman et al., enzymatically active HPSE stimulates the phosphorylation of ERK,
which proceeds to activate MMP-9 (32). MMP-9 then cleaves syndecan-1 proteoglycans
from the surface of myeloma cells (32). A similar mechanism could be present in HCE
cells, with the activation of MMP-3 and MMP-7 facilitating the cleavage of syndecan-1.
Activation of ERK signaling can be initiated by the binding of growth factors to specific
receptors on the cell (49). Since HS can bind and interact with a variety of growth
factors, its cleavage by heparanase may release ligands for their attachment to an
appropriate receptor and begin an ERK signaling cascade (48, 50–52).

As we demonstrate in this study, the upregulation of HPSE is sufficient to stimulate
MMP-3 and MMP-7 activity, which increases the rate of syndecan-1 shedding. We
propose that the stimulation of this signaling pathway occurs as the result of the
clipping of heparan sulfate chains by heparanase. As heparanase cleaves HS chains on
syndecan-1, cryptic epitopes within the heparan sulfate chains or the ectodomain of
the core protein are exposed and may interact with new ligands to facilitate signaling
(53, 54). Not only does HSV-1 deplete HS on the surface of an infected cell, but the
downstream signaling resulting from the cleavage of HS also leads to the snipping of
the syndecan-1 protein. The loss of HS via HPSE overexpression has been reported to
decrease viral binding at the cell surface, reduce the number of new virions that can
attach to the exterior of the cell, and increase viral egress (30). Previous work suggests
that HSV-1 infection can be divided into an “attachment phase” during entry when HS
is abundant and a “detachment phase” during egress when HS levels are diminished
(30). The findings of this study expand the current model and demonstrate that the
entire HSPG, not just individual HS chains, is initially abundant and subsequently lost
during the attachment and detachment phases, respectively. Because one syndecan-1
protein can bind to three HS chains, it may be more efficient for the virus to promote
shedding of entire proteoglycans instead of only the HS moieties on them (19, 20).

Several studies have described how matrix metalloproteinases regulate the inflam-
matory response and that MMPs are upregulated in nearly every case of inflamed
human tissue (40, 55–57). The HSV-1-induced upregulation of MMP-3 and MMP-7 may
be responsible for the inflammation observed in ocular tissues. Consistent with these
findings, overexpression of HPSE has been shown to stimulate the inflammatory
response in vivo, manifesting as swollen ipsilateral lymph nodes and delayed wound
healing (31). It is known that the �34.5 gene, transcribed in the later stages of lytic
HSV-1 infection, is required for the upregulation of HPSE (31). Taken together, the
findings suggest that once HSV-1 infects a cell and produces the �34.5 gene product,
HPSE becomes upregulated and proceeds to increase MMP-3 and MMP-7 expression.
These two MMPs facilitate syndecan shedding and likely play a major role in creating
inflammatory symptoms during an ocular HSV-1 infection. Aside from observing the
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phenotype of an upregulation of HPSE via infection or transfection, we also tested the
effects of a broad-spectrum MMP inhibitor, Batimastat, on HCE cells during infection.
Plaque assay results for viral release revealed a 2-fold decrease in plaques in cells
incubated with Batimastat compared to a dimethyl sulfoxide (DMSO) control (data not
shown).

In addition to facilitating viral egress, syndecan shedding can result in several
angiogenic factors to be released, resulting in the formation of new blood vessels (58,
59). Syndecans are involved in the formation of chemokine gradients, and they serve as
coreceptors for growth factors such as fibroblast growth factor 2 (FGF-2) (48). In
addition, matrix metalloproteinases have been implicated in angiogenesis by liberating
vascular endothelial growth factor (VEGF) and insulin-like growth factor-1 (IGF-1) from
the extracellular matrix (60, 61). HPSE-mediated stimulation of MMPs could be a
powerful driver of angiogenesis (62). Corneal neovascularization is a major complica-
tion of herpes simplex keratitis, and syndecan-1 shedding could play a key role in this
pathophysiology (44). Inhibition of VEGF has been shown to reduce the severity of
corneal neovascularization, and similar results may arise from preventing MMP-3 and
MMP-7 from degrading syndecan-1 in corneal cells (63).

Future studies should investigate the mechanism by which HPSE upregulates these
two MMPs and whether the inhibition of syndecan-1 shedding reduces the severity of
corneal disease in murine models. In conclusion, we propose that the shedding of
syndecan-1 promotes viral egress by reducing the amount of viral progeny trapped
near the cell surface by heparan sulfate moieties. This is produced by the initial
activation of HPSE by HSV-1 and its upregulation of MMP-3 and MMP-7, which
translocate to the cellular membranes and cleave the ectodomain of syndecan-1.
Upregulation of MMP-3 and MMP-7 may highlight new molecular markers for the
infection and future therapeutic targeting of matrix metalloproteinases and other
members of this HPSE-mediated pathway may prove to be an effective new method of
controlling HSV-1 infections.

MATERIALS AND METHODS
Cell and viruses. A human corneal epithelial cell line (RCB1834 HCE-T) was obtained from Kozaburo

Hayashi (National Eye Institute, Bethesda, MD) and cultured in minimal essential medium (MEM) (Life
Technologies, Carlsbad, CA) with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. All
infections were performed with HSV-1 KOS-wild type (WT) or 17-GFP at a multiplicity of infection (MOI)
of 0.1 on HCE cells unless mentioned otherwise.

Antibodies, plasmids, enzymes, and drugs. HPSE antibody HP130 (Advanced Targeting Systems,
San Diego, CA) was used for Western blot analysis (1:200), imaging (1:100), and flow cytometry studies
(1:100). The syndecan-1 antibody (catalog no. sc-6532; Santa Cruz Biotechnology) was used for Western
blotting, a supernatant slot blot, and immunofluorescence microscopy. MMP-3 (clone 50647; Novus
Biologicals) and MMP-7 (catalog no. AF907; R&D Systems) antibodies were used for immunofluorescence
microscopy. Human HPSE expression plasmid pIRES2 EGFP-HPSE1 and the control empty vector pIRES2
EGFP plasmid (64) were provided by Dr. Ralph Sanderson (University of Alabama at Birmingham,
Birmingham, AL). Transfection efficiencies ranged from 50 – 60%. The MMP inhibitor Batimastat (BB-94;
Selleckchem) was used for a plaque assay.

Western blot analysis. Proteins from samples in this study were collected using a radioimmuno-
precipitation assay (RIPA) buffer (Sigma-Aldrich, St. Louis, MO) according to the manufacturer’s protocol.
After gel electrophoresis, membranes were blocked in 5% milk/Tris-buffered saline with Tween 20 (TBS-T)
for 1 h followed by incubation with the primary antibody overnight. After washes and incubation with
respective horseradish peroxidase-conjugated secondary antibodies (anti-mouse, 1:10,000; anti-rabbit,
1:20,000) for 1 h, protein bands were visualized using the SuperSignal West Femto maximum sensitivity
substrate (Thermo Scientific, Waltham, MA) with an ImageQuant LAS 4000 biomolecular imager (GE
Healthcare Life Sciences, Pittsburgh, PA). The densities of the bands were quantified using the
ImageQuant TL image analysis software (GE Healthcare Life Sciences) (65).

Supernatant slot blot. Cell culture supernatants of infected or mock-treated HCE cells were vacuum
filtered through Immobilon-Ny� nylon membrane (Millipore Corporation, Billerica, MA) using the
Bio-Dot SF apparatus (Bio-Rad, Hercules, CA). Membranes were blotted overnight with an antibody
specific for syndecan-1 (catalog no. sc-6532; Santa Cruz Biotechnology) followed by species-specific
secondary antibody and chemiluminescence detection using the ImageQuant LAS 4000 biomolecular
imager, as described above (30).

PCR. RNA was extracted from cells using TRIzol (Life Technologies) according to the manufacturer’s
protocol. RNA was then transcribed to DNA using the High Capacity cDNA reverse transcription kit
(Applied Biosystems, Foster City, CA). Real-time quantitative PCR was performed using Fast SYBR green
master mix (Applied Biosystems) using QuantStudio 7 Flex (Applied Biosystems) (31). The following
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primers were purchased from Integrated DNA Technologies: glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) (forward, 5=-TGCACCACCAACTGCTTA-3=, and reverse, 5=-GGATGCAGGGATGATGTTC-3=),
MMP-1 (forward, 5=-GGCTGTTTTGTACTGCCTGCT-3=, and reverse, 5=-AGGAGACACAGGCTCTAGGGAA-3=),
MMP-2 (forward, 5=-AGGACTACGACCGCGACAAG-3=, and reverse, 5=-GTTCCCACCAACAGTGGACAT-3=),
MMP-3 (forward, 5=-AACCTGTCCCTCCAGAACCT-3=, and reverse, 5=-CAGCATCAAAGGACAAAGCA-3=),
MMP-7 (forward, 5=-GTATGGGACATTCCTCTGATCC-3=, and reverse, 5=-CCAATGAATGAATGAATG GATG-3=),
and MMP-9 (forward, 5=-GGCGCTCATGTACCCTATGT-3=, and reverse, 5=-GCCATTCACGTCGTCCTTAT-3=).

Flow cytometry. Syndecan-1, MMP3, and MMP-7 cell surface expression was detected after HSV-1
KOS-WT infection. Monolayers of HCE cells were infected at 0.1 MOI and harvested at 24 h and 36 h
postinfection. For the detection of protein on the cell surface, HCE cells were harvested and incubated
with 3 �g of primary antibody per sample. The samples were then diluted in PBS with 1% bovine serum
albumin (BSA) for 1 h at 4°C and incubated with fluorescein isothiocyanate (FITC)-conjugated or allo-
phycocyanin (APC)-conjugated anti-mouse IgG diluted to 1:100 for 30 min at 4°C. Cells stained with their
respective secondary antibodies were used as background controls. Entire cell populations were used for
the mean fluorescence intensity calculations (65).

Immunofluorescence microscopy. HCE cells were cultured in glass-bottom dishes (MatTek Corpo-
ration, Ashland, MA). Cells were fixed in 10% paraformaldehyde for 10 min and permeabilized with 0.1%
Triton X-100 for 10 min for intracellular labeling. This was followed by incubation with the primary
antibody for 2 h at 4°C. When a secondary antibody was needed, cells were incubated with FITC-
conjugated secondary antibody at a dilution of 1:150 for 1 h and were examined under the Zeiss 710
confocal microscope (Germany) using a � 63 oil immersion objective lens. The pinhole was set to 1 Airy
unit. For cell surface staining, cells were incubated with their respective primary and secondary
antibodies before fixation with paraformaldehyde for imaging. The fluorescence intensity of the images
was calculated using ImageJ software (30).

Human corneas. Human donor corneoscleral buttons were obtained from the Illinois Eye Bank,
Chicago, IL. The corneas had unknown seropositivity for HSV and came from anonymous donors. The
corneal stem cells were extracted and cultured in a keratinocyte serum-free medium (SFM). After 3 days,
the medium was changed to MEM, which allowed for the differentiation of stem cells into corneal
epithelial cells. Infection of these cells was done at an MOI of 0.1 with HSV-1 KOS-WT for 36 h (66).

Statistics. The data were analyzed using GraphPad Prism version 6.01 for Windows 10 (GraphPad
Software, La Jolla, CA). Error bars of all figures represent the standard error of the mean (SEM) of three
independent experiments (n � 3), unless otherwise specified. Asterisks denote a significant difference as
determined by Student’s t test: *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001. (P values are for
Fig. 1B and D, Fig. 2B, and Fig. 5A, B, and G, and H).
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