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The human eye is an important target for infection with herpes simplex virus 1 (HSV-1). Damage to cells
forming the trabeculum of the eye by HSV-1 infection could contribute to the development of glaucoma, a major
blinding disease. Primary cultures of human trabecular meshwork cells were used as an in vitro model to
demonstrate the ability of HSV-1 to enter into and establish a productive infection of the trabeculum. Blocking
of entry by anti-herpesvirus entry mediator (HVEM) antibody implicated HVEM as the major receptor for

HSV-1 infection.

The trabecular meshwork (TM), a specialized eye tissue, is
the major site for regulation of the aqueous humor outflow.
Inflammation of cells in the TM (trabeculitis) due to herpes
simplex virus 1 (HSV-1) infection during corneal endotheliitis
and uveitis leads to elevated intraocular pressure, which is a
major risk factor for glaucoma, a major blinding disease (1, 19,
21, 25, 32). Recently, immunoreactivity for HSV-1 in the tra-
beculum of the human eye was demonstrated during corneal
endotheliitis (1, 19). HSV-1-induced inflammation of human
TM cells impedes aqueous outflow and increases intraocular
pressure, as has also been reported with Posner Schlossman
syndrome (11, 38). The virus has been detected in aqueous
humor (40), tears (14), and ciliary ganglia (2) that innervate
the cells of the trabeculum. It is, however, ironic that the ability
of the virus to invade and productively infect TM cells remains
poorly understood and that several aspects of the virus, includ-
ing the identity of the mediators of the virus entry into these
cells, remain unknown. Since HSV-1 infection of TM cells is a
risk factor for glaucoma and uveitis, understanding HSV-1
entry and major entry mediators in TM cells becomes impor-
tant for designing novel strategies to prevent blindness. There-
fore, using primary cultures of human TM cells as a model, the
present study was undertaken to determine the susceptibility
and the mediator(s) of productive HSV-1 entry into TM cells.

HSV entry into cells is a complex process that is initiated by
specific interaction of viral envelope glycoproteins and host
cell surface receptors (31). The virus uses glycoproteins B and
C (gB and gC, respectively) to mediate the initial attachment
to cell surface heparan sulfate proteoglycans (12, 27). Binding
of herpesviruses to heparan sulfate proteoglycans likely pre-
cedes a conformational change that brings viral glycoprotein D
(gD) to the binding domain of host cell surface gD receptors
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(7, 8, 15). Thereafter, a concerted action involving gD, its
receptor, three additional HSV glycoproteins (gB, gH, and
gL), and possibly an additional gH coreceptor triggers fusion
of the viral envelope with the plasma membrane of host cells
(22, 23, 26). To date, three classes of HSV entry receptors have
been identified (30, 31). They include herpesvirus entry medi-
ator (HVEM) (20), a member of the tumor necrosis factor
receptor family (17); nectin-1 and nectin-2 (3, 5, 10), two mem-
bers of the immunoglobulin superfamily; and specific sites in
heparan sulfate generated by certain isoforms of 3-O-sulfo-
transferases (28, 29, 36, 37). It was recently shown that 3-O-
sulfotransferase-generated heparan sulfate (3-OS HS) also acts
as a fusion receptor similar to the protein receptors (34). The
relative abundance of the receptors varies with cell type, and
this variation might influence the course of HSV-1 infection.
For example, HVEM is expressed in various tissues, including
liver, lung, and kidney, and a variety of cell types, including T
and B lymphocytes, leukocytes, epithelial cells, and fibroblasts,
but probably not in neurons; hence, HVEM is likely not critical
for virus entry into neuronal cells, which is likely mediated by
nectin-1 (24, 30).

Cultured human TM cells are susceptible to HSV-1 entry
and replication. The TM cultures were prepared, in accor-
dance with federal guidelines and the Declaration of Helsinki,
from explanted human tissues (provided by the Illinois Eye
Bank, Chicago, IL) as previously described (39). To determine
HSV-1 entry, a confluent monolayer of cultured TM cells was
plated in 96-well tissue culture dishes and infected with serial
dilutions of recombinant HSV-1 (KOS) gL86, which expresses
B-galactosidase upon entry into cells (20). Wild-type Chinese
hamster ovary-K1 (CHO-K1) cells lacking functional gD re-
ceptors were used as the control. As shown in Fig. 1A, com-
pared to HSV-1 entry into CHO-K1 cells, HSV-1 entry into
human TM cells was detected in a dose-dependent manner.
Next, in order to develop a better appreciation of HSV-1 entry,
we decided to compare entry into TM cells with entry into gD
receptor (HVEM and 3-OS HS)-expressing CHO-K1 cells and

13173



& ] 18
—8— TMcells
—_ —a— CHO celis = 164
E 10 . E
= =
o o 14 4
= e
< o8 < 12
[a] o
(@] O 104
el | | v
o g‘ 0.8 4
} -] £
W os W os
5 o
= > 044
v o2 2]}
- o I o024
i s & 3
00 - : : T : r 0.0 4
. 2 4 8 B & = CHO HVEM 3-OST-3 Vero TM

PFU/cell

25

2

1 15

05

FIG. 1. Analysis of HSV-1 entry in primary cultures of human TM cells. (A) Entry of human HSV-1 into cultured human TM cells. Cultured TM
cells, along with wild-type CHO-K1 cells, were plated in 96-well plates and inoculated with twofold serial dilutions of B-galactosidase-expressing
recombinant virus HSV-1 (KOS) gI.86 at the PFU/cell indicated. After 6 h, the cells were washed, permeabilized, and incubated with o-nitrophenyl-f3-
D-galactopyranoside (ImmunoPure ONPG; Pierce) substrate for quantitation of B-galactosidase activity expressed from the input viral genome. The
enzymatic activity was measured by spectrophotometer (Molecular Devices) at an optical density (OD) at 410 nm. Each value shown is the mean (*
standard deviation) of three or more determinations. (B) Comparison of levels of HSV-1 entry into multiple cell types. Entry of HSV-1 into cultured
human TM cells was compared to entry into naturally susceptible Vero cells and CHO-KI1 cells expressing either HVEM or 3-OS HS as gD receptors.
Approximately equal numbers of cells (20,000 cells per well, per Beckman counter estimate) were plated in 96-well plates at least 16 h prior to infection.
All cell types were then treated with serial dilutions of B-galactosidase-expressing recombinant virus HSV-1 (KOS) gL86 for 6 h before the cells were
washed and permeabilized, and substrate (ONPG) was added to measure the viral entry. The values shown (means * standard deviations of triplicate
determinations) represent the amount of reaction product detected spectrophotometrically at a single input dose of 40 PFUj/cell. (C) Visualization of
GFP-tagged HSV-1 (K26GFP) particles in cultured human TM cells by using confocal microscopy. Human TM cells were infected as described in the
text. (a) Bright field image of cultured human TM cells overlaid with FITC fluorescent channel. Fluorescent viral capsids are seen in green. (b)
Orthogonal section of the maximum projection of a z stack sliced at two different axes (xz and yz). Maximum fluorescence intensities are shown as green
peaks. The inset shows the three ROI described in the text. (c) Enlarged view of the ROI (labeled and indicated by arrows). (d) Histogram of fluorescent
intensities (y axis) obtained for z stacks (x axis). The total depth of the z stack was 4 pm.
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Vero cells. Vero cells are naturally susceptible to HSV-1 (33). a single virus dose (40 PFU/cell), is shown in Fig. 1B. Further,
In parallel assays (data not shown), the HSV-1 dose response to generate more direct and visual evidence of HSV-1 entry,
observed with TM cells was similar to that with Vero cells and we used green fluorescent protein (GFP)-tagged HSV-1
CHO-K1 cells expressing gD receptors HVEM and 3-OS HS. (K26GFP) (4) virions. Fluorescence-tagged viruses are power-
As expected, wild-type CHO-K1 cells (without any receptors) ful tools for the analysis of viral infection (6). High-resolution
remained resistant to HSV-1 entry. A representative result, at confocal microscopy was used to detect fluorescent virus par-
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FIG. 2. Entered HSV-1 replicates in human TM cells, and entry is sensitive to gD-mediated interference. (A) Real-time PCR analysis of entry.
Fluorescence curve along with cycle threshold (C;) values are shown for each sample. The parameter C; is defined as the fractional cycle number
at which the fluorescence passes the fixed threshold. Vero, TM, and CHO-K1 cells were infected with HSV-1. Total cell DNA was isolated 12 and
36 h postinfection and analyzed by RT-PCR. The reaction was carried out using the following conditions for the target HSV-1 (KOS) (gD). First,
DNA was denatured at 95°C for 420 s, and the template was amplified for 50 cycles by denaturing DNA at 95°C for 30 s followed by annealing
of primers at 58°C for 10 s and extension at 72°C for 16 s. After amplification, one cycle of melting curve from 60 to 95°C by a transition rate of
0.2°C/s, with continuous detection of fluorescence, was performed. Un, untreated. (B) Visualization of viral DNA. PCR products (20 wl)
electrophoresed on 1.5% agarose (SeaKem LE agarose; Cambrex) Tris-acetate-EDTA (1X) gel containing ethidium bromide verified the
amplification product (HSV-1 gD) of the predicted size (129 bp) with no primer dimer bands. Un, uninfected. (C) HSV-1 infection of TM cells
leads to infectious yields of the virus. Confluent monolayers of TM and wild-type CHO-K1 cells were infected with HSV-1 at 0.01 PFU per cell
for 90 min at 37°C. Inocula were harvested at the indicated times (10 to 40 h) postinfection. The infectious viral titers for each time point (PFU/ml)
were determined in triplicate on Vero cells by plaque assay, which indicated that the viral titers in cultured corneal fibroblasts increased over the
time period. Data represent the means * standard deviations of results in triplicate wells from a representative experiment. The experiment was
repeated three times with similar results. (D) Expression of HSV-1 gD in human TM cells interferes with HSV-1 entry. Cultured human TM cells
were transfected with a plasmid expressing HSV-1 gD (pPEP99) (TM + gD) or with empty plasmid (pcDNA3) (TM + pcDNA3) as a control.
Fourteen hours later, the cells were replated on 96-well plates and exposed to B-galactosidase-expressing HSV-1 (KOS) gL.86. Six hours after
inoculation, cells were lysed and B-galactosidase activities were determined as a measure of virus entry.
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FIG. 3. HVEM is the major mediator of entry into TM cells. (A) mRNAs specific to HVEM and 3-OST-3 but not to nectin-1 or nectin-2 were
detected in TM cells. RT-PCR assays were performed. cDNAs were produced from total RNA isolated from the cells. PCR was performed using
primers specific to each receptor (indicated at top). Either the expression plasmids for each receptor (indicated as controls) or cDNA isolated from
TM cells (indicated as tests) were used as templates. The products were separated by electrophoresis on an agarose gel and then stained with
ethidium bromide. Amplification products specific to HVEM and 3-OST-3 but not to nectin-1 or nectin-2 were detected in cDNAs generated from
TM cells. (B) Cell surface expression of HVEM in TM cells detected by fluorescence-activated cell sorter (FACS) analysis. Monolayers of cultured
TM cells were incubated at 4°C for 30 min with anti-HVEM antibody (1:200 dilution). CHO-K1 cells stably expressing HVEM (CHO-K1-HVEM)
and wild-type CHO-K1 cells were used as positive and negative controls, respectively. Cells were examined by FACS analysis after 30 min of
incubation with secondary anti-rabbit immunoglobulin G antibody (1:500 dilution) conjugated with FITC. (C) TM cells are resistant to BHV-1
entry. Cultured human TM cells (panels a and b), TM cells transiently transfected with the nectin-1 expression plasmid pBG38 (panel c), or TM
cells mock transfected with empty vector (panel d) were exposed to B-galactosidase-expressing recombinants (40 PEU/cell) of HSV-1 (panel a) and
BHV-1 (panels b, ¢, and d). After 6 h of infection at 37°C, cells were washed three times with PBS, fixed and permeabilized, and incubated with
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TABLE 1. Primers used for real-time PCR assay of HSV-1-infected human TM cells
Primer® Sequence (5'-3") Gene target” Length (nucleotides) G+C content (%) T, (°C)°
Forward HSV-1 (KOS) AAGACCTTCCGGTCCTG gD 17 58.8 60.2
Backward HSV-1 (KOS) TCCAACACGGCGTAGTA gD 17 52.9 58.7

“ Positions of primers: forward, nucleotides 135 to 151; backward, nucleotides 248 to 264. Product size: 129 bp. Probe: SYBR green Tag ReadyMix for quantitative

PCR.
> GenBank accession number 1.09243.
¢T,,, melting temperature.

ticles inside infected TM cells. Figure 1C, panel a, shows green
fluorescent virions in a cell under bright field illumination that
was overlaid with the fluorescein isothiocyanate (FITC) fluo-
rescent channel. The image of the infected cell was later cap-
tured at multiple z stacks (xz and yz planes) by using the FITC
fluorescent channel, and the corresponding maximum projec-
tion intensities were recorded (Fig. 1C, panel b). Clearly, the
maximum fluorescence intensity was found in the mid-xz and
mid-yz planes, suggesting that the majority of viral capsids were
present in the inner sections of the infected cell. To further
verify the location of the virions in the middle inner section of
the cell, we selected three regions of interest (ROI) from the
same cell (inset in Fig. 1C, panel b, which is enlarged in Fig.
1C, panel c) and traced the GFP intensity serially through the
z stacks. Clearly, the maximum fluorescence emitted (suggest-
ing the highest probability of virus presence) was found near or
in the mid-z sections (Fig. 1C, panel d). The confocal micros-
copy results confirm our virus entry data obtained from the
entry assay and provide the first evidence of virus entry into
primary cultures of human TM cells. Recently, primary neu-
ronal cultures have been used successfully to demonstrate
HSV-1 entry (13, 24).

Since TM cells were found to be highly susceptible to HSV-1
entry, we next determined whether HSV-1 was able to repli-
cate in cultured human TM cells by using real-time quantita-
tive PCR. We employed a fluorescent, double-strand-specific
dye (SYBR green; Sigma) probe and HSV-1 gD as a target
gene. The protocol for the purification of viral DNA from
cultured cells was followed according to the manufacturer’s
instructions (QIAamp DNA mini kit). Confluent cultures of
TM, Vero, and wild-type CHO-K1 cells were infected with 5
PFU/cell of recombinant HSV-1 (gL.86) in a 6-well dish for 12
and 36 h prior to DNA extraction. Real-time quantitative PCR
was performed using a SmartCycler (Cepheid). The final PCR
mixtures contained 2.5 pl of primer mix (final concentration of
300 nM each), 10 ul of SYBR green Tag ReadyMix (Sigma)
supplemented with 3.5 mM MgCl,, and 5 pl of DNA from the
prepared samples (mock- and virus-infected cells at different
time points) in a total volume of 25 pl. Primers were designed

using the Clone Manager 6 program (Sci-ed Central) and are
listed in Table 1. The mock-infected TM, Vero, and CHO-K1
cells were used as the respective negative controls. Quantifi-
cation was performed with standard curve as outlined in Fig.
2A. Amplified PCR samples were subjected to agarose gel
electrophoresis (Fig. 2B). The predicted size (129 bp) of the
PCR product for HSV-1 gD was obtained for infected Vero
and TM cells but not for mock-infected TM cells or virus-
infected CHO-K1 cells. The result obtained by real-time PCR
quantitation shows that HSV-1 DNA is able to replicate in
human TM cells. To gain further insight of the viral replication
into human TM cells, replication kinetics of HSV-1 was estab-
lished using a plaque assay. Monolayers of cultured TM cells
containing approximately 4 X 10° cells in a 25-ml flask were
infected with HSV-1 (KOS) virus (0.01 multiplicity of infec-
tion) for 2 h at 37°C. Wild-type CHO-K1 cells infected under
similar conditions were used as a negative control. After re-
moval of the inoculum, monolayers were overlaid with minimal
essential medium containing 2.5% heat-inactivated calf serum
and incubated at 37°C until the time of harvest (10 to 40 h).
Yields of infectious virus titer were determined on Vero cells
cultured in triplicate by using an overlay of medium containing
methylcellulose. The cells were washed with phosphate-buff-
ered saline (PBS) buffer, fixed in alcohol, and stained with
Giemsa stain. Infectivity was recorded as PFU/ml at different
time points. It was evident that HSV-1 infection of TM cells
exhibited enhanced yields of the infectious virus particles over
time (Fig. 2C). In contrast, wild-type CHO-K1 cells produced
virtually no infectious viral particles. This result, together with
real-time PCR data demonstrating viral replication, suggests
that susceptibility of cultured TM cells to HSV-1 entry is bio-
logically relevant. Clearly, such infection could cause damage
to TM cells and even neighboring cells during viral spread.
Expression of HSV-1 gD in cultured human TM cells ren-
ders resistance to HSV-1 entry. In order to determine if the gD
receptors played a role in infection of TM cells by HSV-1, a
gD-mediated interference assay was used (9). This assay is
based on the principle that cells that are normally susceptible
to viral entry become resistant upon expression of viral gD due

X-Gal (Invitrogen), which yields an insoluble blue product upon hydrolysis by B-galactosidase. Microscopy was performed using a 20X objective
of the inverted microscope (Axiovert 100 M; Zeiss). The slide book version 3.0 was used for images. Blue cells (representing viral entry) were seen
as shown. (D) Anti-HVEM polyclonal antibody, but not anti-nectin-1 antibody, inhibits HSV-1 entry into cultured human TM. Cells plated in
96-well plates were incubated with twofold dilutions of the anti-HVEM antibody (Ab), anti-nectin-1 Ab, and a control with «-TGFBR II Ab for
1 h 30 min at room temperature. Cells were then challenged with equal doses of HSV-1 (KOS) gL.86 prepared in PBS with 1% glucose and 0.1%
heat-inactivated calf serum at 37°C. After 2 h 30 min, cells were washed one time with PBS and treated for a short period with citrate buffer. Finally,
cells were washed three times with PBS and incubated for 4 h in PBS buffer at 37°C. The substrate, InmunoPure ONPG (o-nitrophenyl-3-D-
galactopyranoside), was prepared in PBS buffer with nonionic detergent (Igepal CA-630; Sigma), and -galactosidase activity was read at an optical
density (OD) at 410 nm. The concentrations of the antibody used are expressed in pg/well. The experiment was repeated three times with similar
results.
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to sequestration of gD receptors by cell-expressed gD. Human
TM cells were transiently transfected (7ransIT-TKO; Mirus)
with an HSV-1 gD-expressing plasmid (or an equal amount of
empty vector, pcDNA3, as a control), followed by infection
with serial dilutions of P-galactosidase-expressing HSV-1
(KOS) gL86 (9, 29). As shown in Fig. 2D, HSV-1 entry into
TM cells expressing gD was approximately twofold lower than
entry into the control TM cells transfected with empty vector.
Thus, viral entry into human TM cells is likely mediated by gD
receptors expressed on the TM cell surface in a gD-dependent
manner.

Human TM cells express HVEM and 3-OST-3 but not nec-
tin-1 and nectin-2. To determine the identity of gD receptors
expressed in human TM cells, additional reverse transcriptase
(RT) PCR experiments were performed. Total RNA was iso-
lated from cultured TM cells by using a QIAGEN RNeasy kit
(QIAGEN Corp., Valencia, CA). Superscript II RT (Invitro-
gen Corp.) was used for RT-PCR. The PCR amplification of
c¢DNAs was done with primers 5-TCTCTGCTGCCAGAC
A-3" and 5'-GCCACAGCAGAACAGA-3' for HVEM; 5'-TC
CTTCACCGATGGCACTATCC-3" and 5'-TCAACACCAG
CAGGATGCTC-3' for nectin-1; and 5'- AGAAGCAGCAGC
ACCAGCAG-3' and 5'-GTCACGTTCAGCCAGGA-3' for
nectin-2. The 3-O-sulfotransferase-3 (3-OST-3) sequences
were amplified using primers 5'-CAGGCCATCATCATCG
G-3' and 5'-CCGGTCATCTGGTAGAA-3'. The expected
sizes of the PCR products were 1,270 bp for HVEM, 738 bp for
nectin-1, 616 bp for nectin-2, and 736 bp for 3-OST-3. As
shown in Fig. 3A, the expected PCR products were detected
for HVEM and 3-OST-3 (both A and B isoforms), but not for
nectin-1 and nectin-2. While the expression of 3-OST-3 specific
mRNAs in TM cells was very interesting, the absence of nec-
tin-1-specific product was unexpected since it is generally
thought to be well expressed in cell lines and tissues (10),
including murine eye (35). To address the potential signifi-
cance in entry, HVEM expression on the surface of TM cells
was verified by flow cytometry using anti-HVEM antibody. As
shown, both HVEM-expressing CHO-K1 and TM cells were
positive for HVEM expression (Fig. 3B). Wild-type CHO-K1
cells were used as a negative control.

Expression of nectin-1 in TM cells allows BHV-1 entry. To
further verify that nectin-1 is not expressed in human TM cells,
bovine herpesvirus 1 (BHV-1) entry into TM cells was exam-
ined. Among the known entry receptors, BHV-1 uses exclu-
sively nectin-1 for entry into mammalian cells (10). As shown
in Fig. 3C, X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopy-
ranoside) activity was found to be positive for human TM cells
infected with HSV-1 (KOS) gL86 (Fig. 3C, panel a) and neg-
ative for BHV-1 (Cooper) v4a (18) (Fig. 3C, panel b), indicat-
ing the inability of BHV-1 to enter into TM cells. However,
upon transient transfection of the nectin-1 expression plasmid
(pBG38) (10) at a concentration of 1.5 wg/nl, many TM cells
became susceptible to BHV-1 cell entry (Fig. 3C, panel c),
suggesting the dependence of BHV-1 on nectin-1 for entry into
TM cells. In parallel, TM cells transiently transfected with the
control plasmid (pcDNA3 at 1.5 pg/pl) remained resistant to
BHV-1 entry. Taken together, these findings provide further
support that nectin-1 is not expressed in cultured human TM
cells.

Anti-HVEM antibody blocks HSV-1 entry in cultured hu-

J. VIROL.

man TM cells. To test the possible significance of HVEM as
the major mediator of HSV-1 entry into human TM cells, the
effects of a previously characterized entry-blocking anti-
HVEM antibody (20), along with a mouse monoclonal anti-
nectin-1 antibody (R1.302; Immunotech) with known ability to
block nectin-1-mediated entry (3), were studied. For the ex-
periments, TM cells plated on 96-well plates were preincu-
bated with twofold dilutions of anti-HVEM, anti-nectin-1, and
antibody to a membrane protein, a-TGFBR II (Santa Cruz,
Inc., CA), for 90 min, starting with a 1:20 dilution in PBS. The
cells were then infected with a fixed dose of HSV-1 (KOS)
gL.86 at 37°C for 2 h. The anti-HVEM antibody dose-response
curve compared to control antibodies against a-TGFBR II or
nectin-1 (Fig. 3D) indicates that higher concentrations of anti-
HVEM antibody blocked approximately 80% of HSV-1 entry
into cultured TM cells, implicating HVEM as the major entry
mediator. The residual 20% entry was possibly mediated by
3-0OS HS, verification of which will require 3-OS HS-specific
antibodies that do not currently exist. The control antibodies,
including anti-nectin-1 antibody, did not significantly reduce
viral entry.

In summary, our results provide evidence that human TM
cells are susceptible to HSV-1 entry and are capable of sup-
porting viral replication. HVEM was found to play the role of
the major mediator of the entry process. This is the first report
of its kind implicating HVEM as the receptor for entry into an
ocular cell type. Until now, HVEM was known to mediate
entry into activated T lymphocytes (20). While expression of
HVEM could facilitate viral infection, its high level of expres-
sion in TM cells could indicate a potential role for HVEM in
immune modulation during HSV-1 infection of a human host
(16, 17). Our study provides a unique example of a naturally
susceptible cell type that does not express nectin-1 and uses
HVEM as the major mediator of entry. It clearly suggests that
receptor usage by HSV-1 could be cell type specific.
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