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Human cytomegalovirus (HCMV) has emerged as a clinically opportunistic pathogen that targets multiple types of ocular cells
and tissues, including the iris region of the uveal tract during anterior uveitis. In this report, we used primary cultures of human
iris stroma (HIS) cells derived from human eye donors to investigate HCMV entry. The following lines of evidence suggested the
role of 3-O-sulfated heparan sulfate (3-OS HS) during HCMV-mediated entry and cell-to-cell fusion in HIS cells. First, 3-O-sul-
fotransferase-3 (3-OST-3) expression in HIS cells promoted HCMV internalization, while pretreatment of HIS cells with hepari-
nase enzyme or with anti-3-OS HS (G2) peptide significantly reduced the HCMV-mediated formation of plaques/foci. Second,
coculture of the HCMV-infected HIS cells with CHO-K1 cells expressing 3-OS HS significantly enhanced cell fusion. Finally, a
similar trend of enhanced fusion was observed with cells expressing HCMV glycoproteins (gB, gO, and gH-gL) cocultured with
3-OS HS cells. Taken together, these results highlight the role of 3-OS HS during HCMV plaque formation and cell-to-cell fusion
and identify a novel target for future therapeutic interventions.

Human cytomegalovirus (HCMV), a member of the betaher-
pesvirus family, is the leading cause of congenital neurologi-

cal complications in neonates as a result of maternal infection
(1–4). Among immunocompromised patients— especially those
with an organ transplant, chemotherapy, or AIDS—the reactiva-
tion of virus causes life-threatening diseases, such as gastroenteri-
tis, encephalitis, pneumonitis, and graft rejection (5–7). In addi-
tion, HCMV infection is also implicated in widespread ocular
damage and potential vision loss from retinitis, anterior uveitis,
and corneal endotheliitis (8–11). Because HCMV infection of the
iris is a risk factor during anterior uveitis, understanding the dy-
namics of viral infection at the molecular level becomes relevant
for understanding the viral pathogenesis in general and develop-
ing novel strategies to prevent blindness. Therefore, we used pri-
mary cultures of human iris stromal (HIS) cells as a model to
determine the susceptibility and role of 3-O-sulfated heparan sul-
fate (3-OS HS) during HCMV uveitis.

Although HCMV entry into host cells is poorly understood (12,
13), it is clearly a multistep process that requires complex interactions
between viral envelope glycoproteins and the host cell receptors (12).
It has been suggested that HCMV glycoprotein B (gB) binds to hepa-
ran sulfate (HS) during viral attachment, resulting in a high virion
concentration at the cell surface and further binding to the cellular
receptor (14–17). This interaction has been proposed to modulate
immune responses (14, 18). To date, three receptors, epidermal
growth factor receptor (EGFR), platelet-derived growth factor recep-
tor � (PDGFR�), and cellular integrins (�2�1, �6�1, and �v�3),
have been implicated during HCMV entry (19–24). In addition, re-
cent studies have suggested the potential role of a sulfated form of HS
during HCMV entry. For instance, a library of peptides derived from
human hemofiltrate and screened for inhibitory effects on HCMV
infection implicated the role of 6-O-sulfated HS (6-OS HS) (25) in
HCMV entry. Similarly, a peptide generated against 3-OS HS using
phage display library screening blocked HCMV entry (26). In addi-
tion, several sulfated polysaccharides (dextran sulfate, pentosan poly-
sulfate, and heparin), copolymers of acrylic acid with vinyl alcohol

sulfate, and 3-O-sulfated saccharide have proved to be potent inhib-
itors of HCMV infectivity in vitro (17, 27). In this study, we investi-
gated the susceptibility of HIS cells to HCMV infection and the role of
3-OS HS during this process. Our data demonstrate the significance
of 3-OS HS during HCMV entry, and we propose a unique in vitro
model for future studies related to 3-OS HS-dependent induction of
proinflammatory cytokines and virus tropism.

Susceptibility of primary cultures of HIS cells to HCMV in-
fection. The HIS cultures were prepared in accordance with insti-
tutional review board-approved protocols and were isolated from
anonymously donated human eyes (provided by the Illinois Eye
Bank, Chicago, IL) via sterile dissection of the iris and pigmented
epithelial layer and subsequent removal with a sterile cotton swab
(28). The tissue was then digested with 0.2% type II collagenase
(Sigma-Aldrich, St. Louis, MO) in cell culture medium MCDB-
131 (Sigma-Aldrich, St. Louis, MO) at 37°C with gentle stirring for
20 to 30 min. Digested tissues were next centrifuged to remove
tissue debris, and HIS cells were cultured in MCDB-131 contain-
ing 10% fetal bovine serum (FBS) and antibiotics. To establish the
HCMV entry model for HIS cells of the iris, both HIS and
CHO-K1 cells were infected with serial dilutions of a recombinant
derivative of the attenuated Towne strain of HCMV (human her-
pesvirus 5 [ATCC VR-2356]), which expresses Escherichia coli
lacZ as a reporter gene (29). Mock infections with phosphate-
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FIG 1 (A to C) Susceptibility of primary cultures of human iris stromal (HIS) cells to HCMV infection. (A) Cultured HIS cells along with Chinese hamster ovary
(CHO-K1) cells were plated in a 96-well plate and challenged with serial dilutions of a recombinant form of human cytomegalovirus (HCMV) that expresses
�-galactosidase at the indicated multiplicity of infection (MOI) or were mock infected with serum-free medium (Optimem) at 37°C at 5% CO2. After 12 h, the
cells were washed to remove unbound virus. The media were replenished every other day. After 9 days postinfection, the cells were washed, permeabilized, and
incubated with o-nitrophenyl-�-D-galactopyranoside (ImmunoPure ONPG; Pierce) substrate for quantitation of �-galactosidase activity expressed from the
input viral genome. The enzymatic activity was measured by spectrophotometer (Molecular Devices) at the optical density at 410 nm (OD410). Values in the
figure were plotted as the means from three determinations � standard deviations (SD). (B) X-Gal staining of HCMV entry. Cultured HIS cells were inoculated
with either serum-free Optimem (a) or �-galactosidase-expressing HCMV at MOI of 4 (b), 8 (c), and 12 (d). As indicated in the panels, cytopathic effects (CPE)
in the form of blue plaques or foci were noticed in the HCMV-infected HIS cells. Mock-uninfected HIS cells remained colorless. (C) The number of foci per 6-well
plate in HIS-infected cells was HCMV concentration dependent. No CPE in the form of foci was noticed in uninfected HIS cells. Asterisks indicate significant
difference from the uninfected control (P � 0.05, t test); error bars represent SD (n � 4). (D and E) Immunofluorescence of HCMV-infected (MOI of 20 for 5
h at 37°C at 5% CO2) HIS cells expressing pCDNA3.1 (D) or 3-O-sulfotransferase-3 (3-OST-3) (E). FITC-conjugated antibody against HCMV gB (1:20 dilution)
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buffered saline (PBS) and without virus of both cell lines were
used as controls. As shown in Fig. 1A, compared to the mock-
infected control cells, the signal intensity during infection of HIS
and CHO-K1 cells was significantly higher, demonstrating LacZ
expression in a dose-dependent manner. In this assay o-nitrophe-
nyl-�-D-galactopyranoside (ImmunoPure ONPG; Pierce) sub-
strate was used for quantitation of �-galactosidase activity ex-
pressed from the input viral genome. The enzymatic activity was
measured by spectrophotometer (Molecular Devices) at the opti-
cal density at 410 nm (OD410). We further confirmed the above
results via X-Gal (5-bromo-4-chloro-3-indolyl-�-D-galactopyra-
noside) staining in HIS cells infected with HCMV in a dosage-
dependent manner. As shown in Fig. 1B, the number of foci or
blue plaques/6-well plate increased in correlation with increased
multiplicity of infection (MOI) (Fig. 1C). Taken together, our
results establish the susceptibility and permissiveness of HIS cells
to HCMV infection. Since �-galactosidase activity was deter-
mined 9 days postinfection, we decided to investigate the role of
3-O-sulfotransferase-3 (3-OST-3) at an earlier time point by as-
sessing HCMV internalization using immunofluorescence and
confocal microscopy. HIS cells were transfected with 3-OST-3 ex-
pression plasmid or the empty vector (pDCNA3.1) as a control.
Immunofluorescence was detected using a fluorescein isothiocya-
nate (FITC)-conjugated antibody directed against HCMV en-
velop glycoprotein B (Virostat, Inc.). As indicated in Fig. 1D, rel-
atively high numbers of virions were sequestered and mostly
localized on the plasma membrane (Pm) of HIS cells expressing
pCDNA3.1. In contrast, HIS cells expressing 3-OST-3 had larger
numbers of virions inside the cell (Fig. 1E, panel a, arrowheads).
Interestingly, a significant increase in actin stress fibers was also
observed in HIS cells expressing 3-OST-3 (Fig. 1E, panel b).

Role for 3-OS HS in plaque formation upon HCMV infec-
tion. Since HIS cells are already known to express 3-O-sulfotrans-
ferase-3 (3-OST-3) (28), an enzyme that generates a modified
form of 3-O-sulfated heparan sulfate (3-OS HS) (16, 30, 31), we
determined if HS and 3-OS HS play a role during HCMV infection
in HIS cells. In this experiment, HIS cells were pretreated with
heparinase I, an enzyme that selectively cleaves both heparin and
HS chains containing 1¡4 linkages between glucosamines and
O-sulfated iduronic acid residues (32). In addition, in parallel
wells of a 96-well plate HIS cells were pretreated with anti-3-OS
HS (G2) peptide, which targets specific regions in 3-OS HS (26). A
control peptide (Cp), which is a randomized peptide and does not
affect the HS chain, was used a control (26). After 2 h of pretreat-
ment of HIS cells with heparinase and/or with peptides, the cells
were challenged with the reporter HCMV for 12 h before being
washed to remove the unbound virus. The infected cells were kept
at 37°C in 5% CO2. Virus-mediated �-galactosidase activity was
assessed 9 days postinfection by colorimetric assays. As indicated
in Fig. 2, HCMV LacZ expression was significantly impacted with
either heparinase (H�) treatment or G2 peptide, as demonstrated
by ONPG (Fig. 2A) and X-Gal (Fig. 2B) assays. The above results
suggest the role for 3-OS HS during HCMV infection in HIS cells.

3-OS HS supports HCMV-mediated cell fusion. To test the

possible significance of 3-OS HS during HCMV-mediated fusion,
we used a previously reported luciferase-based reporter gene cell-
to-cell fusion assay (33, 34). As demonstrated in Fig. 3A, the HIS
cells considered “effector” cells were first infected with HCMV at
an MOI of 10 for 7 days followed by transfection with expression
plasmid for T7 polymerase. In parallel, CHO-K1 cells which were
considered “target” cells were cotransfected with plasmid express-
ing 3-OST-3 enzymes to generate a modified form of HS or con-
trol plasmid pCDNA3.1 to have unmodified HS along with the
reporter luciferase gene (Fig. 3A). The DNA concentrations were
balanced and kept equal to 2.5 �g in both effector and target cells.
Nine days postinfection, HIS cells were mixed in equal proportion
(1:1) and cocultured with CHO-K1 cells that express 3-OST-3
enzyme or control plasmid pCDNA3.1 for an additional 24 h be-
fore the reporter luciferase assay was performed. As shown in Fig.
3B, a significant cell-to-cell fusion was measured via quantifica-
tion in terms of relative luciferase units (RLU) in HCMV-infected
HIS cells that were cocultured with 3-OST-3-expressing CHO-K1
cells compared to pCDNA3.1-expressing CHO-K1 cells. The un-
infected HIS cells were unable to fuse with CHO-K1 cells express-
ing pCDNA3.1 or 3-OST-3 plasmids. The visual evidence pre-
sented in Fig. 3C further indicated that HCMV-infected HIS cells
cocultured with 3-OST-3-expressing CHO-K1 cells were able to
form a higher number of plaques, and these plaques were compar-
atively bigger (Fig. 3C, panel c) than CHO-K1 cells that express
unmodified HS (Fig. 3C, panel b). Again, the uninfected HIS cells
were unable to form plaques with CHO-K1 cells. Therefore, the
above results indicate a potential role for 3-OS HS in assisting
HCMV fusion.

Expression of 3-OST enzymes in HIS cells enhances fusion
with cells expressing HCMV glycoproteins. Finally, we tested the
possible interaction between 3-OS HS and HCMV glycoproteins
in the absence of virus. Again we used a reporter gene-based cell-
to-cell fusion assay in the presence of HCMV glycoproteins (33,
34). It has been shown previously that combinations of HCMV
glycoproteins (gB, gH-gL, and gO) play a critical role during viral
entry and spread in fibroblast cells (12, 35).

Therefore, effector CHO-K1 cells were cotransfected with
the four HCMV glycoproteins described above along with T7
polymerase. In parallel, target HIS cells were cotransfected with
3-OST-3 enzymes with the luciferase gene. A separate group of
target HIS cells expressing pCDNA3.1 with the luciferase gene
were used as a control. Eighteen hours posttransfection, both ef-
fector and target cells were mixed and cocultured for an additional
24 h before cell-to-cell fusion was measured via a reporter lucifer-
ase gene-based assay as previously described (33). As indicated in
Fig. 4B, expression of 3-OST-3 in HIS cells resulted in higher
fusion with HCMV glycoprotein-expressing CHO-K1 cells. In
contrast, HIS cells that expressed pCDNA3.1 had lower fusion.

Characterization of HCMV glycoprotein-mediated cell-to-
cell fusion in CHO-K1 cells. To further investigate the signifi-
cance of 3-OST-3 generated 3-OS HS during HCMV cell-to-cell
fusion, we utilized a previously characterized CHO-CHO-based
cell fusion assay (33). The latter assay has been a very useful tool to

FIG 1 was used to detect the virus particles. Panel D (panels a to c) indicates a higher concentration of HCMV virions on HIS cell plasma membrane (pm). Boxed
regions in panel a are highlighted in panels b and c. In panel E, a large number of HCMV virions (arrows in panel a) were seen inside the HCMV-infected HIS
cells expressing 3-OST-3. In addition, an increase in actin stress fiber is highlighted in panel b. Confocal microscopy was performed with a 40	 oil objective
(Nikon Eclipse Ti).
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identify fusion machinery in several other herpesviruses (34).
Since CHO-K1 cells endogenously lack the expression of 3-OST
enzymes, which modifies HS, they provide a unique opportu-
nity to study the role of 3-OS HS in HCMV infection (33). As
shown in Fig. 4C, CHO-K1 cells were selected as both effector
and target cells in this experiment. Using the luciferase-based

reporter assay, effector CHO-K1 cells were cotransfected with
HCMV glycoproteins (gB, gO, and gH-gL) along with T7 poly-
merase, while target CHO-K1 cells were cotransfected with
3-OST-3 (to generate 3-OS HS) or pCNDA3.1 (to carry unmod-
ified HS) along with the luciferase gene. The effector cells were
mixed and cocultured with 3-OS HS cells or with unmodified HS

FIG 2 Interference with cell surface heparan sulfate either by enzymatic removal or by blockage via anti-3-OS HS (G2) peptide negatively affects HCMV
infection of HIS cells. (A) Cultured HIS cells were either mock treated or untreated (Un) with serum-free medium or pretreated with 1 mg/ml control peptide
(Cp; RVCGSIGKEVLG), anti-3-OS HS (G2; MPRRRRIRRRQK) peptide, and heparinase I (H�) (10 IU) for 2 h followed by addition of the reporter HCMV at
an MOI of 4 to individual wells for 12 h before the cells were washed to remove the unbound virus. The cells were kept at 37°C in 5% CO2 for 9 days before the
effect of treatment was assessed. As indicated in panel A, HCMV entry was assessed via ONPG substrate (3.0 mg/ml) for quantitation of �-galactosidase activity
expressed from the input viral genome. The enzymatic activity was measured at the optical density at 410 nm (OD410). Asterisks indicate significant difference
from other treatments (P � 0.05, t test), and error bars represent SD (n � 4). (B) X-Gal staining of the HIS cells for blue plaques or foci in response to following
treatments: mock treated (a), Cp treated (b), heparinase treated H� [c]), and anti-3-OS HS (G2) peptide treated (d).
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FIG 3 Expression of 3-OST-3 enzymes in target CHO-K1 cells facilitates fusion with the HCMV-infected HIS cells. (A) As indicated, HCMV (MOI of 4)-infected
HIS cells expressing T7 polymerase at 9 days postinfection (p.i.) were isolated and cocultured independently either with CHO-K1 cells coexpressing HS with
luciferase or with CHO-K1 cells expressing 3-O-sulfotransferase-3 (3-OST-3) with luciferase. (B) 3-OST-3-generated 3-OS HS in CHO-K1 cells promotes fusion
with HCMV-infected HIS cells. As indicated, no relative luciferase activity (RLU) as a measure of cell-to-cell fusion was recorded when uninfected HIS cells were
cultured with CHO-K1 cells (dark red bar (left]), while higher fusion was recorded with HCMV-infected HIS cells when cocultured with CHO-K1 cells
expressing plain-type HS (dark green bar [middle]). A significantly higher fusion was obtained with 3-OS HS cells when cocultured with HCMV-infected HIS
cells (dark red bar [right]). Relative luciferase units (RLUs) were determined using a Sirius luminometer (Berthold Detection Systems) and are presented as the
mean � SD from three independent experiments. Asterisks indicate significant difference from other treatments (P � 0.05, t test), and error bars represent SD
(n � 4). (C) Giemsa stain to visualize multinucleated giant cells is presented for the experiment described above. No giant cell formation was noticed during
coculture of uninfected HIS cells with target CHO-K1 cells (a). In contrast, small to massive giant cells were observed during coculture of HCMV (4 MOI)-
infected HIS cells with CHO-K1 cells (b) or with 3-OST-3-expressing CHO-K1 cells (c), respectively.
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cells as two separate combinations. The extent of cell-to-cell fu-
sion was measured 24 h postmixing. As shown in Fig. 4D, the
presence of 3-OS HS significantly enhanced the cell fusion. To
verify that the high extent of cell fusion was due to HS, enzymatic
removal of HS and 3-OS HS was carried out using heparinase

enzyme pretreatment to target cells expressing 3-OS HS before
mixing with effector cells. The heparinase treatment significantly
impaired the fusion between HCMV glycoprotein and 3-OS HS-
mediated interaction (Fig. 4D).

In summary, we established a novel in vitro model system to

FIG 4 HCMV glycoprotein-mediated cell-to-cell fusion is enhanced due to overexpression of 3-O-sulfotransferase-3 (3-OST-3) in the target cells. (A) As indicated,
effector CHO-K1 cells coexpressing T7 polymerase along with HCMV glycoproteins (gB, gO, and gH-gL) were cocultured with target HIS cells expressing the luciferase
gene. (B) Reporter luciferase readings obtained during cell-to-cell fusion assay are presented. No fusion was noticed when effector CHO-K1 cells lacking HCMV
glycoprotein were cocultured with HIS cells endogenously expressing 3-OST-3 enzyme (dark red bar [left]), while significant RLU were quantified when effector
CHO-K1 cells coexpressing T7 polymerase with HCMV glycoproteins (gB, gO, and gH-gL) were cocultured with target HIS cells expressing the luciferase gene
(blue-green bar [middle]). A significantly higher cell fusion was noticed during 3-OST-3 overexpression in HIS cells when cocultured with HCMV glycoprotein-
expressing cells (brown bar [right]). Asterisks indicate significant difference from other treatments (P � 0.05, t test), and error bars represent SD (n � 4). (C) CHO-CHO
based cell-to-cell fusion assay was further examined to determine the 3-OS HS requirements during HCMV glycoprotein-mediated fusion. (D) Comparison of
cell-to-cell fusion between effector CHO-K1 cells coexpressing HCMV glycoproteins (gB, gO, and gH-gL) along with T7 polymerase cocultured with either target
CHO-K1 cells (dark red bar [left]) or 3-OST-3-expressing target CHO-K1 cells (blue-green bar [middle]) expressing the luciferase gene. Cell-to-cell fusion activity of
3-OST-3-expressing CHO-K1 cells pretreated with heparinase before coculture with HCMV glycoprotein cells is shown (olive green bar [right]). Asterisks indicate
significant difference from other treatments (P � 0.05, t test); error bars represent SD (n � 4).
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study HCMV cell-to-cell fusion by using human eye-derived pri-
mary cultures of iris stroma. Our data clearly indicated the cyto-
pathic effects in HIS cells on HCMV infection as demonstrated by
reporter virus-based assays (Fig. 1A and B). Previously, a mouse
study demonstrated the susceptibility of iris to mouse cytomega-
lovirus (MCMV) infection by using scanning laser ophthalmos-
copy (11). We also observed higher numbers of actin stress fibers
early during HCMV internalization in 3-OST-3-expressing HIS
cells. Interestingly, similar changes in cytoskeleton have been doc-
umented when 3-O-sulfated HS interacts with chemokine CXL-8
during the inflammation process (36). The actin filaments of the
cytoskeleton are now widely recognized events by which multiple
pathogens, including herpesviruses, highjack the host cell (37, 38).

The primary cultures used in the present study are relevant to
further investigate the permissiveness to HCMV since they are
derived from human eye donors. Future screening of a library of
small molecules or peptide-targeting sulfate moieties on HIS cells
will likely advance our current understanding of HCMV cell-spe-
cific interactions and the development of novel inhibitors (39, 40).
Similarly, understanding the involvement of 3-OS HS for the in-
duction of proinflammatory cytokines is worth investigating. In-
terestingly, a previous study with MCMV suggested a key role of
the HS in the development of a robust immune response as HS
expression at the surface of B cells was upregulated during infec-
tion via the action of type I IFN (41).

Our data demonstrated the role for 3-OS HS during HCMV-
mediated cell fusion. This is the first report of its kind implicating
the involvement of 3-OS HS during ocular HCMV infection. Until
now, 3-OS HS has been known to mediate herpes simplex virus
(HSV) entry in primary cultures of corneal stroma derived from
human eye donors (28). Since 3-OS HS facilitates HCMV infec-
tion, its further potential in overall disease development, espe-
cially in immune modulation or angiogenesis, can be further in-
vestigated using corneal endothelial cells (42). Several lines of
evidence already suggest that sulfated HS plays a critical role dur-
ing multiple pathophysiological processes, including inflamma-
tion and vascular angiogenesis (43–45). Our study provides a
unique example of a naturally susceptible cell type that HCMV
targets. It will be useful to address additional key questions, such
as which HCMV glycoprotein interact with 3-OS HS during entry
and spread using the primary HIS cell cultures. Current evidence
indicates the role for HCMV glycoproteins B (gB), M (gM), and N
(gN) in binding to cell surface HS (12). Before our study, no evi-
dence existed for the involvement of 3-OS HS during HCMV en-
try or spread. Furthermore, multiple human tissues are known to
express specific isoforms of 3-OST enzymes (16), which may in-
fluence HCMV tropism (46). Interestingly, it is known that redis-
tribution of HS greatly impacts HCMV infectivity (47). Further
studies are needed to examine potential interaction between
HCMV-expressing pentameric complex (gH/gL/UL128) (48) and
specific forms of 3-OS HS (30). In addition, human iris cells are
known to express HCMV receptors, such as integrins (49), plate-
let-derived growth factor receptor alpha, and epidermal growth
factors (50); however, their expression levels in primary HIS cells
together with the receptor preference by HCMV during cell entry
and cell-to-cell fusion need to be investigated. The answers to
many of the above-mentioned questions will likely rationalize the
future therapeutic interventions to develop novel anti-3-OS HS
inhibitors targeting virus-cell interaction (51) to prevent blind-
ness and contain other HCMV diseases or complications.
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