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Binding of herpes simplex virus 1 (HSV-1) envelope glycoprotein D (gD) to the receptor 3-O-sulfated heparan sulfate (3-OS HS)
mediates viral entry. 3-O-Sulfation of HS is catalyzed by the 3-O-sulfotransferase (3-OST) enzyme. Multiple isoforms of 3-OST
are differentially expressed in tissues of zebrafish (ZF) embryos. Here, we performed a comprehensive analysis of the role of ZF
3-OST isoforms (3-OST-1, 3-OST-5, 3-OST-6, and 3-OST-7) in HSV-1 entry. We found that a group of 3-OST gene family iso-
forms (3-OST-2, -3, -4, and -6) with conserved catalytic and substrate-binding residues of the enzyme mediates HSV-1 entry and

spread, while the other group (3-OST-1, -5, and -7) lacks these properties. These results demonstrate that HSV-1 entry can be
recapitulated by certain ZF 3-OST enzymes, a significant step toward the establishment of a ZF model of HSV-1 infection and

tissue-specific tropism.

Herpes simplex virus 1 (HSV-1) entry into the host cells re-
quires interactions between viral envelope glycoprotein D
(gD) and host cell receptors (1). An important gD receptor is
3-O-sulfated heparan sulfate (3-OS HS) (2, 3). Synthesis and
modifications of HS is a multistep process (4-8), of which the last
step involves O-sulfation at different positions of the molecule,
catalyzed by various sulfotransferases (4). 3-O-Sulfotransferases
(3-OST-1, -2, -3A, -3B, -4, -5, and -6 isoforms; also called Hs3st1,
-2, -3A, -3B, -4, -5, and -6, respectively) catalyze sulfation at the
C-3 of the glucosamine units of HS, generating specific protein-
binding sites for HSV-1 gD (2, 3, 9, 10).

Recent studies of zebrafish (ZF) provided a functional analysis
of 3-OST-generated HS (11-15). Out of the characterized eight
3-OST family members in ZF, seven genes show homology to
known 3-OST genes in mice and humans (11). These ZF enzyme
isoforms are differentially expressed in a tissue-specific manner,
suggesting the possibility of creating a tool to study HSV tissue-
specific tropism, whose study is hampered by the lack of available
convenient tools. Our previous preliminary studies suggested that
ZF 3-OST may mediate HSV entry (15). In this study, we investi-
gated the ability of ZF 3-OST-1, -5, -6, and -7 isoforms, compar-
atively to their human analogue, to facilitate HSV-1 entry and
cell-cell fusion. Our previous studies have shown that ZF-encoded
3-OST isoforms (3-OST-2, -3, and -4) allow HSV-1 entry into
host cells (14, 16, 17). Here, we provide a comprehensive analysis
of the differential abilities of the remaining ZF 3-OST isoforms to
mediate HSV-1 entry and propose a unique model for future stud-
ies of HSV-1 tropism using ZF as a convenient tool.

Analysis and cloning of zebrafish-encoded 3-OST enzymes.
To characterize ZF 3-OST isoforms relative to their human coun-
terparts, we first performed an amino acid sequence alignment of
the ZF-encoded 3-OST enzymes to the previously characterized
human 3-OST-3A and 3-OST-3B isoforms (2, 11). Interestingly,
we found that the amino acid sequences of the ZF 3-OST enzymes
show various degrees of homology to the human 3-OST-3 iso-
forms (Fig. 1). Comparing the conservation of the catalytic resi-
dues of the enzymes characterized for human 3-OST-3, we found
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that ZF enzymes 3-OST-2, -3, -4, and -6 show 100% conservation
of the catalytic residues; these were designated group I members
(Fig. 1A and B). The other isoforms (3-OST-1, -5, and -7), which
do not show conservation of an essential catalytic residue, lysine
352 (K352) of human 3-OST-3B, were classified as group II (Fig.
1Cand D). In addition, in studying the substrate-binding sites, we
observed that ZF 3-OST-2, -3, -4, and -6 isoforms showed conser-
vation of all or most amino acid residues responsible for substrate
binding, whereas the other isoforms showed significantly less con-
servation of these residues (Fig. 1E to H). Both the catalytic resi-
dues and the substrate-binding sites have been shown to be im-
portant for HSV-1 entry-mediating activity of 3-OSTs. The
residue K162 in human 3-OST-3A is considered key to the cata-
Iytic activity of the enzyme, and it is highly conserved among en-
try-mediating human and ZF isoforms (2). The significant ho-
mology of ZF to human 3-OST isoforms provided a strong
rationale to investigate these multiple ZF 3-OST isoforms for HSV
entry. The open reading frame (ORF) of ZF, encoding sequences
of the 3-OST-1, -5, -6, and -7 genes, was blunt-end cloned in the
pUC57 vector via an EcoRV strategy. The pUC57 vector with an
insert was then subcloned into the pcDNA3.1 vector for mamma-
lian expression by BamHI and Xhol (Fig. 2A). Successful cloning
of the ZF enzymes was verified by enzymatic digestion with re-
striction endonucleases (Fig. 2B to E) as previously described (14,
16, 17).

Zebrafish 3-OST-6, but not 3-OST-1, -5, and -7, supports
HSV-1 entry into resistant CHO-K1 cells. We investigated
whether the ZF 3-OST enzymes can support HSV-1 entry into
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FIG1 (Ato D) Comparison of catalytic residues between human- and zebrafish (ZF)-encoded multiple isoforms of 3-O sulfotransferase (3-OST) via amino acid
sequence alignment. Human (Hum) 3-OST-3A was used as a template for alignment of ZF 3-OST enzymes. Previous structural analysis of human 3-OST-3A
demonstrated the catalytic residues of human 3-OST-3A (41). In panels A and C, the numbers to the left of the sequence represent the amino acid numbering
(N-terminal Met = 1) in the protein. Yellow boxes represent the conserved catalytic residues; a cyan box indicates a nonidentical but similar residue (e.g.,
positively charged K-to-R) replacement. Red residues represent replacement of a catalytic residue with a nonsimilar residue. In panels B and D, the table
represents percent conservation of catalytic residues of human and group I (B) or group II (D) ZF 3-OSTs. Percent conservation of catalytic residues was
calculated as the percent conserved catalytic residues of the total number of catalytic residues. (E to H) Comparison of substrate-binding residues between
human- and zebrafish (ZF)-encoded multiple isoforms of 3-O sulfotransferase (3-OST) via amino acid sequence alignment. Human 3-OST-3A was used as a
template for alignment of ZF 3-OST enzymes. Substrate-binding residues of human 3-OST-3A were previously reported (41). Numbers to the left of a sequence
represent the amino acid numbering (N-terminal Met = 1) in the protein. Yellow boxes indicate the conserved catalytic residues; a cyan box indicates a
nonidentical but similar residue (e.g., positively charged K-to-R) replacement. Red residues represent replacement of a substrate-binding residue with a
nonsimilar residue. In panels F and H, the table represents conservation of substrate-binding residues of human and group I (F) or group II (H) ZF 3-OSTs.
Percent conservation of substrate-binding residues was calculated as the percent conserved substrate-binding residues of the total number of substrate-binding
residues.
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FIG 2 Cloning and characterization of the zebrafish 3-OST gene. (A to E) The open reading frame (ORF) of ZF, encoding sequences of the 3-OST-1, -5, -6, and
-7 gene, was blunt-end cloned in the pUC57 vector via an EcoRV strategy, and the pUC57 vector with an insert was then subcloned into the pcDNA3.1 vector for
mammalian expression by BamHI and Xhol (A). Successful cloning of the ZF enzymes was verified by enzymatic digestion with restriction endonucleases (B to
E). ZF-encoded 3-OST-1 (894 bp) (B), 3-OST-5 (924 bp) (C), 3-OST-6 (1,017 bp) (D), and 3-OST-7 (942 bp) (E) isoforms cloned into pcDNA3.1 (5.4 Kb) are
shown. ZF encoding 3-OST plasmids were constructed by inserting the open reading frame of 3-OSTs into pcDNA3.1, and the construct was designated the
pcDNA3.1-ZF-3-OST specific isoform. The inserted sequence of 3-OST-1, -5, -6, and -7 was verified after digestion using BamHI and Xhol. (F) Wild-type
Chinese hamster ovary (CHO-K1) cells expressing ZF 3-OST-6 (subpanel f), but not 3-OST-1 (subpanel d), 3-OST-5 (subpanel e), and 3-OST-7 (subpanel g),
are susceptible to HSV-1 entry. CHO-K1 cells expressing various 3-OST isoforms grown (4 X 10 cells) in a separate six-well dishes were challenged with
[3-galactosidase-expressing recombinant HSV-1 (gL86) at 100 PFU/cell. Wild-type CHO-K1 cells transfected with the empty vector (pcDNA3.1; subpanel a) and
the human isoform of 3-OST-3 (subpanel b) and ZF 3-OST-4 (subpanel c) were also infected in parallel as negative and positive controls, respectively. After 6 h
of infection at 37°C, cells were washed with PBS, fixed and permeabilized, and incubated with X-Gal (5-bromo-4-chloro-3-indolyl-B-D-galactosidase) at 1.0
mg/ml, which yields an insoluble blue-stained product upon hydrolysis by 3-galactosidase. Blue cells (representing viral entry) were seen as shown. Microscopy
was performed using a 20X objective with a Zeiss Axiovert 100. (G) HSV-1 entry into ZF expressing individual 3-OSTs in CHO-K1 cells was further confirmed
by using a soluble-substrate o-nitrophenyl-B-p-galactopyranoside (ONPG) assay. Resistant wild-type CHO-K1 cells were transfected with various ZF 3-OST
isoforms (3-OST-1, -4, -5, -6, and -7) at 2.5 g DNA. Cells transfected with empty vector pcDNA3.1 at 2.5 g DNA and human 3-OST-3 were used as a negative
and positive control, respectively. Cultured cells were plated in 96-well plates and inoculated with -galactosidase-expressing recombinant virus HSV-1 (KOS)
gL86 at 50 PFU/cell. After 6 h, the cells were washed, permeabilized, and incubated with ONPG substrate (3.0 mg/ml) for quantitation of B-galactosidase activity
expressed from the input viral genome. The enzymatic activity was measured at an optical density of 405 nm (OD,;).
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FIG 3 Zebrafish 3-OST-mediated HSV-1 entry is glycoprotein D (gD) dependent. (A) Wild-type CHO-K1 cells were cotransfected with an HSV-1 gD expression
plasmid and ZF 3-OST-6 (V) infected with HSV-1. In parallel, CHO-K1 cells were cotransfected with ZF 3-OST-6 with pcDNA3.1 (V). In parallel, CHO-K1 cells
were infected with HSV-1 expressing empty vector pcDNA3.1 with human 3-OST-3 (@) or cells coexpressing gD with human 3-OST-3 (O). Reporter enzyme
activity, as a measurement of viral entry, was measured with a spectrophotometer at 410 nm. (B) Inhibition of HSV-1 entry during gD interference assay
confirmed by X-Gal assay. CHO-K1 cells expressing human 3-OST-3 with pcDNA3.1 (subpanel a) showed a greater number of blue cells than did CHO-K1 cells
coexpressing gD with human 3-OST-3 (subpanel b). Similarly, a greater number of stained cells were observed for CHO-K1 cells expressing ZF 3-OST-6
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resistant Chinese hamster ovary (CHO-K1) cells. The ability of
ZF-encoded multiple isoforms (3-OST-1, -5, -6, and -7) was de-
termined by transiently transfecting CHO-K1 cells with an expres-
sion plasmid or a control pcDNA3.1 plasmid as a negative control.
An HSV-1 entry assay was performed using reporter HSV-1 virus
(HSV-1 [KOS] gL86). As shown in Fig. 2F, subpanels b to g, X-Gal
(5-bromo-4-chloro-3-indolyl-B-D-galactosidase) staining was
found to be positive for ZF 3-OST-6 cells (subpanel f), similar to
the positive control for human 3-OST-3B (subpanel b) and ZF
3-OST-4 (subpanel c). In contrast, CHO-K1 cells expressing ZF
3-OST-1 (subpanel d), -5 (subpanel e), and -7 (subpanel g) were
resistant to HSV entry and hence colorless, similar to the wild-type
CHO-KI cells expressing the pcDNA3.1 empty vector (Fig. 2F,
subpanel a). The results from the X-Gal assay were further con-
firmed by a quantitative ONPG (o-nitrophenyl-3-D-galactopyra-
noside) assay (Fig. 2G). As shown in Fig. 2G, HSV-1 entry into
CHO-K1 cells expressing ZF 3-OST-6 was similar to that for hu-
man 3-OST-3 cells and also for the previously reported ZF 3-OST
isoforms (3-OST-2, -3, and -4; data shown only for 3-OST-4) (14,
16, 17), while no HSV-1 entry was observed for CHO-K1 cells
expressing the empty vector plasmid pcDNA3.1. Interestingly,
ZF-encoded 3-OST isoforms (3-OST-1, -5, and -7) were similar to
the pcDNA3.1 control. It is possible that loss of HSV-1 entry-
mediating activity results from the lack of certain functionally
important residues in 3-OST-1, -5, and -7 isoforms since these
enzymes are less homologous to entry-supporting enzymes, such
as ZF 3-OST-2, -3, and -4 and human 3-OST-3 (Fig. 1). Future
mutagenesis studies using various 3-OSTs may help address this
interesting possibility.

Expression of HSV-1 glycoprotein D (gD) in zebrafish
3-OST-6-expressing cells inhibits HSV entry. To validate the
idea that 3-OST-mediated HSV-1 entry is gD dependent, we uti-
lized the gD-mediated interference assay previously described
(18). This assay is based on the principle that cells that are nor-
mally susceptible to viral entry become resistant upon expression
of viral gD because of sequestration of gD receptors by cell-ex-
pressed gD. To carry out the assay, CHO-K1 cells were transiently
cotransfected with an HSV-1 gD-expressing plasmid with ZF
3-OST-6 (or an equal amount of the empty vector, pcDNA3.1, as
a control), followed by infection with serial dilutions of 3-galac-
tosidase-expressing HSV-1 (KOS) gL86. In this experiment, we
used CHO-KI cells coexpressing the human 3-OST-3 isoform
with either pcDNA3.1 or HSV-1 gD as a control as previously
described (18). As shown in Fig. 3A, HSV-1 entry into gD-express-
ing ZF 3-OST-6 was suppressed compared to results with the
3-OST-6 control. The ONPG experiment was repeated using an
X-Gal assay which clearly showed less entry for cells coexpressing

Zebrafish 3-O-Sulfotransferase Isoforms

gD and human 3-OST-3 or ZF 3-OST-6, respectively (i.e., fewer
blue cells) (Fig. 3B, subpanels b and d) compared to that for cells
expressing human 3-OST-3 or ZF 3-OST-6 with pcDNA3.1 (Fig.
3B, subpanels a and ¢).

Zebrafish-encoded 3-OST enzymes facilitate HSV-1 glyco-
protein-mediated cell-to-cell spread. We next examined the role
of ZF 3-OST isoforms (3-OST-1, -5, -6, and -7) in HSV-1 spread
using the previously described HSV-1 glycoprotein-mediated cell-
to-cell fusion assay (19, 20). We selected wild-type CHO-K1 cells
because they lack the endogenous glycoprotein D (gD) receptor
required for HSV-1 entry (2). Wild-type CHO-K1 cells were tran-
siently transfected with each of four glycoprotein plasmids—
pPEP98 (gB), pPEP99 (gD), pPEP100 (gH), and pPEP101
(gL)—as well as the plasmid pT7EMCLuc that expresses a lucifer-
ase reporter gene and that was considered an “effector” cell. In
parallel, “target” cells were transfected with individual and sepa-
rate pools of 3-OST plasmid expressing ZF-encoded 3-OST-1, -5,
-6, and -7 along with the plasmid pCAGT7, which expresses T7
RNA polymerase, to induce expression of the luciferase gene. For
anegative control, cells were transfected with T7 RNA polymerase
and control plasmid pcDNA3.1. The cells expressing ZF 3-OST-3
and T7 RNA polymerase served as a positive control (20). As
shown in Fig. 3C, a high level of fusion occurred in ZF-encoded
isoforms, such as 3-OST-3-, 3-OST-4-, and 3-OST-6-expressing
cells, compared to levels seen with the negative pcDNA3.1 control.
Similarly, ZF 3-OST isoforms (3-OST-1, -5, and -7) were unable
to induce cell fusion. We further confirmed our results by visual-
izing polykaryocyte formation as a means of viral spread (20). As
indicated in Fig. 3D, subpanel b, no multinucleated giant cells or
syncytial formation was observed in ZF 3-OST-1 (subpanel c), -5
(subpanel e), and -7 (subpanel g), while large number of giant cells
were formed in ZF 3-OST-3 (subpanel b), -4 (subpanel d), and -6
(subpanel f). These results reinforce our findings that CHO-K1
cells expressing ZF 3-OST-6 allow cell fusion to occur and thus
potentially could facilitate the spread of HSV-1 in a ZF model.

Enzymatic heparinase treatment of zebrafish 3-OST-6 cells
significantly reduces HSV-1 entry and cell-to-cell fusion. We
also evaluated if enzymatic removal of ZF 3-OST-6 cells affects
both HSV-1 entry and viral glycoprotein-mediated cell fusion. In
the viral entry experiment, CHO-K1 cells expressing ZF 3-OST-6
were treated separately with heparinase I and heparinase II (1.5 U
ml™") or mock treated with 1X phosphate-buffered saline (PBS) for
45 min before infection with reporter B-galactosidase expressing
HSV-1 gL86 (2). These enzymes selectively degrade HS chains by
cleaving them (21). Mock-treated CHO-K1 cells expressing human
3-OST-3 and heparinase-treated cells were used as positive and neg-
ative controls, respectively, as previously described (18). As indicated

(subpanel ¢) than that for cells coexpressing gD with ZF 3-OST-6 (subpanel d). Microscopy was performed using a 20 X objective with a Zeiss Axiovert 100. (C)
ZF-encoded 3-OST-6, but not ZF 3-OST-1, -5, and -7, mediated cell-to-cell fusion with HSV-1 glycoprotein-expressing cells. The effector CHO-K1 cells were
transfected with HSV-1 glycoproteins gB, gD, gH, and gL and T7 RNA polymerase. The target CHO-K1 cells were transfected with plasmids expressing ZF
3-OST-1, -5, -6, and -7 and the luciferase reporter gene. The target cells expressing ZF 3-OST-4 and human 3-OST-3 and control plasmid pcDNA3.1 were used
as a positive and negative control, respectively. A luciferase reporter assay was performed 24 h after the two cell populations were mixed together. Cell fusion was
measured in relative light units (RLUs) using a Sirius luminometer (Berthold detection system). (D) Similarly, visual observation resulted in multinucleated giant
cells, with CHO-K1 cells expressing ZF 3-OST-6 mixed with effector cells expressing HSV-1 glycoproteins (subpanel f), similar to the positive human 3-OST-3
control and ZF 3-OST-4 (subpanels b and d). No multinucleated giant cells were observed with ZF 3-OST-1 (subpanel c), -5 (subpanel e), and -7 (subpanel g).
(E and F) Enzymatic removal of cell surface heparan sulfate (HS) by heparinase treatment of ZF 3-OST-6-expressing CHO-K1 cells reduces HSV-1 infection and
cell fusion. CHO-K1 cells expressing ZF 3-OST-6 or human 3-OST-3 were treated with heparinase II/III (1.5 U ml™") or mock treated (for 3-OST-3 and ZF
3-OST-6) followed by exposure of cells to HSV-1 (KOS) gL86 at 20 PFU/cell or target cells expressing 3-OSTs. Viral entry was quantitated 6 h later by an ONPG
assay using a spectrophotometer at 410 nm while cell fusion was measured in relative luciferase units (RLUs) using a Sirius luminometer (Berthold detection
system).

November 2014 Volume 88 Number 21 jviasm.org 12919


http://jvi.asm.org

Yakoub et al.

HSV-1 Infected cell

Uninfected cell

+ 20000
18000 * *
* *
16000 A
14000 A
12000 A
)
—1 10000
X
8000
coo 6000 A
Q OH
c Wl R,
© om OH ™ X )
coo
d N )

S
o
=
3\
°
=
+

== H3-0ST-3 @ HSV-1KOS (804 strain)
mm 2F 3-0ST-3 (A T7Pol O Luc
D Group | Group Il
Brain 3-0ST-2 3-0ST-1 Heart
Eye 3-0ST-3 3-0OST gene
Spinal cord 3-0ST-4 3-0ST-5 Otic vesicle
Hind brain 3-0ST-6 3.05T-7 Pancreas
Unmodified HS h Modified 30S HS Unmodified HS (7" \ Modified 30S HS
coo oH oo oH coo° oH
O Unmodified HS ‘
4 30S HS generated by Group | HSV-1

W Glycoprotein D HSV-1

A 30S HS generated by Group Il

FIG 4 Comparison between human and zebrafish 3-OST-3 for potential to spread HSV-1. (A) Subpanels a to d show combinations of 3-OST-3- and T7
polymerase-coexpressing HSV-1-infected cells used to mix with 3-OST and luciferase gene-coexpressing uninfected cells. (B) The results were confirmed using
the previously descried luciferase-based assay. The bars a to d mimic the combinations described for panel A. The bars e to g were negative controls which
included either ZF (bar e) or human (bar f) 3-OST, and T7 polymerase coexpressing HSV-1 (KOS-804 strain)-infected cells was mixed with a receptor-negative
cellline or receptor-negative cells were challenged with HSV-1 and then mixed with receptor-negative cells (bar g). (C) Subpanels a to d, visualization of syncytial
formation from the combinations from panels A and B are presented. Subpanels e to g, negative controls had no syncytial formation. (D) Illustration of the
differential role of the various ZF 3-OST enzymes in HSV-1 entry and their tissue-specific distribution pattern in the zebrafish embryo model. Cell- and
tissue-specific ZF 3-OST genes fall into two groups based on their ability to generate HSV-1 entry receptor. Note that group I allows HSV-1 entry and spread.
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in Fig. 3E, heparinase-treated cells showed a significant reduction in
HSV-1 entry (Fig. 3D) compared to that for mock-treated 3-OST-3
(Fig. 3E) or ZF 3-OST-6 cells (Fig. 3E). Similar results were obtained
with cells expressing ZF 3-OST-2, -3, and -4 isoforms (data not
shown) as previously reported (14, 16, 17). We next determined the
effect of enzymatic removal of 3-O-sulfated heparan sulfate (3-OS
HS) generated by ZF-encoded 3-OST-6 on HSV-1 glycoprotein-me-
diated cell fusion by treating effector cells with a mixture of hepari-
nase Il and I1I (1.5 U - ml/liter). As shown in Fig. 3F, ZF 3-OST-6 cells
treated with heparinase showed a significant reduction in fusion
compared to that for mock-treated cells (Fig. 3F). Similarly, hepari-
nase treatment reduced HSV glycoprotein-mediated cell fusion with
cells expressing ZF 3-OST-2, -3, and -4 isoforms (data not shown) as
previously reported (14, 16, 17).

Potential of zebrafish 3-OST-3 cells to spread HSV-1. Finally,
we tested the ability of ZF and human 3-OST-3 to spread HSV-1
via coculturing HSV-1 (KOS-804 strain)-infected cells coexpress-
ing either the human or ZF 3-OST-3 isoform with T7 polymerase
with uninfected cells coexpressing either the human or ZF
3-OST-3 isoform with the luciferase gene (Fig. 4A). As shown in
Fig. 4B, the potential of ZF 3-OST-3-generated HS was similar to
that of human 3-OST-3 in spreading the virus, which was con-
firmed by a luciferase-based reporter assay. Three negative con-
trols (HSV-1-infected ZF 3-OST-3 cells cocultured with empty
vector CHO cells, HSV-1-infected human 3-OST-3 cells cocul-
tured with empty vector CHO cells, and HSV-1-infected empty
vector cells cocultured with empty vector CHO cells) used in the
experiments did not provide signal for fusion. Similar results were
recorded in coculture experiments when visual documentation of
syncytium formation was carried out (Fig. 4C).

A deep understanding 3-OST-generated HS and its signifi-
cance to HSV entry is challenged by the lack of tools (22). The ZF
embryo model has been recognized to express a wide range of
heparan sulfate-modifying 3-OST enzymes during physiological
development (11). In order to develop an intact ZF model to study
3-OS HS-dependent HSV interaction, characterization of all
known 3-OST isoforms in ZF in a cell culture model is a first
critical step. In this study, we characterized ZF3-OST-1, -5, -6, and
-7 isoforms for HSV-1 entry and spread.

We first cloned multiple ZF 3-OST isoforms encoding regions
into empty vector pcDNA3.1 (Fig. 1A to D) (14, 16, 17). The
resultant construct allowed us to successfully express 3-OST-1, -5,
-6, and -7 in resistant CHO-K1 cells. Only the ZF-encoded
3-OST-6 isoform, and not other isoforms (3-OST-1, -5, and -7),
allowed HSV-1 entry (Fig. 2F and G). Similarly, CHO-K1 cells
expressing 3-OST-6 but not other isoforms allowed cell-to-cell
fusion as an indicator of HSV-1 spread (Fig. 3C). Both HSV-1
entry and spread were gD and HS dependent, as was evident from
a gD interference (Fig. 3A and B) assay and from an enzymatic
treatment of cells which resulted in a significant decrease in
HSV-1infection (Fig. 3E and F). Taken together, our current find-
ings suggest that the ZF 3-OST-6 isoform, but not 3-OST-1, -5,
and -7, mediates HSV-1 entry and cell fusion in a manner similar
to that of the previously reported ZF 3-OST isoforms (3-OST-2,
-3,and -4) (14-17). Therefore, based on the ZF 3-OST gene char-
acterizations for HSV-1 entry, we categorize them into two
groups, in which group I (3-OST-2, -3, -4, and -6) allows HSV
entry, while group IT (3-OST-1, -5, and -7) does not generate a gD
receptor; hence, cells expressing the latter 3-OST isoforms are not
susceptible to HSV-1 entry (Fig. 4D).
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Currently, the ZF model is an emerging model in infectious
diseases, including those caused by HSV and other medically im-
portant viruses (23—-32). The usage of the ZF model to understand
in vivo HSV infection in the brain and eye is of particular interest
because of the expression of multiple 3-OST enzymes during de-
velopment and tissue-specific expression of 3-OST (11). A similar
3-OST expression profile for human and mouse models has been
suggested (3). Therefore, the tight regulation of GAG modifica-
tion might show variability in susceptibility to HSV-1 infection,
which in turn could shed new light on the role of the modifications
within HS in viral infectivity. Similarly, HSV-1 tropism in the ZF
embryo may very well be guided by 3-OST expression, including
that of 3-OST-6, especially in the brain or in eye tissues (11).

Overall, the characterization of all of the ZF 3-OST isoform-
generated modified HSs has provided the structural and func-
tional aspects of ZF 3-OS HS during HSV entry. Additionally,
since HS and regulating enzymes are now emerging as markers of
inflammation and facilitators of certain types of infection (33-37),
it is worth dissecting the sulfated forms of HS involved during
HSV-associated infection in the ZF model (11, 37) and also iden-
tifying crucial proinflammatory markers of susceptible locations
(21, 38). Our initiative urges an investigation of the in vivo signif-
icance of 3-OST-generated HS and associated distinct syndecans
during HSV infection in the ZF model by using 3-OST-specific
knockouts (KO) (12, 13, 39, 40). Further study of how HSV infec-
tion affects 3-OS HS expression, including that of cell- and tissue-
specific pathologies associated with clinically relevant HSV strains
in a 3-OST-specific ZF model, is warranted.
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