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A B S T R A C T

Herpes simplex virus type-1 (HSV-1) is a significant pathogen that affects vision by targeting multiple regions in the human eye including iris. Using a focused library
of synthetic non-saccharide glycosaminoglycan mimetics (NSGMs), we identified sulfated pentagalloylglucoside (SPGG) as a potent inhibitor of HSV-1 entry and cell-
to-cell spread in the primary cultures of human iris stromal (HIS) cells isolated from eye donors. Using in vitro β-galactosidase reporter assay and plaque reduction
assay, SPGG was found to inhibit HSV-1 entry in a dosage-dependent manner (IC50 ∼6.0 μM). Interestingly, a pronounced inhibition in HSV-1 entry and spread was
observed in HIS cells, or a cell line expressing specific gD-receptor, when virions were pre-treated with mimetics suggesting a possible interaction between SPGG and
the HSV-1 glycoprotein. To examine the significance of gD-SPGG interaction, HIS cells were pretreated with SPGG, which showed a significant reduction in gD
binding. Taken together, our results provide strong evidence of SPGG being a novel viral entry inhibitor against ocular HSV infection.

1. Introduction

Herpes simplex virus type-1 (HSV-1) infection poses significant
threat towards visual impairment and vision loss by infecting ocular
cells and tissues including the regions of iris (Zhu and Zhu, 2014;
Dawson and Togni, 1976). It has been shown that inflammation of the
iris following HSV-1 infection may be associated with elevated in-
traocular pressure, which may result in glaucoma, although the possi-
bility remains that this may be steroid-induced (Tugal-Tutkun et al.,
2010; Teitelbaum et al., 1987; Rathinam and Namperumalsamy, 2007;
Sungur et al., 2010; Van der Lelij et al., 2000). Further, iris has also
been shown to have histopathologic involvement in HSV-1 infection of
the corneal stroma, herpetic stromal keratitis (HSK) (Tugal-Tutkun
et al., 2010). Inflammation of the iris is also seen in herpetic anterior
uveitis, a condition that often presents as an inflammation of the iris
and ciliary body (iridocyclitis) and is the leading cause of infectious
anterior uveitis worldwide (Rathinam and Namperumalsamy, 2007).
Using primary cultures of human iris stromal (HIS) cells derived from
human eye donors, we previously reported on the susceptibility of HIS
cells to HSV-1 infection including molecular expression of viral entry
receptors and the associated inflammatory mediators (Baldwin et al.,
2013).

The early phase of HSV-1 infection starts when the viral envelope
glycoproteins interact with their respective host cell receptors (Spear

and Longnecker, 2003). During the initial attachment step virus gly-
coprotein B (gB) and glycoprotein C (gC) interacts with host cell surface
heparan sulfate proteoglycans (HSPGs) (WuDunn and Spear, 1989;
Herold et al., 1991; Shieh et al., 1992). A second proposed step involves
virus surfing along the filopodia utilizing heparan sulfate (HS) chain
(Oh et al., 2010). Following viral binding and surfing, a third HSV-1
glycoprotein called glycoprotein D (gD) interacts with one or more of
the host cell receptors, such as nectin-1, herpesvirus entry mediator
(HVEM) (Montgomery et al., 1996), or 3-O-sulfated heparan sulfate (3-
OS HS) (Shukla et al., 1999; Shukla and Spear, 2001) to induce cellular
entry. In this process, gD undergoes a conformational change, which
helps it associate with the heterodimer complex of glycoprotein H-
glycoprotein L (gH-gL). The latter event is followed by gH-gL binding to
gB, which allows the viral and host cell membranes to fuse
(Krummenacher et al., 2013; Eisenberg et al., 2012).

In this current study, we reasoned that HSV-1 entry and spread
could be prevented by non-saccharide glycosaminoglycan mimetics
(NSGMs), a group of molecules that attempt to mimic the structure
and/or function of heparan sulfate (Desai, 2013; Al-Horani et al., 2013;
Patel et al., 2014; Al-Horani et al., 2015). Using human iris stromal
(HIS) cells and gD-receptor specific cells, we show that a specific NSGM,
called sulfated pentagalloylglucoside (SPGG), is a potent inhibitor of
HSV-1 entry and cell-to-cell spread. This work presents the proof-of-
concept and highlights the promise of SPGG in its further development
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as a potential therapeutic against ocular HSV infection.

2. Results

2.1. Screening a library of non-saccharide glycosaminoglycan mimetics
(NSGMs) against HSV-1 infection

To target initial event of HSV-1 attachment/binding to prevent in-
fection, we used a library of NSGMs, which included 3S, SP, SPGG,
SG09, SMI, and SCI (Fig. 1A). These molecules were chemically syn-
thesized, as reported earlier (Patel et al., 2014). Structurally, three of
these molecules have a central domain of glucopyranose moiety (3S,
SPGG, and SG09), while the remaining are based on a related scaffold
called inositol (SP, SMI, and SCI). The number of sulfate groups varies
from six (e.g., 3S and SP) to twelve (e.g., SMI and SCI) with SPGG and
SG09 containing 10 groups. Stereochemically, each NSGM differs con-
siderably from others in the group and therefore, heparan sulfate-like
‘pharmacophore’ presented by each NSGM is strikingly different. Thus,
although the library is small, the diversity of structures is much higher,
which enhances the probability of identifying an inhibitor.

We started our initial screening using above candidates in African
green kidney monkey (Vero) cells. The cells were pre-treated with a
NSGM at 25 μM concentration for 60min at room temperature before
the β-galactosidase expressing reporter HSV-1 (KOS) gL86 challenge at
1 multiplicity of infection (MOI) for 6 h. Viral entry assays were based
on quantification of HSV infection-induced viral β-galactosidase ex-
pression using ONPG (o-nitrophenyl-D-galactopyranoside
(ImmunoPure, Pierce) assay. Expression levels of β-galactosidase are
induced by HSV infection and therefore is used as a measureable in-
dicator of viral entry (Montgomery et al., 1996; Tiwari et al., 2006). As
shown in Fig. 1B, pre-incubation with SPGG significantly inhibited
HSV-1 entry compared to the other tested analogs. These results

provide initial evidence for the potential of SPGG as a specific anti-viral
entry agent. Further confirmation of HSV-1 entry inhibition was es-
tablished using x-gal (5-bromo-4-chloro-3-indolyl-β-D-galactosidase,
Sigma) staining (data not shown). Interestingly SPGG has been pre-
viously shown to have potent anticoagulant activity by inhibiting factor
XIa through binding to its GAG binding site(s) (Al-Horani et al., 2013;
Al-Horani et al., 2015; Al-Horani and Desai, 2014).

2.2. Inhibition of HSV-1 entry by SPGG in primary cultures of human iris
stromal (HIS) cells

Since HSV-1 is known to infect and replicate in human iris stromal
(HIS) cells (Baldwin et al., 2013), we next examined the potential of
SPGG in preventing HSV-1 entry in a clinically relevant cell line. Pri-
mary cultures of HIS cell were prepared in accordance with institutional
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 sub-
sequent removal with a sterile cotton swab. The tissue was then di-
gested 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 20–30min. Digested tissues were next cen-
trifuged to remove tissue debris, and HIS cells were cultured in MCDB-
131 containing 10% fetal bovine serum (FBS) and antibiotics.

Cultured HIS cells were pre-treated with SPGG analog or mock-
treated in a dosage dependent manner followed by infection with re-
combinant form of HSV-1 (KOS) gL86 that expresses β-galactosidase
under the HSV-1 immediate-early promoter following cell entry (Shukla
et al., 1999). Mock infection with PBS was used as a negative control.
As shown in Fig. 2A, compared to the negative uninfected control,
SPGG treatment of HIS cells demonstrated inhibition of viral entry in a
dose-dependent manner. We further confirmed the above-described

Fig. 1. (A). The focused library of non-saccharide gly-
cosaminoglycan mimetics (NSGMs) used to discover
anti-HSV-1 agents. The library consists of 3S, SP, SPGG,
SG09, SMI and SCI, which were chemically synthesized. The
sulfated nature of heparan sulfate is mimicked by the pre-
sence of multiple sulfate groups on these molecules (num-
bering six to twelve) and stereochemically different or-
ientation arising from the scaffold and substitution pattern.
(B). Effect of the NSGM library screening on HSV-1
entry. African monkey kidney (Vero) cells plated in 96-well
plates were pre-incubated with 25 μM individual com-
pounds of the library or mock treated for 45min at room
temperature. The cells were then challenged with β-ga-
lactosidase-expressing recombinant HSV-1(KOS) gL86 at
37 °C. Enzymatic activity of β-galactosidase expression was
evaluated by using ONPG (o-nitrophenyl-D-galactopyrano-
side) assay at 405 nm of optical density. The values shown
represent the amount of reaction product detected spectro-
photometrically at a single input dose of 1 multiplicity of
infection (MOI). Untreated positive (+) control and HSV-1
uninfected negative (−) controls are expressed. Data re-
present the mean ± the standard deviation of results in
triplicate wells in a representative experiment. The experi-
ment was repeated three times with similar results.
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result via× -Gal (5-bromo-4-chloro-3-indolyl-β-d-galactopyranoside)
staining after infecting HIS cells with the reporter HSV-1. As shown in
Fig. 2B, cultured HIS cells that were pre-treated with SPGG
(6.1–100 μM) and then exposed to HSV-1 (KOS) gL86 significantly lost
the blue color (Fig. 2B, panels a–e) compared to untreated HIS cells
(Fig. 2B, panel h).

2.3. Visualization of HSV-1 infectivity in HIS cells in presence of SPGG by
confocal microscopy

We next used confocal microscopy to visualize HSV-1 infection in
HIS cells in presence of SPGG (50 μM). A green fluorescent protein
(GFP)-capsid tagged HSV-1 (K26-GFP) virus (5 MOI) was used for in-
fection. The cells were fixed 60min post infection and stained with
tetramethyl rhodamine isocyanate (TRITC)-conjugated phalloidin
binding to F-actin, as previously described (Tiwari et al., 2006). As
shown in Fig. 2C, a majority of the cultured HIS cells infected with HSV-
1 without SPGG treatment showed a large number of punctate green
fluorescence surrounding the DAPI-stained blue nucleus and at the
membrane (Fig. 2C, panel a). Z-stacking of the HSV-1 infected HIS cells
demonstrated the internalization of HSV-1 virions (Fig. 2C, panel a). In
contrast, SPGG treated HIS cells showed significantly loss of GFP par-
ticles inside the cells (Fig. 2C, panel b). Taken together, the results from
imaging experiment along with quantitative ONPG assay established
the role of SPGG as a potent viral entry inhibitor. Finally, the impact of
SPGG on cellular toxicity was determine using an LDH assay which
related that SPGG at 50 μM concentration was nontoxic to HIS cells

(Fig. 2D).

2.4. SPGG significantly blocks HSV-1 entry in gD-receptor expressing cells

Next we evaluated the broader significance of SPGG as an anti-HSV
agent. We therefore, tested the ability of SPGG to block viral entry using
F strain. Here we used nectin-1 expressing CHO Ig8 cells that express β-
galactosidase upon viral entry (Montgomery et al., 1996). In this ex-
periment, virus pre-incubated with SPGG (50 μM) was used to infect the
cells at 1 MOI. The results showed that SPGG blocked entry of HSV-1 F
strain as evident by the ONPG-based entry assay (Fig. 3A) suggesting
the antiviral activity of SPGG is not restricted to KOS strain. Since, HIS
cells are known to express all the known gD-receptors (Baldwin et al.,
2013), therefore next, we determined the if the inhibitory effect of
SPGG against HSV-1 entry was specific to a gD-receptor. Chinese
hamster ovary (CHO-K1) cells expressing individual gD receptor
(nectin-1, HVEM or 3-OST-3) were pre-treated with SPGG (10 μM) or
mock treated for 60min followed by infection with β-galactosidase
expressing HSV-1 reporter virus (gL86). As shown in Fig. 3B, pre-
treatment with SPGG significantly blocked HSV-1 entry in a dose de-
pendent manner in gD receptor expressing CHO-K1 cells. As expected,
the control cells treated with 1×PBS (untreated) showed HSV-1 entry.
This data suggest that SPGG blocks HSV-1 entry in target cells expres-
sing any gD-receptors.

Fig. 2. SPGG-mediated inhibition of HSV-1 entry into primary cultures of human iris stromal (HIS) cells. (A). HIS cells plated in 96-well plates and inoculated
with two-fold serial dilutions of SPGG followed by β-galactosidase-expressing recombinant HSV-1(KOS) gL86 virus. After 6 h, the cells were permeabilized and
incubated with ONPG substrate for quantitation of β-galactosidase activity at OD410. Data represent the mean ± the standard deviation of results in triplicate wells
in a representative experiment. The experiment was repeated three times with similar results. (B). SPGG mediated blocking of HSV-1 entry into HIS cells was
confirmed by× -gal staining. Dosage dependent pretreatment of HIS cells with SPGG (a: 100 μM, b: 50 μM, c:25 μM, d:12.5 μM, e:6.1 μM, f:3.1 μM, g:1.5 μM, h: mock-
treated) followed by a challenge with β-galactosidase-expressing recombinant HSV-1 (gL86) at 1 MOI. Mock-treated HIS cells and uninfected HIS cells were used as
positive and negative controls, respectively. Blue cells were seen as shown. Microscopy was performed using the magnification of 20× objective of a Zeiss Axiovert
100. (C). High resolution confocal microscopy demonstrating inhibition of HSV-1 entry into HIS cells treated with SPGG. Confluent monolayers of cultured
HIS cells (0.5× 106) on cover glass were mock treated or treated with SPGG (50 μM) for 60min followed by infection with HSV-1 KOS (K26GFP) at 5 MOI. After
60min, cells were washed in phosphate-buffered saline (PBS) and fixed. The cells were stained with 4′, 6′-diamidino-2-phenylindole (DAPI) and red-phalloidin
examined under three separate channels (FITC, DAPI and cy3) and merged. Panel a shows the large number of green virions localization on cell membrane as well
internalized in the mock-treated cells. Panel b shows only few virus particles in the membrane area in HIS cells treated with SPGG. The images were obtained using
Nikon Elements software on a Nikon A1R confocal inverted microscope system. The picture was produced and processed in Adobe Photoshop 7.0. (D). Cytotoxic
effect of SPGG on HIS cells. The HIS cells monolayers were incubated in the presence and absence of SPGG at 50 μM. After 24 h of incubation at 37 °C cell toxicity was
determined by the LDH assay. Asterisks indicate significant difference from controls (P < 0.05, t-test), error bars represent SD from a triplicate experiments.
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2.5. Kinetics of inhibition by SPGG during HSV-1 spread by plaque
reduction assay

Next, we investigated the effect of SPGG on viral replication and
spread to the neighboring cell. In this experiment, we used a re-
combinant form of HSV-1 (KOS) 804, a mutant known to form high
numbers of syncytia (Little and Schaffer, 1981). The HIS cells were pre-
incubated with SPGG and then challenged with HSV-1 (KOS) 804 at
MOI of 0.01 for 2 h at 37 °C. The cells were infected from 12 to 48 h. At
a given time point, cells were washed with PBS buffer, fixed in fixative
buffer, and stained with Giemsa stain for visualization and quantifica-
tion of number of plaques formed. As shown in Fig. 4A (panels a to d),
large number plaques were visualized at greater lengths of time post-
infection (p.i.), while no plaques were observed in the mock-infected
control or HIS cells treated with SPGG infected with HSV-1 (KOS) 804
strain. Upon quantification, the number of plaques increased with time
in untreated and HSV-1 infected HIS cells, while no plaque was ob-
served till 48 h (Fig. 4B). These results, together with those of the entry
assay, show that SPGG negatively affects both viral entry and viral
spread in primary cultures of HIS cells.

2.6. SPGG interacts with HSV-1 envelope glycoprotein

We next determined whether the inhibitory activity of SPGG on
HSV-1 entry was attributed to target cells or viral particles. HIS cells
and the Chinese hamster ovary (CHO-K1) cells expressing individual
gD-receptor (nectin-1, HVEM and 3-OST-3) were pre-incubated with
SPGG (10 μM) or mock treated with 1×PBS for 60min followed by
challenge to HSV-1 infection at 1 MOI. In parallel, HSV-1 (KOS) gL86
virions (1 MOI) were pre-incubated with SPGG (10 μM) for 60min
before infection to tbe target cells. Interestingly, as shown in Fig. 5 (A-
D), pre-incubation of SPGG with virus had significant inhibition of HSV-
1 entry compare to cell incubation suggesting that anti-HSV-1 activity
of SPGG is mostly due to the effect on viral particles.

2.7. Pre-incubation of SPGG with HSV-1 glycoprotein expressing effector
cell significantly impairs cell fusion

During HSV pathogenesis, the virus uses a strategy to avoid evading
immune system by infecting the neighboring cells without diffusing
through the extracellular environment (Sattentau, 2008; Fischer et al.,

2001). The mechanism of virus spread from cell-to-cell is mediated
through the coordinated efforts of surface exposed glycoproteins from
infected cells that contact their specific receptors on neighboring un-
infected cells. It has been shown that, similar to the membrane fusion
that occurs during entry, cells expressing HSV-1 glycoprotein's gB, gD,
gH, and gL fuse with cells expressing gD receptors (Atanasiu et al.,
2010), and thus cell-to-cell fusion mimics the minimum requirement for
entry.

To verify that SPGG indeed prevented the membrane fusion that
occurs during HSV-1 entry, we used a quantitative and efficient cell-to-
cell fusion assay (Tiwari et al., 2004; Tiwari et al., 2007). It has been
shown that, similar to the membrane fusion that occurs during entry,
cells expressing HSV-1 glycoprotein's gB, gD, gH, and gL fuse with cells
expressing gD receptors (Atanasiu et al., 2010), and thus cell-to-cell
fusion mimics the minimum requirement for entry. In our experiment,
wild type CHO-K1 cells were transiently transfected with each of four
HSV-1 glycoproteins(gBgD, gHand gL, as well as, the plasmid pT7EM-
CLuc that expresses a luciferase reporter gene was considered “effector”
cell. In parallel ‘‘target’’ HIS cells or CHO-K1 cells transiently expressing
nectin, HVEM and 3-OST-3 enzyme as gD receptor(s) were separately
transfected with the plasmid pCAGT7, which expresses T7 RNA poly-
merase to induce expression of the Luciferase gene. For a negative
control, effector cells were transfected with T7 RNA polymerase and
control plasmid pcDNA3.1. In our experiment either target cells ex-
pressing gD-receptor or effector cells expressing HSV-1 glycoproteins
were pre-treated with SPGG at 10 μM for 60min before mixing both
cell-types. As expected a high amount of fusion occurred between
mock-treated effector and target cells [CHO-HIS, CHO-CHO-nectin,
CHO-CHO-HVEM, and CHO-CHO-3-OST-3] (positive controls) com-
pared to the pcDNA3.1 expressing CHO effector cells (negative control)
(Fig. 6). Target HIS cells expressing naturally gD-receptor(s) or tran-
siently expressing CHO-K1 cells upon pre-treatement to SPGG (10 μM)
before mixing to the effector cells significantly impaired the cell fusion
(Fig. 6; bar a). However, the maximum inhibitory effect of SPGG was
noticed when effector cells were pre-incubated with SPGG (Fig. 6; bar
b).

We further confirmed the above results by visualizing multi-nu-
cleated giant cells or syncytia formation as a means of viral spread
(Tiwari et al., 2007). A similar trend was observed as SPGG pre-treat-
ment either to a target cells or effector cells significantly inhbited
syncytia formation. Again, higher inhibition in terms of the number and

Fig. 3. (A). HSV-1 entry blocking activity of SPGG against HSV-1 (F) strain. The HS-mimetic (SPGG; 50 μM) was pre-incubated with HSV-1 (F) strains of HSV-1 at
1 MOI for 1 h at 37 °C. The CHO Ig8 cells infected with HSV-1 (F-strain) alone in absence of SPGG was used as control. Viral entry was measured by ONPG assay.
Asterisks indicate significant difference from controls (P < 0.05, t-test), error bars represent SD from a triplicate experiments. (B). Dose-response analysis of SPGG
on HSV-1 entry into Chinese hamster ovary (CHO-K1) cells expressing individual gD-receptor (nectin, HVEM and 3-OST-3). CHO-K1 cells expressing nectin-
1, HVEM ndd 3-OST-3 were plated in 96-well plates and inoculated with two-fold serial dilutions of SPGG or mock-treated followed by β-galactosidase-expressing
recombinant HSV-1(KOS) gL86 virus at 1 MOI. CHO-K1 cells expressing pCDNA3.1 infected with HSV-1 was used as a negative control. After 6 h, the cells were
permeabilized and incubated with ONPG substrate for quantification of β-galactosidase activity expressed from the input viral genome. Enzymatic activity was
measured by determining OD 405 nm. Data represent the mean ± the standard deviation of results in triplicate wells in a representative experiment. The experiment
was repeated three times with similar results.
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size of visual multi-nucleated giant cells was observed when effector
cells were pre-incubated with SPGG compared to target cells (data not
shown). These results reinforce our findings that SPGG thus potentially
act on HSV-1 glycoprotein.

2.8. SPGG impairs HSV-1 glycoprotein D (gD) binding to HIS cells

Finally, we analyzed the impact of SPGG on HSV-1 gD binding cells.
We reasoned whether a soluble recombinant form of HSV-1 gD-Fc
would bind cultured HIS cells and whether this binding could be ad-
versely affected in the presence of SPGG using cell enzyme-linked im-
munosorbent assay, as previously described by us (Tiwari et al., 2006).
HIS cells either treated with SPGG (10 μM) or mock-treated were

allowed to bind equal amount of gD (1 μg/mL), and binding was de-
tected with a spectrophotometer. In parallel experiment, soluble gD-Fc
were also pre-incubated with SPGG (10 μM) for 60min before treating
the HIS cells. As shown in Fig. 7A, gD binding to mock-treated HIS cells
was not affected, however, the binding of gD to SPGG-treated HIS cells
was drastically reduced (Fig. 7A; bar a). Interestingly, even a significant
loss of gD was noticed when gD was pre-incubated with SPGG (Fig. 7A;
bar b). This finding strongly supports that SPGG interacts with gD, a
critical viral glycoprotein which mediates its receptor interaction to
facilitate viral entry.

The reason why SPGG interacts with gD can be understood through
calculation of surface electrostatics of gD (Fig. 7B). This shows presence
of two strongly electropositive domain, which can interact favorably
with SPGG. In fact, the crystal structure also shows a sulfate moiety,
most probably from the buffer, trapped in this electropositive domain.
Finally, our recent studies using spectrofluorimetry show that SPGG
binds gD with high affinity (∼10 nM) (Gangji et al., 2018).

3. Discussion

Our recent study identified SPGG, a NSGM family member as a new
class inhibitor which blocks HSV-1 entry in HeLa cell (Gangji et al.,
2018). By testing its ability to block HSV-1 entry and spread in gD re-
ceptor cells including primary cultures of HIS cells, we have demon-
strated the clinical relevance of SPGG analogs for the future drug de-
velopment against ocular HSV-1 infection. The concentration of SPGG
used in this study were non-toxic to cells as previously reported in
multiple other cell-types (Gangji et al., 2018). In addition, SPGG shows
major promise by reducing HSV-1 cell-to-cell fusion in HIS cells. The
later step is critical in viral spread and associated inflammatory da-
mage.

From a mechanistic view point, pre-incubation of SPGG with the
target cells or with the virions clearly demonstrated drastic reduction in
HSV-1 entry and cell-to-cell spread. Similar results obtained from our
imaging experiment. The effectiveness of this analog is not just limited
to preventing viral entry, but also as an agent that effectively blocks
viral spread as evident from plaque reduction assay. We also in-
vestigated the role SPGG played in cell-to-cell viral spread and virus-
induced membrane fusion. Through both, reduction in viral entry assay
as well as in plaque reduction formation assay, we concluded that the
presence of SPGG inhibited both entry and cell-to-cell spread of HSV-1
(Figs. 2–4). These results were later confirmed with a virus free cell-to-
cell fusion assay (Fig. 5). In addition, SPGG showed even a higher im-
pact when pre-treated with virus and gD-binding to HIS cells.

The above property of small molecule SPGG makes it a promising
product for HSV-1 antiviral therapy. Its ability to prevent cell-to-cell
spread also makes it of specific interest in the development of low cost
prophylactics having the potential to treat an existing infection as well.
Given the fact that anti-HSV resistance increasing against the existing
drugs such as acyclovir (Wilson et al., 2009), the development of new
class of therapeutics is in great demand, especially, which are readily
available, non-toxic to cells and can easily be synthesized at low cost.
We believe that our discovery of NSGMs as anti-HSV agents will have a
good impact in the field of therapeutics. These results highlight both the
prophylactic and neutralization ability of SPGG to suppress HSV-1 in-
fection in ocular cell culture model.

SPGG is a synthetic agent. Its synthesis was achieved in less than 5
steps, which bodes well for development of SPGG as a drug itself. A
major opportunity for therapeutic application of this novel agent is to
develop a topical solution. Considering that SPGG is a highly water
soluble, appropriate polymer – SPGG preparation could be developed as
s topical cream to prevent infection in a prophylactic manner. Another
major opportunity is to develop better SPGG analogs. Numerous
structural derivatives of SPGG can be prepared and studied for this
binding to gD. Following analysis of target specificity, binding affinity,
dosage requirement and toxicity, a promising SPGG analog could be

Fig. 4. Imaging and quantification of HSV-1 plaque formation in cultured
HIS cells in presence and absence of SPGG. (A). Confluent monolayers of HIS
cells pretreated with SPGG or mock treated at 10 μM for 60min were infected
with HSV-1 (KOS) 804 strain for 2 h. The plaque formation was imaged at (a)
12 h, (b) 24 h, (c) 36 h, (d) 48 h post infection and quantified the number of
plaques formed in presence and absence of SPGG in triplicate experiments
(panel B). In parallel, mock infected HIS cells were used as a negative control.
The images were taken with a Zeiss Axiovert 100 microscope at 20× magni-
fication. Asterisks indicate significant difference from controls (P < 0.05, t-
test), error bars represent SD from a triplicate experiments.
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taken up in a clinical setting.
HS mimetics are already proving to be very useful in antagonizing

chemotactic activity of pro-inflammatory cytokines (Sheng et al., 2013)
and as an anti-angiogenic molecules (Jayson et al., 2014; Ferro et al.,
2007; Dredge et al., 2010; Raman et al., 2012), both of which are

associated with herpetic stromal keratitis (HSK) and corneal neo-
vascularization during ocular HSV-1 infection which leads to vision loss
(West et al., 2014; Todd et al., 2011). Therefore, such small molecules
can be valuable candidate in preventing not only HSV-1 entry but as
well as moving inflammatory cells in response to HSV-1 in ocular cells
and tissues. To further develop SPGG as a topical drug candidate,
screening in an in vivo or ex-vivo eye disease model (Tiwari et al., 2011)
of HSV-1 infection will be required. Similarly, evaluating the profiles of
inflammatory markers in corneas in presence of SPGG and its impact on
heparanase activity will also be very useful in terms of reducing corneal
inflammation and progression of herpetic eye disease. These studies
will bring much needed benefits to the patients suffering either from the
acute infection with high titer of virus favoring the cell-to-cell spread or
patient with a chronic immune mediated phase of infection with high
infiltrates leading to the scarring of the eye tissues. In addition, multiple
clinically relevant viruses potentially use modified versions (2-O or 6-O
or 3-O) of sulfated-heparan sulfate (S-HS) during infection (Borst et al.,
2013; Kobayashi et al., 2012; Matos et al., 2014), and therefore future
testing of SPGG analogs are also vital to investigate the potential for
broad-spectrum antiviral activity. Finally, our ability to fine tune the
structure of HS-mimetic to generate high-affinity formulations against
gD will likely advance the development of a novel drug to maximize the
virus inhibition with the better outcomes.

4. Materials and methods

4.1. Chemicals, reagents, and methods

Anhydrous CH2Cl2, THF, CH3OH, CH3CN, and HPLC grade solvents
were purchased from Sigma-Aldrich or Fisher and used as such. All
other chemicals were of reaction grade and used as received from
Sigma-Aldrich, Fisher, or TCI America. n-Hexylamine for ion-pairing
UPLC was from Acros Organics. Analytical TLC was performed using
UNIPLATE silica gel GHLF 250 μm precoated plates (ANALTECH).

Fig. 5. Pre-incubation of SPGG with HSV-1 sig-
nificantly inhbited viral entry. Confluent monolayers
of HIS cells (panel A) or CHO-K1 cells expressing
nectin-1 (panel B), HVEM (panel C), and 3-OST-3
(panel D) were mock treated or treated with SPGG at
10 μM for 60min (bar a) before challenged with
HSV-1 (KOS) gL86 virus at 1 MOI for 60min. In
parallel, SPGG (10 μM) was pre-incubated with HSV-
1 (KOS) gL86 virus at 1 MOI before challenging to
cells (bar b). After 6 h, the cells were permeabilized
and incubated with ONPG substrate for quantifica-
tion of β-galactosidase activity expressed from the
input viral genome. Enzymatic activity was mea-
sured by determining OD 405 nm. Data represent the
mean ± the standard deviation of results in tripli-
cate wells in a representative experiment. Asterisks
indicate significant difference from controls
(P < 0.05, t-test), error bars represent SD from a
triplicate experiments. The experiment was repeated
three times with similar results.

Fig. 6. Pre-treatment of SPGG with effector cells inhibits HSV-1 glyco-
protein mediated cell-to-cell fusion. The effector CHO-K1 cells co-expressing
HSV-1 glycoproteins (gB, gD, gH-gL) and T7 Polymerase pretreated with SPGG
10 μM before mixing with target cells (b bars). The target cells in the experi-
ment were HIS cells which naturally expresses gD-receptors or CHO-K1 cells co-
expressing luciferase gene along with gD-receptor (nectin-1, HVEM, 3-OST-3).
In paralle experiment, target cells were pre-treated with SPGG before mixing
with effector cells (a bars). The SPGG untreated effector and target cells were
used as a positive (+) control. Effector cells without glycoproteins were con-
sidered the negative (−) control (empty bar). Membrane fusion as a means of
viral spread was detected by monitoring luciferase activity 24 h after co-culti-
vating the effector and target cells. Relative luciferase units (RLUs) were de-
termined using a Sirius luminometer (Berthold detection systems) and are from
three independent experiment per-formed in triplicate. Error bars represent
standard deviations. *P < 0.05, one-way ANOVA.
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Column chromatography was performed using silica gel (200–400
mesh, 60 Å) from Sigma-Aldrich. Flash chromatography was performed
using Teledyne ISCO, Combiflash RF system and disposable normal si-
lica cartridges of 30–50 μ particle size, 230–400 mesh size, and 60 Å
pore size. Sulfated molecules were purified using Sephadex G10 size
exclusion chromatography. The quaternary ammonium counterion of
sulfate groups present in the molecules was exchanged for sodium ion
using SP Sephadex−Na cation exchange chromatography. Each mole-
cule was characterized using 1H and 13C NMR spectroscopy, which was
performed on Bruker 400MHz spectrometer in either CDCl3, CD3OD,
acetone-d6, or D2O. ESI MS of unsulfated molecules were recorded
using Waters Acquity TQD MS spectrometer in positive ion mode,
whereas ESI MS negative mode was used for sulfated compounds.

4.2. Synthesis and characterization of NSGMs

The synthesis and characterization of 3S, SP, SPGG, SG09, SMI, and
SCI have been reported earlier (Patel et al., 2014). Briefly, the protected
polyphenol precursors of 3S, SPGG, SG09, SMI, and SCI were synthe-
sized by DCC-mediated esterification of glucopyranose scaffold (3S,
SPGG, and SG09) or inositol scaffold (SMI and SCI) with tri-benzylated
3,4,5-trihydroxy benzoic acid (SPGG) or di-benzylated 3,5-dihydrox-
ybenzoic acid (3S, SG09, SMI, and SCI). Following esterification, de-
benzylation-mediated catalytic hydrogenation on Pd-carbon was
exploited to give the corresponding polyphenols in quantitative yields.
These precursors were then sulfated under microwave conditions using
SO3:N(CH3)3/Et3N as the sulfating agent for 6–12 h at 90–100 °C. Each
intermediate and final product was characterized using 1H and 13C
NMR spectroscopy as well as by UPLC-MS and found to be consistent
with the previous reports. Purity of NSGMs was> 95%.

4.3. Cells and viruses

CHO-K1 and CHO Ig8 cells that express β-galactosidase upon viral

entry (Montgomery et al., 1996), were grown in Ham's F12 medium
(Invitrogen), while HeLa and Vero cells were grown in Dulbecco's
modified Eagle medium (DMEM; Invitrogen) supplemented with 10%
fetal bovine serum (FBS) and 5% FBS respectively. Cultures of HIS cells
derived from the 43 years old female eye donors and obtained from the
Illinois Eye Bank, Chicago, IL were used at 7th passage in this study.
The procurement of tissues was in accordance with the Declaration of
Helsinki. As previously described (Baldwin et al., 2013), HIS cells were
grown in l-glutamine-containing DMEM (Invitrogen) supplemented
with 15% FBS. Cells were trypsinized and passaged after reaching
confluence. Current study used the recombinant β-galactosidase-ex-
pressing HSV-1(KOS) gL86 (Shukla et al., 1999), GFP-expressing HSV-1
(K26-GFP) (Desai and Person, 1998), and the wild-type syncytial
forming HSV-1 KOS (804) strain (Little and Schaffer, 1981). The viral
stocks were propagated at a low multiplicity of infection (MOI) in
complementing cell lines, their titers were determined on Vero cells,
and they were stored at −80 °C.

4.4. LDH cytotoxicity assay

Primary cultures of HIS cells were plated at optimal cell density
(20,000 cells/well) in presence and absence of SPGG at 50 μM. The cell
survival was measured by lactate dehydrogenase (LDH) assay, a soluble
cytosolic enzyme released from cytoplasm when the membrane be-
comes leaky after toxic insults. As per manufacture's instruction of the
LDH cytotoxicity assay kit (Pierce, Thermo Scientific) 10 × lysis buffer
was used for maximum LDH activity controls, while 10 μl sterile water
was used a mock treatment for the spontaneous LDH release controls.
Following incubation at 24 h, 50 μl supernatant was combined with
50 μl reaction mixture and the plate was incubated at room temperature
for 30min. The LDH activity was determined by measuring the absor-
bance at 492 nm and 620 nm on Multiskan FC Microplate Photometer
and subtracting the 620 nm values from the 492 nm values to remove
background. Viral entry assay. Viral entry assays were based on

Fig. 7. SPGG impairs HSV-1 gD binding to HIS cells. (A).
Cultured HIS were treated with SPGG (10 μM) (bar a) or
with PBS buffer for 1 h (positive control). This was followed
by incubation with gD-Fc (1 μg/mL) for 1 h and fixation at
room temperature with 2% formaldehyde and 0.02% glu-
taraldehyde for 15min. In paralle experiment, gD-Fc was
pre-incubated with SPGG (bar b) for 1 h followed by fixation
(bar b). The cells were washed with PBS containing 3% BSA
(Sigma) and then incubated at room temperature sequen-
tially with a biotinylated secondary antibody against rabbit
IgG (Sigma) at a 1: 500 dilution in PBS-3% BSA for 45min
and AMDEX streptavidin-conjugated horseradish peroxidase
(Amersham) at a 1: 20,000 dilution for 30min. Following
washing in PBS, the cells were incubated with 50 μL
3,3′,5,5′-tetramethylbenzidine (Sigma) in 50mM phos-
phate-citrate buffer. Products were quantitated by use of a
microplate reader (Thermo Scientific Multiscan FC-96) to
measure optical density (OD) at 650 nm. Asterisks indicate
significant difference from controls (P < 0.05, t-test), error
bars represent SD from a triplicate experiments. (B).
Mapping the electrostatic potential surface of gD using APBS
tool in PyMol. Blue and red colors represent both electro-
positive and electronegative surfaces, respectively. The
cartoon representation of the structure of gD is shown along
with its sulfate groups (present in the crystal structure). The
interaction of SPGG with two binding sites on gD is shown
as sticks (blue and cyan) respectively.
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quantification of β-galactosidase expressed from the viral genome in
which β-galactosidase expression is inducible by HSV infection (Shukla
et al., 1999). Cells were plated at 2×10 4 per well in 96-well plates at
least 16 h prior to infection. HSV entry into cells was determined by o-
nitrophenyl-β-d-galactopyranoside (ONPG) assay and also by 5-bromo-
4-chloro-3-indolyl-β-d-galactopyranoside (×-Gal) as previously de-
scribed (Tiwari et al., 2006). Microscopy was performed with the
20×objective of an inverted microscope (Axiovert 100M; Zeiss). All
experiments were repeated a minimum of three times unless otherwise
noted.

4.5. Counting of viral plaques

Virus replication was examined by counting the plaques in presence
of SPGG. A monolayer of cultured HIS (approximately 4× 106 cells per
25-ml flask) was infected (MOI, 0.01) with HSV-1(KOS) 804 strain or
mock infected with PBS alone for 2 h at 37 °C as positive and negative
controls, respectively. The HIS cells treated with 10 μM for 1 h before
HSV-1 infection. After removal of the inoculum, monolayers were
overlaid with DMEM containing 2.5% heat-inactivated calf serum and
incubated at 37 °C until the time of harvest (12–48 h). In order to block
secondary plaque formation, human immunoglobulin G (IgG; Sigma)
was added to the inoculum. The cells were washed with PBS buffer,
fixed in alcohol, and stained with Giemsa stain. Infectivity was recorded
as the number of plaques formed and imaged in presence and absence
of SPGG.

4.6. HSV-1 glycoprotein mediated cell-to-cell fusion assay

In this experiment, the CHO-K1 cells designated effector cells were
cotransfected with plasmids expressing four HSV-1(KOS) glycoproteins,
pPEP98 (gB), pPEP99 (gD), pPEP100 (gH), and pPEP101 (gL), along
with plasmid pT7EMCLuc, which expresses the firefly luciferase gene
under the control of the T7 promoter (Tiwari et al., 2004). In parallel
wild-type CHO-K1 cells were co-transfected with 3-OST-3 plasmid and
T7 RNA Polymerase (Tiwari et al., 2004). A second group cultured HIS
cells were also utilized as a target cells were cotransfected with
pCAGT7, which expresses T7 RNA polymerase with the chicken actin
promoter and the CMV enhancer. Effector cells expressing pT7EMCLuc
and pCDNA3 (devoid of any glycoproteins) and target HIS transfected
with T7 RNA polymerase alone were used as negative controls. Acti-
vation of the reporter luciferase gene, as a measurement of cell fusion in
presence and absence of SPGG, was examined by quantitative reporter
lysis assay (Promega) and by imaging multinucleated giant cells at 24 h
post mixing as previously described (Tiwari et al., 2007).

4.7. Immunofluorescence

SPGG treated or mock treated confluent monolayers of cultured HIS
cells (0.5× 106) on a cover glass (20 by 20mm; Fisher Scientific,
Pittsburgh, PA) were infected with GFP-HSV-1 K26 at 5 MOI at 37 °C. In
parallel experiment, HIS cells were pre-incubated with SPGG (50 μM)
before HSV-1 infection. After 60min of infection, cells were washed
with phosphate-buffered saline (1 × PBS) and fixed with 4% formalin
for 45min. Fixed cells were then permeabilize with acetone at −20 °C
for 5min followed by staining with tetramethyl rhodamine isocyanate
(TRITC)-conjugated phalloidin binding to F-actin as previously de-
scribed (Tiwari et al., 2008). Finally cells were washed three times with
PBS and mounted with Vectashield mounting medium containing DAPI
(Vector Laboratories, Inc., Burlingame, CA). Stack microscopy was
carried out with Nikon Elements imaging software on a Nikon A1R
inverted microscopy system equipped with a 60×, 1.4 numerical
aperture oil immersion objective.

4.8. HSV-1 glycoprotein D (gD)-Fc binding assay

Cultured HIS were plated overnight into 96-well dishes (approxi-
mately 4× 104 cells/well). They were treated with SPGG (10 μM) or
with PBS buffer as described above for 1 h. In paralle experiment, gD-Fc
was pre-incubated with SPGG. This was followed by incubation with
gD-Fc (1 μg/mL) for 1 h and fixation at room temperature with 2%
formaldehyde and 0.02% glutaraldehyde for 15min. The cells were
washed with PBS containing 3% BSA (Sigma) and then incubated at
room temperature sequentially with a biotinylated secondary antibody
against rabbit IgG (Sigma) at a 1: 500 dilution in PBS-3% BSA for
45min and AMDEX streptavidin-conjugated horseradish peroxidase
(Amersham) at a 1: 20,000 dilution for 30min. Following washing in
PBS, the cells were incubated with 50 μL 3,3′,5,5′-tetramethylbenzidine
(Sigma) in 50mM phosphate-citrate buffer. Products were quantitated
by use of a microplate reader (Thermo Scientific Multiscan FC-96) to
measure optical density (OD) at 650 nm.
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