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Herpes simplex virus (HSV) and many other viruses, including HIV, initiate infection of host cells by binding to glycosaminogly-
can (GAG) chains of cell surface proteoglycans. Although GAG mimetics, such as sulfated oligo- and polysaccharides, exhibit
potent antiviral activities in cultured cells, the prophylactic application of these inhibitors as vaginal microbicides failed to pro-
tect women upon their exposure to HIV. A possible explanation for this failure is that sulfated oligo- and polysaccharides exhibit
no typical virucidal activity, as their interaction with viral particles is largely electrostatic and reversible and thereby vulnerable
to competition with GAG-binding proteins of the genital tract. Here we report that the cholestanol-conjugated sulfated oligosac-
charide PG545, but not several other sulfated oligosaccharides lacking this modification, exhibited virucidal activity manifested
as disruption of the lipid envelope of HSV-2 particles. The significance of the virus particle-disrupting activity of PG545 was also
demonstrated in experimental animals, as this compound, in contrast to unmodified sulfated oligosaccharide, protected mice
against genital infection with HSV-2. Thus, PG545 offers a novel prophylaxis option against infections caused by GAG-binding

viruses.

Since the original finding of WuDunn and Spear (1) that ubiq-
uitous and negatively charged glycosaminoglycan (GAG)
chains of cell surface proteoglycans provide the binding sites for
attachment of herpes simplex virus (HSV) to cells, these oligosac-
charides have been reported to assist infection of cells by a number
of different viruses, including respiratory syncytial virus (RSV) (2,
3), HIV-1 (4), and Ebola virus (5). In HSV, glycoprotein C (gC)
(6) and/or gB (7) mediates virus binding to cell surface GAGs.
Sulfated polysaccharides and other polysulfonated compounds
that mimic the structure of GAG chains are well-known inhibitors
of the virus-GAG interaction in cultured cells (3, 8, 9). Due to
extensive sulfonation, these compounds efficiently outcompete
the binding of cell surface GAGs to the viral attachment proteins,
thus preventing infection of cells. Notably, the same GAG mimet-
ics can inhibit infectivity of different GAG-binding viruses (8, 9).
In spite of potent antiviral activity in cultured cells, these inhibi-
tors, i.e., cellulose sulfate, carrageenan, and PRO2000 (sulfonated
poly-naphthalene), failed to protect women against contraction of
HIV when tested as intravaginal virucides in several large clinical
trials (10-12). Furthermore, there was an indication that one of
these GAG mimetics, i.e., cellulose sulfate, increased the risk of
contracting HIV (10). Although it is unclear why these com-
pounds lack protective effects in humans (12, 13), some intrinsic
features of the virus-GAG interaction, such as reversibility of the
binding, may help to elucidate this issue. Virus binding to ubiq-
uitous cell surface components, such as GAGs or sialic acid, has to
be neatly balanced to avoid redundant dead-end interactions re-
sulting in trapping of viral particles. Some sialic acid-binding vi-
ruses, such as influenza virus, express the receptor-destroying en-
zyme sialidase (14, 15), which cleaves sialic acid to ensure
reversibility of redundant bindings during both virus attachment
to and egress from cells. Pioneering studies using both neuramin-
idase inhibitors (16) and virus mutants deficient in expression of
neuraminidase (17) showed the presence of large clumps of prog-
eny virions trapped at the surface of infected cells. This vulnerable
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event in the viral life cycle was exploited for antiviral intervention,
and the drugs currently approved for treatment of influenza virus
infections are sialic acid mimetics that act as inhibitors of sialidase
(18). In contrast, the GAG-binding viruses possess no GAG-de-
stroying enzyme, since the reversibility of binding is a feature of
the protein-GAG interaction that relies on weak but multiple elec-
trostatic associations between clusters of positively charged amino
acid residues of a viral attachment protein and the negatively
charged sulfate/carboxylate groups of the GAG chains. Reversibil-
ity of this interaction enables the virus to surf along cellular pro-
trusions in order to search for and bind to the more specific sec-
ond receptor that is required for virus penetration into the cells
(19). Although the GAG mimetics are more extensively sulfonated
than the GAG chains, their inhibitory effects on the virus infection
of cells are also reversible (8, 20). It has long been known that the
efficient activity of GAG mimetics in cultured cells requires their
permanent presence during virus attachment to cells and that a
simple dilution of the virus-inhibitor complexes in culture me-
dium can result in release of infectious virus (8). This indicates
that interaction of GAG mimetics with viral particles is relatively
weak and reversible and that in the genital tract, such electrostatic
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(ionic) associations are likely to be vulnerable to changes in the
salt concentration and to competition with a number of other
GAG-binding proteins (21, 22), such as growth factors, cytokines,
and antimicrobial polypeptides that are present in genital mucosa
and cervical secretions (23, 24).

We have previously found that muparfostat (formerly known
as PI-88), a mixture of highly sulfated oligosaccharides, inhibited
infectivity of HSV (25-27), RSV (28), and HIV-1 (29) in cultured
cells without causing permanent inactivation of viral infectivity.
However, the cholestanol-conjugated sulfated tetrasaccharide of
muparfostat, also referred to as 14/P3 (27-29), and a related com-
pound known as PG545 (30, 31) showed the capability to perma-
nently inactivate the infectivity of HSV, RSV, and HIV-1 (27-29).
In this study, we found that the permanent inactivation of viral
infectivity by PG545 is due to “true” virucidal activity manifested
as disruption of envelopes in HSV-2 particles and that PG545 but
not muparfostat protects mice against genital HSV-2 infection.

MATERIALS AND METHODS

Compounds. PG545, muparfostat, muparfostat tetrasaccharide fraction
SM4, and sulfated alpha-1-azido-maltohexaose were provided by Progen
Pharmaceuticals Ltd., Brisbane, Australia, and Medigen Biotechology
Corporation, Taipei, Taiwan. The structure and antiviral properties of
PG545, muparfostat, and SM4 were presented in earlier reports (25, 29),
in which PG545 was referred to as compound P4 (29). PG545 was of
=95% purity as determined by capillary electrophoresis, and full details of
the synthesis, characterization, and biological activities of this compound
were reported elsewhere (30, 31). All compounds were solubilized in de-
ionized water, and stocks were stored at —20°C. Acyclovir (25 mg/ml) was
purchased from Hospira Nordic AB and stored at 4°C.

Cells and viruses. African green monkey kidney (GMK AH1) epithe-
lial cells (32) were obtained from the Swedish Institute for Infectious
Disease Control, Stockholm, Sweden. The cells were cultured in Eagle’s
minimum essential medium (EMEM) supplemented with 2% fetal calf
serum (FCS), 0.05% Primaton RL substance (Kraft Inc., Norwich, CT),
penicillin (60 wg/ml), and streptomycin (100 wg/ml). HSV-2 strain 333
(33) was used throughout the experiments. Clinical isolates VI03-1678,
90036, 90306, DE06-3942, and DE07-6820, derived from the collection at
the Virus Laboratory (Sahlgrens University Hospital, Goteborg, Sweden),
were used in some experiments. These viruses were isolated from speci-
mens of genital secretions cultured in GMK AH1 cells and were identified
as HSV-2 by using PCR (34). Regarding DE06-3942 and DE-07-6820,
these two isolates were previously tested and found to be acyclovir resis-
tant by an in-house cell culture assay and were included in this study for
comparison. Viral stocks of the HSV-2 isolates were prepared from clin-
ical isolates at low passage.

Antiviral assays. The effects of test compounds on HSV-2 infectivity
in GMK AHI1 cells were tested by the viral plaque reduction assay (27).
Briefly, serial 5-fold dilutions of test compounds (0, 0.16, 0.8, 4, 20, and
100 pg/ml) in serum-free EMEM were mixed with ~200 PFU of HSV-2
and incubated for 10 min at room temperature prior to the addition of the
mixture to duplicate cultures of GMK AH1 cells seeded in 12-well cluster
plates. Following incubation of the virus-compound mixture with cells
for 90 min at 37°C in a humidified atmosphere comprising 5% CO,, the
cells were rinsed twice with EMEM and overlaid with EMEM containing
1% methylcellulose solution and 2% FCS but no test compounds. After 3
days of incubation at 37°C, the cell cultures were stained with a 1% solu-
tion of crystal violet, and viral plaques were counted under a light micro-
scope. The effect of acyclovir on HSV-2 infectivity was assayed in the same
manner except that the drug was also present in the methylcellulose over-
lay. The virus inactivation assay (27) was performed by adding ~10° PFU
of HSV-2 to 5-fold serial dilutions of test compounds in 0.5 ml of serum-
free EMEM. The virus-compound mixture was incubated for 15 min at
37°C in a water bath, and residual virus infectivity was titrated in the viral
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plaque assay in GMK AH1 cells. The cytotoxicity of test compounds was
assessed by adding 100-pl volumes of 5-fold serial dilutions of test com-
pounds in EMEM supplemented with 2% FCS to nearly confluent mono-
layer cultures of GMK AHI cells growing in 96-well cluster plates. After
incubation of cells with compounds for 72 h, the cell viability was deter-
mined by using the tetrazolium-based CellTiter96 AQueous One Solution
cytotoxicity assay (Promega; G3580).

Virus purification. Cultures of GMK AH1 cells in roller bottles were
infected with HSV-2 333 at a multiplicity of infection (MOI) of 1. Follow-
ing incubation of cells with the virus for 45 min at 37°C, the cells were
washed with EMEM and incubated in EMEM supplemented with
methyl-[*H]thymidine (10 wCi/ml; specific activity, 6.7 Ci per mmol;
PerkinElmer) for 40 h at 37°C. The infectious culture medium was
then harvested and clarified by low-speed centrifugation at 1,000 X g for
5min and at 3,000 X g for 10 min. The supernatant fluid was collected and
loaded onto the top of a three-step discontinuous sucrose gradient com-
prising 2 ml each of 50, 40, and 30% (wt/vol) sucrose in PBS (137 mM
NaCl, 2.7 mM KCl, 8.1 mM Na,HPO,, 1.5 mM KH,PO,). After centrif-
ugation at 20,000 rpm (SW28.1 bucket rotor, Optima LE-80K ultracen-
trifuge; Beckman) for 2 h at 4°C, the virus band at the interphase of 40 and
50% sucrose was collected following side puncture of the tube.

Treatment of HSV-2 virions with PG545. Purified HSV-2 virions
were dialyzed against PBS to remove sucrose and then diluted with PBS to
a final volume of 18 ml. Subsequently, PG545 in 100 pl of redistilled water
was added to a 9-ml volume of the virus preparation to achieve a final drug
concentration of 250 pg/ml. The virus-compound suspension was gently
mixed by inverting the tube and incubated in a 37°C water bath for 30
min. The same volume of virus was also incubated with the PG545 solvent
(redistilled water) to serve as a control. The mixtures were then centri-
fuged at 20,000 X g for 2 h (SW28.1 rotor) over the three-step discontin-
uous sucrose gradient consisting of 2 ml each of 50, 40, and 30% (wt/vol)
sucrose in PBS, and 1-ml fractions were collected following side puncture
of tube in the middle of the 50% sucrose layer. Each fraction was subjected
to (i) titration of residual infectivity in the viral plaque assay, (ii) quanti-
fication of radioactivity in a scintillation counter, (iii) determination of
the number of viral DNA copies based on quantitative PCR (qPCR) anal-
ysis (35), and (iv) determination of reactivity with mouse monoclonal
antibodies against HSV glycoprotein B (gB) (clone B11D8; dilution,
1:100), gC (clone E5F7; dilution, 1:100), gE (clone B1E6; dilution, 1:100)
and gG (clone O1C5; dilution, 1:100) and rabbit polyclonal antibody
against the major capsid protein VP5 (NC1; dilution, 1:500) by an en-
zyme-linked immunosorbent assay (ELISA)-based method. The mono-
clonal antibodies were prepared and characterized in our laboratory (26,
36, 37), while polyclonal antibody NC1 was kindly provided by Gary
Cohen and Roselyn Eisenberg (University of Pennsylvania).

Electron microscopy. GMK AH1 cells were infected with HSV-2 333
atan MOI of 1, and infectious culture medium was harvested at 40 h after
infection and clarified by using low-speed centrifugation, i.e., 200 X g, for
5 min, followed by centrifugation at 3,500 X g for 10 min. The clarified
supernatant fluid was centrifuged at 20,000 X gfor 2 h at4°C, and the viral
pellet was collected into 160 wl of PBS, incubated overnight at 4°C, and
then gently resuspended by pipetting. Subsequently, 40-pl volumes of the
virus preparation (~3 X 107 PFU) were mixed with equal volumes of
PG545 solutions or its solvent to achieve final drug concentrations of 500,
20, and 0 pg/ml. The mixtures were incubated for 30 min in a 37°C water
bath or at room temperature and then supplemented with 8 .l of 2.5%
solution of glutaraldehyde and left overnight at 4°C. Samples were then
warmed briefly at 42°C, supplemented with 500 p.l of melted (42°C) aga-
rose, centrifuged at 1,000 X g for 5 min, and then processed for electron
microscopy (38).

Intravaginal HSV-2 inoculation in mice. Female, 6- to 8-week-old
C57BL/6 mice were purchased from Harlan Laboratories (AN Venray, the
Netherlands). Prior to the experiment, mice, in groups of 6 to 10, were
rested for a week according to standard procedures at the animal facility of
the microbiology laboratory at Sahlgrens University Hospital (Géteborg,
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Sweden). All animals were injected subcutaneously with 3 mg of Depo-
Provera (Pfizer AB, Sollentuna, Sweden) (39) at 7 days prior to vaginal
inoculation with HSV-2. In all experiments, mice, anesthetized with 3%
isoflurane (Baxter Medical AB, Kista, Sweden), were infected intravagi-
nally with 10° PFU of HSV-2 333 (~24X the 50% lethal dose [LDs,])
using a fine blunt plastic pipette tip. In the first series of experiments, the
effect of prior treatment of a virus with PG545 on its capability to infect
mice was investigated. The virus was incubated with a compound or its
diluent (deionized water) for 15 min in room temperature at final drug
concentrations of 0, 20, 100, and 500 g/ml in a total volume of 20 pl of
EMEM and then left on ice until instillation of the virus-compound mix-
ture into mice in groups of 7. In the second series of experiments, the
protective effects of PG545 were investigated as a function of the different
times of addition of the compound relative to animal inoculation with
HSV-2. PG545 or its solvent at concentrations of 5, 0.5, and 0 mg/ml in a
volume of 10 pl of EMEM was instilled vaginally at 10 min prior to or 10
min after infection with HSV-2. At each time point, groups of 8 animals
were used, and repetitions of the time point plus 10 min (0.5 mg/ml) and
controls were performed and included in the results. Mice were moni-
tored daily and scored for severity of vaginal inflammation and other
disease symptoms as described earlier (40). Briefly, a lack of disease symp-
toms was graded as 0, genital erythema as 1, moderate genital inflamma-
tion with blisters as 2, severe and purulent genital lesions with loss of hair
in the genital area as 3, and hind-limb paralysis and/or general bad con-
dition as 4. All mice with a score of 4 were sacrificed. All experiments were
assessed and approved by the regional ethics committee for animal exper-
iments in Goteborg, Sweden (diary number 43-2012).

Statistical analysis. A sample size of 7 mice per group was calculated,
assuming a power of 90% and a significance level of 5%, as sufficient to
detect a 72% difference in survival rates between the control and the
drug-treated animals. Fisher’s exact test was used to analyze the mouse
survival data. The Kruskal-Wallis, nonparametric, one-way analysis of
variance (ANOVA) test was used to compare the amounts of viral DNA
and infectious virus in vaginal lavage samples from mice. Student’s ¢ test
was used for statistical analysis of data obtained in experiments with cul-
tured cells. Pvalues of =0.05 were considered statistically significant. Data
were analyzed with the software GraphPad Prism version 5 for Mac OS X.

RESULTS

PG545 disrupts virus particles of HSV-2. We compared the anti-
HSV-2 activity of PG545, a cholestanol-conjugated sulfated tet-
rasaccharide (maltotetraose), with those of several other sulfated
oligosaccharides lacking this modification, i.e., (i) muparfostat, a
mixture of mannose-containing sulfated di- to hexasaccharides;
(ii) SM4, a sulfated tetrasaccharide fraction of muparfostat; and
(iii) AM6, an azide-conjugated sulfated maltohexaose (see Fig. S1
in the supplemental material). A known antiherpesvirus drug,
acyclovir, was used as a control. The anti-HSV-2 (strain 333) ac-
tivity of PG545, assessed by the viral plaque reduction assay in
GMK AHI1 cells (Fig. 1A) (50% inhibitory concentration [ICs,],
0.8 pug/ml), was only slightly superior to that of muparfostat (ICs,,
1.5 pg/ml) and ~4- and ~11-fold more pronounced than those of
AM6 (ICsp, 3.5 pg/ml) and SM4 (ICs,, 9 pg/ml), respectively.
Note that at concentrations of =4 pg/ml, PG545 inhibited HSV-2
completely, while ~5% of the virus remained infectious in the
presence of muparfostat even at the highest concentration tested.
Similar to muparfostat, AM6 did not show a complete inhibitory
effect at =20 pg/ml (Fig. 1A). PG545 was more toxic for GMK
AH1 cells (50% cytotoxicity concentration [CCsg], 200 pg/ml)
than muparfostat, AM6, and SM4 (CCs,, >500 pg/ml) (Fig. 1B).
Hence, the selectivity of all these compounds for viral particles
(CCsq per ICs,) was high (~250 for PG545 and >56 for remaining
compounds). Furthermore, assessment of these compounds in
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FIG 1 Anti-HSV-2 activity of PG545. (A) PG545, muparfostat, muparfostat
tetrasaccharide (SM4), sulfated azido-maltohexaose (AM6), and acyclovir (1
pg/ml; ~4 M) were incubated with ~200 viral PFU prior to infection of
GMK AHI cells. The results are expressed as percentages of the number of PFU
found in drug-treated virus relative to that in mock-treated virus controls.
Data are means = SDs from two independent experiments carried out in
duplicate wells. (B) Cytotoxicity of the test compounds for GMK AH1 cells was
assessed by a tetrazolium-based cell viability assay (Promega). The results are
expressed as percentages of absorbance values found in drug-treated cells rel-
ative to that developed in cells incubated with the drug solvent. Values are
means = SDs from two separate experiments carried out in duplicate or trip-
licate wells. (C) PG545 but not muparfostat, SM4, AMS6, or acyclovir inacti-
vates HSV-2 infectivity permanently. Approximately 10> PFU of HSV-2 was
mixed with test compounds at specific concentrations and incubated for 15
min at 37°C. The results are expressed as percentages of residual infectivity of
the compound-treated virus as related to that of the mock-treated virus con-
trol. Data are means * SDs from two independent experiments carried out in
duplicates. Triple asterisks indicate significant difference (P < 0.001) as calcu-
lated by Student’s ¢ test.

the virus inactivation assay, based on incubation of the HSV-com-
pound mixture prior to titration of residual virus infectivity, re-
vealed that PG545 but not muparfostat, AM6, or SM4 exhibited
virus-inactivating activity (Fig. 1C). These data suggest that the
anti-HSV-2 activities of muparfostat, AM6, and SM4 in cultured
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TABLE 1 PG545 inhibits HSV-2 plaque-forming activity and inactivates
infectivity of free virus particles

ICs, (pg/ml) as

determined by Virus-inactivation activity” at indicated

HSV-2 plaque assay concn (ug/ml) of agent

st.ra%n or PG545 Acyclovir

clinical

isolate PG545 Acyclovir 100 20 4 100 20 4

333 0.8 7.3 0.0 00 00 1035 113.8 100.0
DE06-3942° 0.4 >100 0.0 00 00 8.3 100 88
DE07-6820° 0.5 >100 0.0 00 28 108.7 104.9 102.9
VI03-1678° 0.6 3.6 0.0 00 00 1134 1049 108.5
90-036 0.4 3.0 0.0 00 522 994 1085 100
90-306 0.4 2.3 0.0 00 73.6 994 103.2  93.6

@ Virus-inactivating activity is expressed as the percentage of residual infectivity found
with PG545- or acyclovir-treated virus relative to that of the mock-treated virus
control.

b Clinical isolate of HSV-2 resistant to acyclovir.

¢ Clinical isolate of HSV-2 from routine diagnostics.

cells (Fig. 1A) were due to reversible inhibition of viral particles,
while that of PG545 was based on permanent inactivation of in-
fectivity of HSV-2 particles. As expected, acyclovir did not inacti-
vate the infectivity of free viral particles (Fig. 1C). The antiherpes-
viral activity of this drug (Fig. 1A) is known to be due to inhibition
of viral DNA synthesis.

We also investigated whether the anti-HSV-2 activity of
PG545, found with laboratory strain 333 (Fig. 1), could be repro-
duced with clinical isolates of HSV-2. PG545 potently inhibited
infectivity of five clinical isolates of HSV-2, including two acyclo-
vir-resistant strains (Table 1). Importantly, PG545 but not acyclo-
vir exhibited virus particle-inactivating activity against all five
clinical isolates tested (Table 1).

Because the virus-inactivating activity of PG545 increases the
likelihood of its successful application as a topical virucide, we
sought to elucidate the mode of the virus-inactivating activity of
PG545. To this end, we studied the structural integrity of purified
HSV-2 virions following their treatment with PG545. The
[’H]thymidine-labeled HSV-2 particles, which during ultracen-
trifugation through the discontinuous sucrose gradient form a
band at the interphase of 40 and 50% sucrose, were collected and
incubated with PG545 or its solvent (redistilled water) for 30 min
at 37°C. Subsequent recentrifugation of these preparations on
identical sucrose gradients revealed that in mock-treated samples,
most of the viral infectivity (Fig. 2A), [3H]thyrnidine label (Fig.
2B), viral DNA (Fig. 2C), and viral envelope glycoproteins B, C, G,
and E and the viral capsid protein VP5 (Fig. 2D) were detected in
fractions 1 and 2, which overlap the virus band at the 40 and 50%
sucrose interphase. In contrast, in the PG545-treated sample, the
virus infectivity was completely destroyed (Fig. 2A), and most of
the [*H]thymidine label (Fig. 2B), viral DNA (Fig. 2C), and viral
proteins (Fig. 2D) shifted to fractions 7 to 14. This suggested a
substantial fragmentation of virions. The presence of a small peak
of the viral capsid protein VP5 in fraction 8 (Fig. 2D) suggests that
besides causing a disturbance to the lipid envelope, PG545 may
affect the integrity of the viral capsid. To verify this interpretation,
the extracellular HSV-2 virions were concentrated by pelleting
and then treated with PG545 and assessed by electron microscopy.
Treatment of these semipurified virions with a relatively low con-
centration of PG545 (20 pg/ml) resulted in disruption of the viral
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envelope in many virions (Fig. 2E; see also Fig. S2A in the supple-
mental material) and in release of viral DNA from capsids as ob-
served by the absence of dark electron dense material in the dis-
rupted virus particles (Fig. 2E). Treatment of virions with a
relatively high concentration of PG545 (500 pwg/ml) resulted in
their complete lysis, with no discernible HSV-2 particles or their
components (see Fig. S2A). In contrast, the number of damaged
virions in samples treated with 20 or 500 pg/ml of muparfostat
was low and similar to that of spontaneously disrupted viral par-
ticles in mock-treated HSV-2 sample (see Fig. S2B). Note thatin a
sample treated with 20 pwg/ml of PG545, ~60% of viral particles
were disrupted (see Fig. S2B), while in the virus inactivation assay,
all virus infectivity was lost after treatment with the same concen-
tration of PG545 (Fig. 2A). This discrepancy could be explained
by, in addition to the use of two different assays, the much larger
amount of virus used in the electron microscopy study (~3 X 107
PFU) than in the virus inactivation assay (~10° PFU). However,
we cannot exclude that at a relatively low PG545/virus particle
ratio, this compound may inhibit virus infectivity without detect-
able alterations of the virion structure, e.g., by irreversible block-
ade or selective removal of the virus attachment proteins from the
lipid envelope.

PG545 but not muparfostat protects mice against HSV-2.
The finding that PG545 but not muparfostat exhibited HSV par-
ticle-destroying activity raised the question of whether this novel
activity of PG545 could contribute to protection of mice against
genital infection with HSV-2. In the first series of experiments, we
investigated whether the treatment of the viral inoculum (10’
PFU) with PG545 or muparfostat for 15 min at room temperature
prior to administration of the mixture to mice would inactivate
the virus, thus protecting animals. All mice in the control group
that received the mock-treated virus developed severe disease and
were sacrificed at day 6 to 11 postinfection (p.i.) (Fig. 3A and B).
Pretreatment of virus with the high dose of muparfostat (500 g/
ml) offered no protection to mice, as the development of disease
symptoms and the animal survival rate paralleled those in control
animals (Fig. 3A and B). Note that the treatment of HSV-2 parti-
cles with the same concentration of muparfostat did not adversely
affect the morphology of virions (Fig. 2E). In contrast, all mice
inoculated with the virus treated with PG545 at 20 (PG545-20),
100 (PG545-100), and 500 (PG545-500) pg/ml survived the ex-
periment (Fig. 3A), showing either mild (PG545-20) or no disease
symptoms (Fig. 3B). This was accompanied by the absence of
(PG545-500) or sporadic (PG545-100) virus replication in the
genital tract, as the presence of viral DNA (Fig. 3D) and infectious
virus (Fig. 3C) in the vaginal lavage fluids was limited to 1 or 2
animals only. These data are in line with our electron microscopy
assessment which demonstrated that treatment of HSV-2 virions
with PG545-500 caused complete lysis of virus particles (see Fig.
S2A).

Interestingly, most of the mice that received virus treated with
the lowest dose of compound, i.e., PG545-20, showed mild symp-
toms of local genital inflammation (scored as 1) at day 12, fol-
lowed by nearly complete recovery at day 19 postinfection (Fig.
3B). This mild disease was accompanied by the presence in vaginal
lavage fluids of viral DNA and infectious virus at quantities com-
parable to those of control mice (Fig. 3C and D). Although the
amount of virus and the temperature of the PG545-virus preincu-
bation were different in animal and electron microscopy studies,
these data are supported by electron microscopy assessment dem-
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FIG 2 PG545 disrupts HSV-2 virions. PG545- or mock-treated purified [*H]thymidine-labeled HSV-2 virions were centrifuged through the sucrose gradient,
and fractions, collected from the bottom of the tube (fraction 1), were examined for viral infectivity by plaque titration assay (A), for radioactivity in a scintillation
counter (B), for viral DNA by quantitative PCR (C), and for viral glycoproteins B, C, E, and G and the major capsid protein VP5 by ELISA (D). Fractions 1 and
2 correspond to the gradient position where most of the intact infectious virions concentrated. (E) Disruption of HSV-2 virions by PG545. Shown are electron
microscopy images of semipurified preparations of HSV-2 virions subjected to mock, muparfostat, or PG545 treatment. Disrupted viral particles are indicated
with arrows. Note the absence of dark, electron-dense material in capsids of disrupted virions. The images were selected from 10 images captured for each

preparation. Insets show enlarged images of viral particles. More images are shown in Fig. S2A in the supplemental material. CPM, counts per minute.

onstrating that on treatment of viral particles with PG545-20,
some of the virions remained intact (Fig. 2E) and might therefore
infect mice as shown in Fig. 3C and D.

We also investigated the prophylactic potential of PG545 in a
murine model of genital HSV-2 infection. To this end, PG545 was
administered intravaginally to mice ~10 min prior to inoculation
with the virus, a time point that could resemble the vaginal use of
microbicides in humans. Vaginal application of GAG mimetics
prior to the virus inoculation requires much higher concentra-
tions of the mimetics than those effective in cultured cells (41, 42),
a finding most likely due to their neutralization by mucus. Out of
eight mice that received PG545 at 5 mg/ml, only one developed
genital disease (Fig. 4B), dying at day 16 p.i. (Fig. 4A), i.e., mark-
edly later than most animals in the control group. The vaginal
lavage fluid of this mouse contained infectious HSV-2 and viral
DNA at quantities comparable to these of control animals (Fig. 4C
and D). The rest of the animals that survived the experiments
developed no genital disease and showed reduced amounts or no
infectious virus or viral DNA in vaginal lavage fluid (Fig. 4). In-
stillation of PG545 at a 10-fold-lower concentration (0.5 mg/ml)
conferred complete protection from HSV-induced disease in four
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out of eight mice (Fig. 4B), death (Fig. 4A), and virus replication in
the vagina (Fig. 4C and D). Application of PG545 at ~10 min p.i.
also conferred protection in some animals against the disease
symptoms, death, and virus replication in the genital tract (Fig. 4),
although the extent of protection was less than in prophylactic use
of this compound.

DISCUSSION

The GAG-mimicking inhibitors bind to the virus attachment
components, thus disabling viral particles before infection of sus-
ceptible cells, a feature that advocates for their use as topical mi-
crobicides in the prevention of infections caused by many differ-
ent GAG-binding viruses. However, two other functional features
of these inhibitors, i.e., a nonvirucidal mode of activity (8, 20) and
capability to interact with a plethora of heparin/GAG-binding
proteins (22) that maintain the structural integrity and defense of
the genital tract, have been largely neglected. In this study, we
found that the cholestanol-conjugated sulfated oligosaccharide
PG545, a clinical candidate under investigation in a phase I oncol-
ogy trial (43), but not several other sulfated oligosaccharides lack-
ing this modification, exhibited a distinctly altered mode of anti-
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significant difference as follows: *, P < 0.05, and ***, P < 0.001.

viral activity, i.e., from a simple, reversible inhibition to a virus it is not known whether this activity was due to disruption of viral
particle-destroying activity. In addition to HSV, we have recently  particles. Other sulfated oligo-and polysaccharides (8), includ-
observed that PG545, unlike muparfostat, permanently inacti- ing those used in microbicidal trials, i.e., cellulose sulfate (42),
vated the infectivity of HIV-1 and RSV virions (28, 29). However, —and some carrageenans (44) did not show strong virus-inacti-
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FIG 4 Prophylactic PG545 application protects mice against genital infection. PG545 was administered intravaginally to mice ~10 min prior to or after infection
with HSV-2, and animals were monitored for survival rates (A), disease scores (B), viral DNA (C), and infectious virus (D) in vaginal lavage fluids sampled at day
3 postinfection. Fisher’s exact test was used to analyze survival data in panel A. ANOVA was used to analyze the data in panels C and D, and the horizontal bars
indicate median values of each group. Asterisks indicate significant difference as follows: *, P < 0.05, and **, P < 0.01.
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vating activity, implying, similar to the case with muparfostat,
areversible mode of antiviral activity. Such nonvirucidal bind-
ing of GAG mimetics may result in coating and protection of
infectious virions against proteolytic degradation in the muco-
sal milieu (45), a known feature of the protein-GAG interac-
tion (22).

The virus particle-disrupting activity of PG545 is an essential
feature of candidate topical microbicides that recalls the effect of
surfactants on viral and cellular lipid membranes. The anionic
surfactants docusate and sodium lauryl sulfate (46, 47) and the
nonionic surfactant nonoxynol-9 (48) are known to exhibit viru-
cidal activity against HSV and HIV in vitro. However, these com-
pounds show poor selectivity toward viral particles. Therefore, the
in vivo application of these compounds is frequently accompanied
by perturbations of integrity of the genital epithelium, leading to
increased susceptibility to microbial pathogens (49). We found
that although PG545 exhibited greater cytotoxicity than mupar-
fostat, its selectivity index was still larger than 100, implying a
high preference for viral rather than cellular targets. Thus, the
PG545—an amphiphilic molecule with polar and nonpolar
groups—provides good selectivity toward viral particles, a feature
of sulfated oligo- and polysaccharides, and surfactant-like viru-
cidal effects. Although the exact sequence of events leading to
PG545-mediated disruption of viral particles is not known, we
previously found that muparfostat, PG545, and another cholesta-
nol-conjugated oligosaccharide inhibited attachment to cells of
HSV-2 (27), HIV-1 (29), and RSV (28), indicating that PG545
preserved this functional feature of sulfated oligo- and polysac-
charides. In fact, the comparable anti-HSV-2 activities of PG545
and muparfostat found in the viral plaque assay (Fig. 1A) might be
due to inhibition of the virus attachment to cells, since both of
these compounds comprise structurally similar sulfated oligosac-
charides (see Fig. S1 in the supplemental material). As discussed
earlier, this inhibitory effect requires the continuous presence of
muparfostat and is reversible, while in the case of PG545, binding
to and blocking of the virus attachment proteins seem to be fol-
lowed by disruption of the viral lipid envelope. Interestingly, while
the muparfostat-resistant variants of HSV-1 (50), HSV-2 (26),
and HIV-1 (51) featured, as expected, mutations in the viral at-
tachment components or in modulators of this activity, we failed
to select for PG545-resistant variants of HSV-2 (27) and HIV-1
(51). The inability of PG545 to generate drug-resistant viral vari-
ants, a marked feature of antivirals and selective microbicides,
strongly suggests that PG545 targets several components of the
viral particle, including envelope lipids. Besides disruption of
the viral envelope, we frequently observed a lack of DNA inside
the capsids of PG545-treated virions. Ejection of the HSV DNA
from the capsid occurs through a single capsid site, the portal
vertex, and requires virion uncoating, including removal of most
of the tegument proteins (52). Therefore, it is likely that the viru-
cidal activity of PG545 is not limited to the lipid envelope and that
the outer tegument coat of proteins is disintegrated. It is notewor-
thy that the antiviral activities of the peptide-based inhibitors of
HIV-1 entry into cells (53) and the acyclic nucleotide cidofovir
(54) have been greatly potentiated following their conjugation to
cholesterol or lipid.

Although PG545 and muparfostat exhibited comparable anti-
HSV-2 activities in cultured cells, short treatment of HSV-2 viri-
ons with PG545 but not with muparfostat prior to the adminis-
tration of the virus-compound mixture into mice conferred
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complete protection against HSV-2 disease, with no detectable
virus or viral DNA in the genital tract. Likewise, prophylactic ap-
plication of PG545 in mice at 10 min prior to HSV-2 challenge
resulted in nearly complete protection against HSV-2-induced
disease. The extent of anti-HSV-2 protection of mice by PG545
was comparable to that achieved by the GAG mimetics carrageen-
ans (41, 55), cellulose sulfate (49), and PRO2000 (56) when used
at concentrations ~2 to 10 times higher than PG545 and as vagi-
nal gel formulations rather than water solutions of test com-
pounds. It should be noted that prophylactic application of PG545
and sulfated oligosaccharides as vaginal microbicides requires rel-
atively high concentrations of these compounds. This require-
ment is most likely due to the neutralization of the compounds by
different GAG-binding proteins (22) of the genital mucosa, such
as epithelium- and neutrophil-derived antimicrobial polypep-
tides and components of seminal plasma (49) and cervical secre-
tions (27), as well as some extracellular matrix and cell adhesion
proteins (57). This implies that besides neutralization of an inhib-
itor, these interactions may impair local innate and adaptive im-
munity and perturb the structural integrity of the epithelium (57),
i.e., alterations that most likely contributed to the failure of GAG
mimetics in HIV clinical trials. Based on the premises that the
GAG-binding proteins differ in their interactions with GAG
chains (22) and that the lipid composition of the viral envelope is
quantitatively different from that of the cell plasma membrane
(58, 59), further studies to evaluate the suitability of targeting
GAG-binding attachment proteins and lipids to develop thera-
peutics against HSV, RSV, and HIV-1 are warranted. It is note-
worthy that PG545 is a known anticancer candidate agent that
is currently under evaluation in a phase I clinical trial (Clinical
Trials.gov identifier: NCT02042781) with patients with solid
tumors, based on its inhibitory effects on heparanase and GAG-
binding angiogenic growth factors (60).

In contrast to HSV, in the case of which GAG chains promote
virus attachment to cells, HIV-1 utilizes CD4 for attachment pur-
poses (61), and GAG chains are believed to assist in or strengthen
this interaction. However, in cells of the genital epithelium, where
CD#4 is not expressed, the GAG chains of proteoglycan syndecan
were found to capture, protect, and translocate infectious HIV-1
to CD4-expressing T cells (45). PG545 may interfere with this
process, since we have previously found that this compound per-
manently inactivated infectivity of HIV-1 strains that showed tro-
pism for R5 as well as X4 coreceptors (29). As infection with
HSV-2 is associated with an increased risk of transmission of
HIV-1 (62—64), a dual PG545 activity against both viruses could
be advantageous for prophylaxis of these sexually transmitted
pathogens.
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