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Abstract

Broad-spectrum antivirals are more needed than ever to provide treatment options for novel
emerging viruses and for viruses that lack therapeutic options or have developed resistance. A
large number of viruses rely on charge-dependent non-specific interactions with heparan sulfate
(HS), a highly sulfated glycosaminoglycan (GAG), for attachment to cell surfaces to initiate cell
entry. As such, inhibitors targeting virion-HS interactions have potential to have broad-spectrum
antiviral activity. Previous research has explored organic and inorganic small molecules, peptides,
and GAG mimetics to disrupt virion-HS interactions. Here we report antiviral activities against
both enveloped (the herpesvirus human cytomegalovirus) and non-enveloped (adenovirus) DNA
viruses for four defined marine sulfated glycans: a sulfated galactan from the red alga
Botryocladia occidentalis, a sulfated fucan from the sea urchin Lytechinus variegatus, and a
sulfated fucan and a fucosylated chondroitin sulfate from the sea cucumber /sostichopus
badionotus. As evidenced by gene expression, time of addition, and treatment/removal assays, all
four novel glycans inhibited viral attachment and entry, most likely through interactions with
virions. The sulfated fucans, which both lack anticoagulant activity, had similar antiviral profiles,
suggesting that their activities are not only due to sulfation content or negative charge density but
also due to other physicochemical factors such as the potential conformational shapes of these
carbohydrates in solution and upon interaction with virion proteins. The structural and chemical
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properties of these marine sulfated glycans provide unique opportunities to explore relationships
between glycan structure and their antiviral activities.
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1. Introduction

Glycosaminoglycans (GAGS) are linear polysaccharides of repeating disaccharide units
containing an amino sugar (either N-acetylglucosamine or N-acetylgalactosamine) and a
uronic acid (either glucuronic acid and/or iduronic acid) or the neutral sugar, galactose. As a
result of their structural diversity, GAGs have a variety of biological roles, including cell
signaling, growth, and wound repair (Gandhi and Mancera, 2008). GAGs are ubiquitous on
cell surfaces where they serve as receptors and signals for cellular and pathogenic processes.
The sulfation of GAGs presents a net negative charge at cell surfaces that viral or other
pathogens can bind electrostatically to initiate entry either by membrane fusion or
endocytosis (Aquino and Park, 2016). Virion attachment through GAG binding and
subsequent entry are often independent events in which attachment is thought to be largely
nonspecific and charge-dependent while entry is mediated by highly specific protein-protein
interactions. In particular, interactions with heparan sulfate (HS), a highly sulfated GAG, is a
common requirement for infection by many viruses, and consequently, inhibitors targeting
virion-HS interactions have potential as broad-spectrum antivirals that could exert a major
impact on global health.

A variety of compounds have been used to bind to HS and thereby shield cells from viral
attachment, including polycationic peptides, small organic compounds, and inorganic
molecules (Badani et al., 2014; de Paiva et al., 2020; Hao et al., 2019; Muller et al., 2013).
Alternatively, inhibitors may bind virion components to sequester and inactivate virions in a
manner similar to neutralizing antibodies (Xiao et al., 2002). The majority of the latter are
HS mimetics and many have broad spectrum antiviral activity. Here we describe the antiviral
activities of four sulfated marine glycans and compare them to heparin, a commonly used
HS-mimetic composed primarily of disaccharide repeating units of [-4)-N,6-disulfated-
glucosamine-(a1-4)-2-sulfated-iduronic acid-(a1-] (Figure 1A). The marine sugars include:
(i) a sulfated galactan isolated from the red alga Botryocladia occidentalis (BoSG) composed
of the disaccharide repeating unit [-3)-2,4-disulfated-galactose-(a1-4)-2,3-disulfated-
galactose-(B1-] in which sulfation patterns may vary in percentage but never in position
(Figure 1B) (Pomin and Mourdo, 2014); (ii) a fucosylated chondroitin sulfate isolated from
the sea cucumber /sostichopus badionotus (1bFucCS) composed of the trisaccharide-
repeating unit {-4)-[ fucose-(a1-3)]-glucuronic acid-(p1-3)-N-acetylgalactosamine-(p1-}
in which sulfation patterns may vary in percentage but never in position (Figure 1C) (Chen
etal., 2011); (iii) a sulfated fucan isolated from the sea urchin Lytechinus variegatus (LVSF)
composed of the tetrasaccharide-repeating unit of [-3)-4-sulfated-fucose-(a1-3)-2,4-
disulfated-fucose-(a1-3)-2-sulfated-fucose-(a1-3)-2-sulfated-fucose-(a1] (Figure 1D)
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(Pomin and Mourdo, 2014); and (iv) a sulfated fucan also isolated from /sostichopus
badionotus (IbSF) composed of the tetrasaccharide-repeating unit of [-3)-fucose-(al—
3)-2,4-disulfated-fucose-(a1-3)-2-sulfated-fucose-(a1-3)-2-sulfated-fucose-(a1] (Figure
1E) (Chen et al., 2012).

In contrast to heparin and the red alga-derived BoSG, which are heterogeneous in terms of
sulfation pattern (although BoSG is a homopolymer of galactose, while heparin is composed
of more than one sugar in the backbone), the other three invertebrate-derived sulfated
glycans exhibit chemically defined structures with more uniform distribution of sulfation
and sugar composition (Pomin, 2017, 2015, 2012a). In addition, and again in contrast to
heparin and other GAG mimetics that are highly hemorrhagic, no bleeding effects have been
reported for the marine sulfated sugars BoSG, LVSF, and IbSF (Quindere et al., 2013;
Vasconcelos et al., 2018). Therefore, this set of well defined and structurally distinct sulfated
glycans provides a unique opportunity to identify through structure-activity studies those
structure(s) associated with optimal antiviral activities or undesirable biological effects.
These unique chemical and biological properties make the marine sugars promising
molecular tools in antiviral research.

2. Materials and Methods

2.1 Cell and viral culture

Human MRC-5 fetal lung fibroblasts (ATCC CCL-171) and human APRE-19 epithelial cells
(derived from retinal pigment epithelium) (ATCC CRL-2302) were purchased from
American Type Culture Collection. MRC-5 and APRE-19 cells were cultured at 37°C in a
5% CO5 atmosphere using Dulbecco’s Modified Eagle Medium supplemented with 10%
fetal bovine serum, 50 U/mL penicillin, 50 mg/mL streptomycin, and 29.2 mg/mL L-
glutamine (DMEM, all from Life Technologies).

Human cytomegalovirus (HCMV) BAD/UL131-Y4 (BADr), a gift from Dai Wang and
Thomas Shenk, is a variant of HCMV strain AD169 that is epithelial tropic due to repair of a
mutation in UL131A and contains a green-fluorescent protein (GFP) reporter cassette (Wang
and Shenk, 2005). Virus RC2626 is a variant of HCMV strain Towne that contains an
expression cassette for firefly luciferase (McVoy and Mocarski, 1999). RC2626 and BADr
were propagated in MRC-5 and ARPE-19 cells, respectively, and stocks were derived from
infected cell culture supernatants, adjusted to 0.2 M sucrose, and stored in liquid nitrogen.
Infectious titers of viral stocks were determined as plaque forming units (PFU)/mL using
MRC-5s or ARPE-19s as described (Cui et al., 2012). Stocks of GFP-tagged adenovirus,
provided by Dr. Daniel Conway at Virginia Commonwealth University, were produced using
the pAdeasy adenovirus-packaging system as described previously (Xiao et al., 2003)(He et
al., 1998).

2.2 Compounds and compound isolation

Purification of BoSG and LvSF were conducted as previously described (Farias et al., 2000;
Mulloy et al., 1994). Briefly, 20 mg of crude polysaccharides obtained after papain digestion
were extracted from the respective tissues (red algal body wall and sea urchin egg jelly) and
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applied to a 2.5 x 20 cm DEAE-cellulose column equilibrated with 50 mM sodium acetate
buffer (pH 5.0) and washed with 300 mL of the same buffer containing 0.2 M NaCl and 10
mM EDTA. The column was eluted with a linear gradient prepared by mixing 2000 mL of
50 mM sodium acetate buffer (pH 5.0) containing 0.2 M NaCl and 10 mM EDTA with 200
mL of 1.2 M NaCl in the same buffer. The flow rate of the column was 12 mL/h. Fractions
of 1.5 mL were collected and checked by metachromatic properties (Farndale et al., 1986).
The chromatograms of the two materials resulted in three major fractions and both BoSG
and LvSF were associated with the third fraction. Purity and structural integrity of BoSG
and LvSF were confirmed by 1D 1H (400 MHz) NMR spectra in acquired with 32 scans at
the 400 MHz Bruker Avance 111 HD equipped with 5 mm BBFO RT probe, indicating > 98%
purity, no residual solvent contamination, and NMR signal patterns consistent with those of
previous publications (Farias et al., 2000; Mulloy et al., 1994). For NMR analysis, around 5
mg of sugar samples were individually dissolved in 550 pL of deuterium oxide (D,0)
“100%” (D 99,96%), purchased from Cambridge Isotope Laboratories, Inc. (Andover, MA),
and transferred to a 3 mm NMR tube for data acquisition.

Sea cucumber /sostichopus badionotus was obtained from Gulf Specimen Lab (Gulf of
Mexico, Florida keys). Papain (=10Units/mg), Sephadex G15 medium, and DEAE cellulose
resin (0.98meg/mg) were purchased from Sigma (St. Louis, MO, USA). Polysaccharides
IbSF and IbFucCS were isolated from /sostichopus badionotus following a slightly modified
protocol reported earlier (Chen et al., 2012, 2011). The dried body wall was digested using
papain (0.1 mg/100 mg of dry tissue), 5 mM cysteine and 5 mM EDTA in 0.1 M NaOAc
buffer, pH 6.0 (2 mL/100 mg of dry tissue) at 60°C for 24 h. The digested mixture was
centrifuged (4000 rpm for 30 min) and the supernatant was precipitated using two volumes
of 95% ethanol at —20°C. After 24 h the precipitate was obtained by centrifugation at 4000
rpm for 30 min., dissolved in water, and dialyzed three times against distilled water prior to
lyophilization. This dry crude extract was purified by anion exchange chromatography on a
2.5 x 20 cm DEAE-cellulose column. IbSF and IbFucCS were eluted and separated using a
linear gradient of NaCl (in 0.1 M NaOAc, pH 6.0) increasing from 0 to 3 M at a flow rate of
18 mL/hr. The obtained fractions were characterized for sugar by 1,9—-dimethylmethylene
blue (DMB) assay (Farndale et al., 1982). The polysaccharide fractions were pooled and
dialyzed three times against water and lyophilized. The dialyzed sugars were further purified
onal x 20 cm Sephadex G15 size exclusion column. Purity and structural integrity of all
five sulfated glycans studied in this work were confirmed by 1D IH NMR spectra acquired
with 32 scans at the 400 MHz Bruker Avance 111 HD equipped with 5 mm BBFO RT probe.
For NMR analysis, around 5 mg of sugar samples were individually dissolved in 550 pL of
deuterium oxide (D,0) “100%” (D 99,96%), purchased from Cambridge Isotope
Laboratories, Inc. (Andover, MA), and transferred to a 5 mm NMR tube for data acquisition.

BoSG, LVSF, IbSF, and IbFucCS were dissolved in water at a stock concentration of 3
mg/mL. Heparin sodium was purchased from Acros Organics, USA (Lot # B0146868;
percent purity 150 1U/mg min.) and dissolved in water at a stock concentration of 1 mg/mL.
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2.3 Molecular weight (MW) analysis of sulfated glycans

Ten ug of each sulfated glycan were electrophoresed for 30 min at 100 V on a 1-mm-thick
12% native polyacrylamide gel in 0.02 M sodium barbital (pH 8.6) then stained with 0.1%
toluidine blue in 1% acetic acid and washed for 4 h in 1% acetic acid. MW were estimated
by comparison with the migration of known standards low molecular weight heparin
(LMWH, ~7.5 kDa), unfractionated heparin (UFH, ~15 kDa), chondroitin 4-sulfate from
bovine trachea (CS-A, ~40 kDa), and the chondroitin 6-sulfate from shark cartilage (CS-C,
~60 kDa), as previously described (Pomin et al., 2005b, 2005a; Queiroz et al., 2016).

2.4 Measurement of antiviral potencies

Antiviral potency was quantitated using GFP reporter assays as previously described (Shoup
et al., 2020). Briefly, confluent monolayers of MRC-5 or ARPE-19 cells in 96-well plates
were treated for one h with concentrations of BoSG, LvSF, IbSF, IbFucCS, or HEP ranging
from 400 pg/mL to 6.8 ng/mL, then infected with 100 PFU/well virus BADr or GFP-
adenovirus. On day six post infection relative fluorescence units (RFU) of GFP fluorescence
were quantified using a BioTek Synergy HT Multi-Mode Microplate reader and 50%
effective concentration (ECsp) values were determined as inflection points of four-parameter
curves of RFU (means of triplicate data) versus log inhibitor concentration fitted using Prism
5 software (Graphpad). Graphical representations were normalized to % maximum RFU.

2.5 Cytotoxicity

Replicate cell cultures were prepared simultaneously with those described in 2.4 but were
not infected. After incubation of five days cell viability was determined using the luciferase-
based CellTiter-Glo® (Promega) assay as previously described (Shoup et al., 2020). Relative
light units (RLU) were measured using a BioTek Synergy HT Multi-Mode Microplate reader
and where possible fitted to four-parameter curves as described in 2.4. As cell viability with
all compounds remained over 50% at concentrations up to and including the highest tested
(400 pg/mL), 50% cytotoxicity concentrations (TCsgg) were reported as > 400 pg/mL.
Graphical representations were normalized to % maximum RLU.

2.6 Time of addition, treatment/removal, and dilution studies

For time of addition studies MRC-5 or ARPE-19 cultures were infected with 100 PFU/well
BADr or GFP-tagged adenovirus, respectively. Each compound was added to a final
concentration of 150 pg/mL 1 h before, at the time of, and 1, 3, 6, 12, or 24 h post infection.
GFP fluorescence was quantified six days after infection and plotted versus time of
compound addition (relative to infection). For treatment/removal studies MRC-5 or
ARPE-19 cultures were treated with 150 ug/mL of each compound for one h then washed
three times with DMEM prior to infection with 100 PFU/well BADr or GFP-tagged
adenovirus. Six days after infection representative micrographs were taken with a Nikon
Eclipse TS100 Inverted UV microscope. For dilution studies BADr or adenovirus was
incubated with 150 ug/mL of each compound for one h then the mixture was diluted with
culture medium to 15 ng/mL and added to MRC-5 or ARPE-19 cultures. Six days after
infection representative micrographs were taken with a Nikon Eclipse TS100 Inverted UV
microscope.
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2.7 Immunofluorescence microscopy

The HCMV virion-associated tegument protein pp65 and immediate early 1 and 2 (IE1/2)
proteins were detected as described previously (Shoup et al., 2020). Briefly, MRC-5 cultures
were pretreated with 150 pg/mL of each compound for 1 h. For IE1/2 staining cultures were
infected with 125 PFU/well HCMV RC2626 and 48 h after infection fixed and stained using
a monoclonal antibody specific for IE1/2. For pp65 staining similarly treated cultures were
infected for one h at 4°C with 200 PFU/well HCMV BADI, then shifted to 37°C and
incubated for six h before fixing and staining with a monoclonal antibody specific for pp65.

3. Results

3.1 Structures and size characterization of marine sulfated glycans

3.2 Marine

Structures for heparin and the four marine sulfated glycans are shown in figures 1A-1E.
While most sulfated glycans have a polydisperse nature, each exhibits a characteristic size
range and anverage MW. To better define the average and range of MWs for the four marine
sulfated glycans, IbSF, IbFucCS, BoSG and LvSF were analyzed by polyacrylamide gel
electrophoresis and compared with known standards (Figure 1F). Approximate average
MWs were 75, 90, and 100 kDa for IbFucCS, LvSF, and IbSF, respectively, and >100 kDa
for BoSG. To assess purity and integrity, all five sulfated glycans studied in this work were
assessed by 1D IH NMR. The resulting spectra, shown in supplemental Figure S1, were
consistent with prior work (see Santos et al. (Santos et al., 2014) for heparin, Farias et al.
(Farias et al., 2000) for BoSG, Chen et al. 2012 (Chen et al., 2012) for IbSF, Pomin et al.
(Pomin et al., 2005a) and Chen et al. (Chen et al., 2011) for IbFucCS) and indicated greater
than 98% purity for all five sugars with no residual solvent contamination.

sulfated glycans inhibit HCMV and adenovirus reporter gene expression

Our hypothesis predicts that marine sulfated glycans may act as HS-mimetics to inhibit viral
infection by disrupting virion-HS interactions. If so, they should block entry and subsequent
gene expression of viruses that enter cells through HS-dependent mechanisms. To test this
hypothesis we evaluated the four marnine glycans for inhibition two HS-dependent DNA
viruses: human cytomegalovirus (HCMV), an enveloped herpesvirus, and human adenovirus
serotype 5 (Ad5), a non-enveloped virus. In both cases genetically modified viruses
containing GFP reporter cassettes were used so that successful infection could be detected
and quantitated using GFP. Human MRC-5 fibroblasts or ARPE-19 epithelial cells were
pretreated for one h with increasing concentrations of BoSG, LvSF, IbSF, or IbFucCS and
heparin was used as a positive control as it is known to block infection of both HCMV and
Ad5 (Compton et al., 1993; Dechecchi et al., 2001). GFP-tagged HCMYV variant BADr was
then added to MRC-5 cultures and GFP-tagged Ad5 was added to ARPE-19 cultures and
after six days total GFP fluoresence was measured. As shown in Figure 2, heparin and all
four marine glycans reduced GFP expression in HCMV- and Ad5-infected cultures in a
dose-dependent manner, while all compounds were non-toxic up to the highest concentration
tested (400 pg/mL).

To compare relative antiviral potencies the 50% effective concentration (ECsgg) for each
compound was determined as the concentration at which GFP levels were reduced by half.
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Cytotoxicities were determined by measuring cell viability in replicate uninfected cultures.
As cell viability with all compounds remained over 50% at concentrations up to and
including the hightest tested (400 pg/mL), 50% cytotoxicity concentrations (TCsg) were
reported as > 400 pg/mL. A high TCsq to ECg ratio, or selectivity index (Sl), suggests a
favorable safety and efficacy profile. Tables 1 and 2 summarize these quantitative data as
derived from the experiments shown in Figure 2. As toxicity of all four marine glycans was
> 400 pg/mL, Sls were approximated by assigning TCgg 400 pg/mL. The resulting high Sls
imply potentially favorable safety profiles.

3.3 Time of addition studies indicate an early-acting mechanism of action

If marine glycans act by blocking virion attachment or entry, they should be ineffective if
added after viral entry is complete. To address this question a single inhibitory concentration
(150 pg/mL) of BoSG, LVSF, IbSF, IbFucCS, or heparin was added to cells one h before or
one h after infection with GFP-tagged HCMV or Ad5 and GFP expression was visualized by
fluoresence microscopy. When added to cells prior to adding the virus heparin and all four
marine glycans greatly reduced or eliminated GFP expression in both HCMV- and Ad5-
infected cultures. In contrast, no inhibition of GFP expression was observed if heparin or the
four marine glycans were added 1 h after cells were exposed to either virus (Figure 3A).

To more precisely and quantitatively define the kinetics of inhibition, a time of addition
experiment was conducted in which cells were treated with compounds before, during, or
after infection and GFP was measured on day six post infection. Consistent with the
qualitative results described above, heparin and the four marine glycans were only active in
inhibiting HCMV or Ad5 GFP expression if present prior to or within the first 1 h post
infection, while addition of compounds three or more h after infection had no effect on GFP
levels (Figure 3B).

3.4 Marine sulfated glycans inhibit HCMV immediate early gene expression and cellular
deposition of virion-associated tegument protein pp65

The earliest de novo gene expression events during HCMV replication result in production
of the viral Immediate Early 1 and 2 (IE1/2) proteins. To determine if marine glycans block
IE1/2 expression, cells were pretreated with heparin or the four marine glycans prior to
infection with HCMYV variant RC2626 (which does not express GFP), and the 1E1/2 proteins
were detected by immunofluorescence 48 h after infection. Again consistent with inhibition
of virion attachment or entry, IE1/2-positive cells were undetectable in cultures pretreated
with heparin, BoSG, LvSF, IbSF, or IbFucCS (Figure 4A).

The HCMV pp65 protein is an abundant component of the virion tegument (Varnum et al.,
2004) that is deposited into the cytoplasm upon infection and subsequently localizes to the
nucleus (Duan et al., 2012). Consequently, detection of pp65 shortly after infection indicates
virion attachment (Ibig-rehm et al., 2011). To determine if marine glycans block attachment
of HCMV virions to cells, deposition of pp65 was similarly assessed by
immunofluorescence 6 h after HCMYV infection. Again, heparin and the four marine glycans
eliminated pp65 deposition onto cells, consistent with inhibition of virion attachment
(Figure 4B).
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3.5 Sulfated marine glycans appear to target virion rather than cellular factors

To further define the potential virion target(s) of BoSG, LvSF, IbSF, and IbFucCS, cells
were pretreated with each glycan for 1 h and then washed three times with media prior to
infection with GFP-tagged HCMV or Ad5 viruses. Detection of GFP by fluorescence
microscopy six days after infection demonstrated that cells exposed to heparin or the four
marine glycans remained susceptible to HCMV or Ad5 infection as pretreatment and
removal failed to significantly inhibit GFP expression (Figure 5A). However, when the
marine glycans were incubated with HCMV or Ad5 and diluted 10,000-fold to a non-
inhibitory concentration before being added to cell cultures, GFP expression remained fully
inhibited (Figure 5B). These results indicate that heparin and the marine glycans do not act
by binding to cellular components, but more likely interact with virion components and
thereby disrupt the ability of virions to attach to cells.

4. Discussion

In 2018 the World Health Organization released a list of priority pathogens to direct research
and development. These pathogens were chosen based on their epidemic potential and/or
lack of effective countermeasures (/.¢e., antivirals or vaccines). As of Fall 2020 there are
eleven viruses on the list, namely SARS-CoV-1, SARS-CoV-2, MERS, Crimean-Congo
hemorrhagic fever virus, Ebola virus, Marburg virus, Lassa fever virus, Nipah virus,
henipavirus, and Rift Valley fever virus. Of these, seven are HS-dependent and one is
speculated to be HS-dependent (Cagno et al., 2019; Liu et al., 2020). An inhibitor targeting
virion-HS interactions could potentially prevent infections by many or all of these viruses.

Compounds targeting virion-HS interactions have seen moderate success as broad spectrum
antivirals /n vitro. Polycationic peptides, like polyarginine, associate with HS and have
broad spectrum antiviral activity (Badani et al., 2014; Qureshi et al., 2014) but are subject to
inactivation by proteolytic cleavage. Organic small molecules such as N,N’-bisheteryl
derivatives of dispirotripiperazine inhibit the attachment of several viruses, including strains
resistant to traditional specifically-targeted treatments (Paeschke et al., 2014; Schmidtke et
al., 2003; Selinka et al., 2007). Inorganic compounds take advantage of the natural affinity
between metal cations and GAGs, which /n vivo are associated with physiologically relevant
cations (Stevic et al., 2011). Inorganic polymers and small molecules have both
demonstrated broad-spectrum antiviral activity though none have progressed beyond the
clinical evaluation phase or been licensed (de Paiva et al., 2020; Muller et al., 2013; Shoup
et al., 2020).

Alternatively, compounds that disrupt virion-HS interactions by targeting viral glycoproteins
can also be broad-spectrum but have a number of issues that preclude their general use as
antivirals. Although polystyrene sulfonate demonstrated activity against HIV-1, HSV-1,
HSV-2, and influenza A virus, high concentrations are needed, which increases the
likelihood of non-specific binding and reduces effectiveness (Anderson et al., 2000; Herold
et al., 2000; Mauck et al., 2004; Neurath et al., 2002; Zaneveld et al., 2002). Suramin
inhibits viral attachment but is also bound by plasma proteins, which reduces its efficacy /n
vivo (De Clercqg, 1987, 1979; Yao et al., 1991).
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A large number of compounds modeled after HS inhibit viral infection by sequestering
virions. Heparin is a well-known viral entry inhibitor that electrostatically interacts with
viral glycoproteins and competitively inhibits virion attachment (Astrup and Galsmar, 1944;
Busso and Resnick, 1990; Cagno et al., 2019; De Clercq, 1995; Ito et al., 1987). However,
heparin is also an effective anticoagulant and as such common side effects of heparin include
excessive bleeding and thrombocytopenia, requiring constant patient monitoring and, if
needed, use of an antidote (protamine) (Oduah et al., 2016). In an effort to circumvent these
issues, a number of other GAGs or HS-mimetics have been tested for antiviral activity.
Dextran sulfate inhibits viral attachment but suffers from similar issues as heparin (Astrup
and Galsmar, 1944; Busso and Resnick, 1990; De Clercg, 1995; Mitsuya et al., 1988).
Carrageenans (sulfated polysaccharides from red seaweeds) inhibit enveloped DNA and
RNA viruses but do not inhibit non-enveloped viruses, suggesting that enveloped viruses
may be more susceptible to GAG mimetic antivirals (Baba et al., 1988; Ehresmann et al.,
1976; Gerber et al., 1958; Nakashima et al., 1987). Carraguard failed Phase Il clinical trials
due to a large number of adverse events (Skoler-karpoff et al., 2008). Sulfated derivatives of
the K5 polysaccharide from E. colihave also shown broad-spectrum antiviral activity
(Donalisio et al., 2014; Mercorelli et al., 2010). Cellulose sulfate is active against a number
of viruses and bacteria, including HSV-1, HSV-2, HPV, HIV-1, Neisseria gonorrhoeae, and
Chlamydia trachomatis, but failed to show efficacy in phase two clinical trials (Anderson et
al., 2000; Astrup and Alkjaersig, 1950; Christensen et al., 2001; Halpern et al., 2008; Van
Damme et al., 2008).

The anticoagulant properties of the marine sugars used in this work have been previously
described. BoSG and IbFucCS exhibit strong anticoagulant activities of 93 and 183
international units (IU)/mg, respectively, as determined by the activated partial
thromboplastin time method, whereas the two sulfated fucans LvSF and IbSF exhibit
negligible activities of 3 and 9 1U/mg, respectively (Chen et al., 2012; Pomin, 2012b). From
the current work both sulfated fucans have sub-uM ECsgs against HCMV and Ad5 with no
evident cytotoxicity at 400 pg/mL (Figure 2, Tables 1 and 2). These features make these
sulfated fucans promising candidates for further evaluation and development as potential
antivirals.

IbSF shows the lowest density of charge due to the presence of lower sulfation content as
compared to the other polysaccharides tested here (Figure 1). From the structure-activity
relationship standpoint achieved by exploiting the marine sugars of defined structures, it was
interesting to see that LvSF and IbSF presented similar antiviral activities against both
viruses (Tables 1 and 2), although slightly better for IbSF. We note that LvSF and IbSF are
comparatively similar in terms of structure with regard to monosaccharide composition of
glycosidic bonds, anomericity, and sulfation positions and sequencing. However, IbSF is less
sulfated than LvSF as the 4-sulfated-fucose in LvSF is replaced by a non-sulfated fucose in
IbSF (Figure 1). These observations suggest that a non-anticoagulant sulfated glycan can
still present antiviral effects and that activity is not merely due to a consequence of sulfation
content and negative charge density but also due to the potential conformational shapes of
these carbohydrates in solution and upon interaction with their protein partners. Such
conformational differences might lead to different affinities for the viral proteins, ultimately
resulting in different antiviral actions. Recently we showed by NMR and computational
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simulations the 3D structure of LvSF in solution (Bezerra et al., 2019), PDB ID 7KS6. We
are currently investigating through the same methods the conformational view of IbSF. Data
from these two works concerned with the structural biology of the invertebrate-derived
sulfated fucans may help to elucidate the antiviral activities of these two sugars as reported
here.

Conclusions

Our studies demonstrate the antiviral activities of marine sulfated glycans against two very
different DNA viruses, one enveloped (HCMV) and one non-enveloped (Ad5). All four
compounds had pg/mL activities, suggesting that structure and sulfation of the glycans did
not have a large influence on antiviral activity. Unlike previously studied GAG mimetics and
heparin, BoSG, LvSF, IbSF, and IbFucCS have homogenous structures; their sulfation levels
vary but the pattern of saccharide units is consistent. However, BoSG and IbFucCS have
anticoagulant activities which, like other GAG mimetics, would presumably preclude their
general use as antivirals. Consistent with the similarity of their structures, LvSF and IbSF
have similar antiviral activities, and as both lack anticoagulant activity they merit further
study as antivirals. Conformational differences, studied trough NMR and computational
simulations, may help to explain differences in antiviral and anticoagulant activities of these
glycans.
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Highlights

Four sulfated marine glycans with low cytotoxicity have antiviral activity
against adenovirus and human cytomegalovirus

Mechanistic studies indicate an early acting mechanism consistent with
inhibition of virion/host cell attachment

In contrast to heparin, two of the sulfated marine glycans lack anticoagulant
activity

Greater structural homogeneity (relative to heparin) will facilitate elucidation
of structure-activity relationships
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Fig. 2. HCMV and Ad5 antiviral activities and cytotoxicities of marine sulfated glycans.
(A) Anti-HCMV activity (black) was measured by incubating MRC-5 fibroblast monolayers

in 96-well plates with BoSG, LVSF, IbSF, IbFucCS, or heparin (HEP) for one h, then
infecting with GFP-tagged HCMV BADr (100 PFU/well). (B) Anti-adenovirus activity
(black) was measured by incubating ARPE-19 epithelial cell cultures as above then infecting
with GFP-tagged Ad5 (100 PFU/well). After six days GFP activities in cultures were
measured. Cell viability (red) was measured in replicate uninfected cultures treated for five
days using the CellTiter-Glo® assay. Data are means of triplicate experiments + standard

deviations.
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Fig. 3. Marine sulfated glycans inhibit viral-encoded GFP expression when present prior to
HCMV or Ad5 infection.
(A) Confluent monolayers of MRC-5 fibroblasts or ARPE-19 epithelial cells in 96-well

plates were treated with medium (&) or with 150 pg/mL BoSG, LVSF, IbSF, IbFucCS, or
heparin (HEP) either one h before or one h after infection with GFP-tagged HCMV BADr
(100 PFU/well) or GFP-tagged Ad5 (100 PFU/well). Representative fluorescent
micrographs were taken six days post infection. (B) Confluent monolayers of MRC-5
fibroblasts or ARPE-19 epithelial cells were treated as above either one h before, concurrent
with, or 1, 3, 6, 12, or 24 h after infection with GFP-tagged HCMV BADr (100 PFU/well) or
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GFP-tagged Ad5 (100 PFU/well). GFP expression was quantified on day six post infection.
Data are means of triplicate wells + standard deviations.
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BoSG LvSF IbSF IbFucCS

B
(pp65)

Fig. 4. Marine sulfated glycans inhibit expression of HCMV IE1/2 proteins and deposition of
tegument protein pp65.
(A) MRC-5 fibroblast monolayers were treated for one h with medium (&) or 150 pg/mL

heparin (HEP), BoSG, LVSF, IbSF, or IbFucCS, then infected with HCMV RC2626 (125
PFU/well). Cultures were fixed and fluorescently stained for HCMV IE1/2 proteins 48 h
post infection. (B) MRC-5 fibroblast monolayers were treated as above but incubated with
HCMYV BADr (200 PFU/well) for one h at 4°C. Cultures were then shifted to 37°C and
incubated for six h before being fixed and fluorescently stained for the HCMV tegument
protein pp65.
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IbFucCS

BoSG LvSF IbSF IbFucCS

Fig. 5. Treatment/removal studies.
(A) Confluent monolayers of MRC-5 fibroblasts (top) or ARPE-19 epithelial cells (bottom)

in 96-well plates were treated with medium (@) or 150 pg/mL heparin (HEP), BoSG, LVSF,
IbSF, or IbFucCS for one h then cells were washed three times with medium and infected
with GFP-tagged HCMV BADr (100 PFU/well) or GFP-tagged Ad5 (100 PFU/well). (B)
HCMYV BADr or adenovirus virions were incubated with sulfated glycans as in (A) for 1 h,
then diluted 10,000-fold with culture medium to a non-inhibitory concentration (15 ng/mL).
Virions with sulfated glycans were then added to MRC-5 fibroblasts (top) or ARPE-19
epithelial cells (bottom) in 96-well plates. Representative fluorescent micrographs were
taken six days post infection.

HCMV

AdS5
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Anti-HCMV activities of Sulfated GAGs

Table 1.

HCMV Antiviral® (ECsp)

Cytotoxicity (TCsg)®  Selectivity index (S1)

C

Structure

BoSG 1.719+1.028
LVSF 1.369 = 0.477
IbSF 0.662 + 0.450

IbFucCS  0.422 +0.349
Heparin 0.331 £ 0.106

> 400
> 400
> 400
> 400
> 400

232.7
292.1
603.6
947.5
12111

aGFP—based assay

bCeIITiter-GIO® assay
ab

DSI =TCg0/EC50 (TCsQ = 400 for these calculations)

Antiviral Res. Author manuscript; available in PMC 2022 June 01.

ug/mL; means of three independent experiments + standard deviations

Page 22



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Zoepfl et al.

Table 2.

Anti-Adenovirus activities of Sulfated GAGs

Structure A genovirus Antiviral® (ECg) ~ Cytotoxicity (TC50)®  Selectivity index (S1)°
BoSG  1738+0.201 > 400 230.1

LVSF 0.229+0.129 > 400 1742.4

IbSF 0.237+0.116 > 400 1685.6

IbFucCS ~ 0.124 +0.034 > 400 3238.9

Heparin 1815+ 0.719 > 400 220.4

aGFP—based assay

bCeIITiter-GIO® assay
ab

ug/mL; means of three independent experiments + standard deviations

DSI =TCg0/EC50 (TCsQ = 400 for these calculations)
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