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Enveloped viruses enter cells by binding to receptors present on host cell membranes, which trigger
internalization and membrane fusion. For many viruses, this either directly or indirectly involves
interaction with membrane-anchored carbohydrates, such as heparan sulfate, providing a potential
target for a broad-spectrum antiviral approach. Based on this hypothesis, we screened a library of
functionalized chitosan sulfates that mimic heparan sulfate in cellular membranes for inhibition of
SARS-CoV-2 and respiratory syncytial virus (RSV) entry. An array of compounds blocking SARS-CoV-
2 and RSV were identified, with the lead compound displaying broad-spectrum activity against
multiple viral strains and clinical isolates. Mechanism of action studies showed the drug to block viral
entry irreversibly, likely via a virucidal mechanism. Importantly, the drug was non-toxic in vivo and
showed potent post-exposure therapeutic activity against both SARS-CoV-2 and RSV. Together,
these results highlight the potential of functionalized carbohydrates as broad-spectrum antivirals

targeting respiratory viruses.

The COVID-19 pandemic has had an unprecedented global economic and
societal impact, highlighting the need for broad-spectrum antiviral agents
for a rapid response to emerging and re-emerging viral infections". Indeed,
it is estimated that a large number of lives could have been saved if an
antiviral was available early in the pandemic’. To this end, the development
of antiviral drugs targeting mechanisms commonly used by viruses can
provide a rapid response to new viral threats. Heparan sulfate proteoglycans
(HSPGs) are a family of glycoproteins that are present on the cell surface or
in the extracellular matrix (ECM) of mammalian cells and are involved in
numerous key biological processes, such as cell adhesion, proliferation,
differentiation, and inflammation*™®. They consist of a core protein that is
covalently bound to unbranched, sulfated heterogeneous polysaccharides
known as heparan sulfate (HS). The basic building block of HS consists of
repeating disaccharide units of uronic acid (B-p-glucuronic acid or a-1-

iduronic acid) linked to a-p-glucosamine by (1,4)-glycosidic bonds (Fig. 1a).
This disaccharide is sulfated at different positions, mainly in the glucosa-
mine unit.

Many viruses have evolved to use the HSPGs present on the surface of
host cells as an attachment site before entering the cell””. Due to the highly
sulfated HS chains, HSPGs have a global negative charge that can interact
electrostatically with the basic residues of viral surface glycoproteins or viral
capsid proteins of non-enveloped viruses. The many individual ionic bonds
that can be established between the viral protein and the polysaccharide
facilitate adhesion of the virus to the cell surface. Viruses capitalize on this
interaction to increase their concentration on the cell surface and improve
their chances of binding a more specific entry receptor'*"* (Fig. 1a). In some
cases, this interaction triggers a conformational change in the viral protein
that enables binding to the specific cellular receptor”.
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Fig. 1 | Heparan sulfate proteoglycans and viral attachment. a Schematic representation of the role of native heparan sulfate (HS) in virus attachment and infection. b HS

mimics act as receptor decoys, blocking the binding of the virus to target cells and inactivating viral glycoproteins, preventing future entry into cells.

Fig. 2 | O- and N- Sulfonyl chitosan derivatives.
General chemical structure of the synthesized
compounds and their designated code.
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Among the viruses that use HSs as attachment points to infect cells are
Severe Acute Respiratory Syndrome Coronavirus'*"” (SARS-CoV-2) and
respiratory syncytial virus'® (RSV). Several studies have shown that the
protein Spike (S) of SARS-CoV-2 binds HSs prior to interacting with spe-
cific cellular receptor'*". This binding to HS has been suggested to occur
cooperatively, shifting the S structure to an open conformation that facil-
itates binding to the viral cognate receptor, ACE2".

Likewise, the binding to cells of RSV involves an initial interaction
between the viral envelope proteins G and F and HS'®. These interactions
induce a conformational change in the F protein resulting in the exposure of
its fusion peptide, promoting fusion of the viral envelope and the cell plasma
membrane and release of the nucleocapsid into the cytoplasm'’. Multiple
additional viruses from different viral families utilize HSs to attach to cells,
including dengue virus'®, human papillomaviruses'”’, and others™.

Considering the amount of data showing the role of HSs in facilitating
viral infection, a promising antiviral strategy could be to employ soluble HS
fragments to coat viral entry proteins, thereby preventing their binding to
target cells (Fig. 1). However, despite major advances in the chemical
synthesis of HS oligosaccharides™, the preparation of these molecules is still
challenging and the scarce availability of homogeneous HS from natural
sources remains a major obstacle to such antiviral therapy. Using more
accessible polysaccharides that can act as HS mimics provides an attractive
alternative®. In this context, sulfated polysaccharides derived from marine
and natural biota, such as fucoidan™ or carrageenan™, have been shown to
have promising pharmacological properties for antiviral drug
development”™. Heparin, a highly sulfated HS derivative, has provided
promising results for the treatment of virus infections’*”. Additionally, a
non-sulfated amphiphilic chitosan was shown to decrease the infectivity of
SARS-COV-2%, while cationic chitosan derivatives have been employed to
inactivate HIV-1 and SARS-CoV-2”. Finally, chitosan itself has been
reported to exhibit antiviral activity™.

In 2018 we reported that chitosan sulfate can mimic some biological
functions of HS*~”. Chitosan is a polysaccharide derived from chitin, an

abundant polysaccharide that can be found in the exoskeleton of crustacea.
Itis alinear polysaccharide composed of varying amounts of (p1—4)-linked
residues of glucosamine (GIcN) and N-acetyl-glucosamine (GINAc)
residues™. Chitosan contains a primary amino group and primary and
secondary hydroxyl groups with different reactivity, allowing for selective O-
and N-sulfonation’”, which can alter their biological properties.

Herein, we evaluate the antiviral activity of multiple chitosan sulfate
derivatives of different chain lengths having varying numbers and positions
of sulfonyl groups and substitution at the C-2 amino group. Specifically, the
amino group of chitosan was acylated with an oleic acid chain, since the
introduction of a hydrophobic residue in sulfonated carbohydrate deriva-
tives was shown to give rise to compounds with virucidal activity against a
variety of viruses, including SARS-CoV-2* and RSV***, Herein, we identify
a chitosan sulfate with a long hydrocarbon chain in the amino group (N-
oleoyl derivative) with a broad-spectrum antiviral activity against multiple
strains of SARS-CoV-2 and RSV. Cell culture and structural studies showed
this compound to block entry in a non-reversible manner, likely via a
virucidal mechanism. The compound was well tolerated in vivo and blocked
SARS-CoV-2 and RSV replication in mice when administered both pre- and
post-infection. Overall, we identify an N-oleoyl-substituted chitosan sulfate
as a promising, broad-spectrum antiviral compound that overcomes pro-
duction limitations confronted by natural HS sources.

Results

Synthesis of Chitosan Derivatives

The structure of the synthesized compounds is shown in general formula I
(Fig. 2). Compounds were designated by a code Mw-mX-nY-N, O-Z, where
Mw is the molecular weight of the starting chitosan, X is the percentage of
GIeN units with N-acetyl group, Y is the percentage of GIcN units with N-
oleoyl group, O- and N- designates sulfonation on hydroxyl and amine
groups, respectively, and Z the degree of sulfation. The synthesis of chitosan
sulfate was carried out following previously described procedures™* (see
“Material and Methods”).
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Chitosan derivatives show antiviral activity against SARS-CoV-2
To evaluate whether the chitosan derivatives possessed antiviral activity in
the absence of toxicity, we used a previously described pseudotyped vesi-
cular stomatitis virus (VSV) assay that utilizes SARS-CoV-2 S protein to
enter cells”. Briefly, VSV pseudotyped with the Wuhan-Hu-1 S protein
(VSV-S,1,) was treated with the polysaccharides at a single concentration of
1 mg/mL prior to infection of Vero cells. Viral infection was then assessed by
measuring the levels of viral-expressed luciferase, followed by evaluation of
toxicity using a resazurin reduction assay (i.e. Alamar Blue assay). Heparin,
carrageenan, and chondroitin sulfate were included as natural source-
derived sulfated polysaccharides with reported antiviral activity””. The
chitosan sulfate compounds with an oleoyl group (compounds 12-19 in
Fig. 3b) showed inhibitory effects on VSV-S;, entry that were comparable
to or more pronounced than those of sulfate polysaccharides found in
natural sources (compounds on the left side of the graph in Fig. 3b). The
strongest antiviral activity was observed for compounds 12, 13, 14, 17 and
19, which achieved >92% reduction (p < 0.05 for all by two-tailed t-test on
log-transformed data) at non-toxic concentrations. Of note, the beneficial
effect of the oleoyl group on antiviral activity agrees with previous obser-
vations in other sulfated carbohydrate derivatives with a hydrophobic

moiety”>”".

Chitosan derivatives show potent antiviral activity against RSV
As RSV is also known to utilize GAGs to enter cells*’, we similarly evaluated
the ability of these derivatives to block RSV infection. Sulfated poly-
saccharides from natural sources were included for comparison, although
some chitosan-based compounds were omitted due to poor activity against
VSV-Syn (Fig. 3¢, d). Briefly, an RSV-A strain expressing the fluorescent
protein mKate2 (RSV-A,xae2) Was pretreated with 1 mg/mL of the com-
pounds prior to infection of either Vero or human lung-derived A549 cells.
Examination of viral-driven fluorescent protein expression showed in both
cell lines a > 95% reduction of infection compared to mock treatment for all
synthetic derivatives with minimal toxicity for most compounds (>75%
viability using the resazurin reduction assay; Fig. 3¢, d). Stronger inhibition
of RSV infection was observed for natural sulfated polysaccharides than
against SARS-CoV-2, highlighting the increased dependence of this virus on
polysaccharides for entry. For the remainder of the paper, compound 17 was
selected due to its strong inhibition of both viruses and efficient isolation
process.

Compound 17 shows broad antiviral activity

We first validated the ability of compound 17 to block infection by
genuine SARS-CoV-2. For this, the ability of compound 17 to block
infection with SARS-CoV-2 encoding a D614G S mutation found in
nearly all variants of concern (VOC) was assessed in both VeroE6-
TMPRSS2 cells and A549 cells encoding the human ACE2 receptor
(A549-ACE2). Ribavirin, a nucleoside analog with broad-spectrum
antiviral activity”, was included as a positive control. As expected,
ribavirin resulted in strong antiviral activity (>99% reduction in virus
production) in both cell lines (p = 0.004 and 0.002 by two-sided t-test on
log-transformed data for A549-ACE2 and VeroE6-TMPRSS2, respec-
tively; Fig. 4a). Compound 17 led to a reduction of 82.3 +16.4% and
95.9 +1.53% reduction of virus production in A549-ACE2 and VeroE6-
TMPRSS2, respectively, confirming the results obtained with VSV-Sy,
(p =0.04 and 0.002 by two-sided t-test on log-transformed data for A549-
ACE2 cells and VeroE6-TMPRSS2, respectively; Fig. 4a). Finally, as
SARS-CoV-2 VOC encoding numerous mutations in the S gene have
arisen during the evolution of the virus in the human population, we
assessed the ability of compound 17 to inhibit VSV pseudotyped with
different omicron variants (BA1, BA2, BA4.5). The entry of all VOC was
inhibited by compound 17, with the different omicron S showing
increased sensitivity relative to Wuhan-Hu-1 (range 6.8-10 fold; p < 0.05
by two-tailed t-test for all; Fig. 4b). This likely reflects an increase of
positively charged amino acids in the S receptor binding domain (RBD)
of omicron variants”™, which can enhance binding to the negative

charges present in compound 17. Importantly, no toxicity was observed
at concentrations as high as 5 mg/mL (Supplementary Fig. 1a).

To better understand the sensitivity of RSV to compound 17 compared
to different SARS-CoV-2 variants, the ICs for the laboratory RSV-A ;katez
strain was obtained in human A549 and HEp-2 cells. Strikingly, IC50 values
for RSV-A kate in both cell lines were >3 orders of magnitude lower than
for any of the SARS-CoV-2 variants, highlighting the strong dependence of
RSV on HS for entry (Fig. 4c and Supplementary Fig. 1b for cell viability). To
examine if compound 17 was efficacious against different RSV-A strains as
well as RSV-B, we tested its ability to reduce virus production of two RSV-A
lab strains (RSV-A ,kate2 and RSV-A2) as well as a single clinical isolate from
2016 of RSV-A and RSV-B. In all cases, compound 17 reduced virus pro-
duction by >98% in all conditions (p <0.05 by two-tailed ¢-test on log-
transformed data; Fig. 4d). Finally, compound 17 also inhibited infection by
Sindbis virus, a representative member of the unrelated Alphavirus genus,
with an IC50 of 1.23 + 0.29 pg/mL, supporting a broad-spectrum antiviral
activity against a diverse array of viruses (Supplementary Fig. 2).

Mechanism of action of compound 17

To assess whether compound 17 binds directly to the SARS-CoV-2 S
protein and define the binding region, microscale thermophoresis was
initially attempted using either purified S or the S RBD. However, the
fluorescently labeled proteins precipitated in the presence of the com-
pound, precluding the use of this technique but suggesting an interaction
(data not shown). Consequently, surface plasmon resonance (SPR)
experiments were performed to quantify the binding of the compounds
with either the full extracellular domain of S, the N-terminal S1 subunit
alone (encompassing RBD), or the RBD alone. These proteins were
covalently linked to the surface of the sensor chips and different con-
centrations of compound 17 were flowed. The results showed that RBD
had the lowest binding affinity (KD =87 nM), the full S had higher
binding affinity (KD =59 nM), and the S1 subunit showed the highest
affinity (KD =38 nM). The high binding affinity of the S1 subunit to
polysaccharide was further supported by the fact that the chip could only
be regenerated using a harsh regeneration reagent. To examine whether
the binding of compound 17 to S results in S trimer destabilization,
thermal shift assays were performed using a highly stable version of
Wuhan-Hu-1 S (S-HexaPro)®”. A concentration-dependent destabiliza-
tion of the S protein was observed in the thermogram upon compound
addition, most notably at concentrations >0.52 mg/mL (Fig. 5a).

We next evaluated whether compound 17 affected S structure directly
using negative stain electron microscopy of both S-Hexapro and the Spe;4G-
In the absence of the compound, particles of both S proteins were evenly
distributed across the grid and exhibited the characteristic triangular shape
for the intact Spike trimer (Supplementary Fig. 3). However, the addition of
compound 17 resulted in strong alterations of both S variants, reducing
particle numbers and leading to the emergence of aggregates and smaller
particles (Supplementary Fig. 3). Together, these results demonstrate a
direct effect of the compound on S integrity.

To examine if compound 17 affected RSV entry, we performed a time-
of-addition assay. For this, the drug was present throughout the experiment
(pre-, during, and post-infection; pre+post), pre- and during infection
(pre), or only post-infection (post; Fig. 5b). Virus infection was quantified at
24 h when the fluorescent signal is readily observed from the initial round of
infection. An antiviral effect was observed only when the compound was
present during the infection process (pre+post or pre), confirming a direct
role in viral entry (Fig. 5b) and excluding a post-entry mechanism. As
compound 17 was found to disrupt SARS-CoV-2 structure, we evaluated
whether the anti-RSV activity was also a result of virucidal activity (e.g. non-
reversible). For this, concentrated RSV stocks were preincubated with
compound 17 at a concentration resulting in strong antiviral activity
(1 pg/mL) and then diluted 1000-fold to infect cells at a concentration at
which the compound no longer shows antiviral activity (1 ng/mL; Fig. 5¢).
Following infection, cells were washed to remove both unbound virus and
compound and incubated for seven days for plaques to develop. Despite
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Fig. 3 | Antiviral activity of polysaccharides. a Compound numbering and struc-
tures of the tested polysaccharides. The effect of the indicated compounds on viral
infection and cellular viability of VSV pseudotyped with SARS-CoV-2 S}, in Vero

cells (b) or RSV-A, kate2 in Vero cells (¢) or A549 (d) cells. Data represents the mean
and SEM of three replicates.

infection occurring at a concentration lacking antiviral activity (1 ng/mL), a
strong reduction in virus production was observed when the virus was pre-
treated with drug concentrations exhibiting antiviral activity (1 pug/mL),
similar to that observed for cells infected with RSV in the presence of

1 ug/mL compound 17 (Fig. 5¢). In contrast, low concentrations of the drug
did not affect virus infection (1 ng/mL; Fig. 5¢). Hence, the effect of the drug
on RSV infectivity is not readily reversible, potentially as a result of protein
misfolding of the glycoproteins as observed for SARS-CoV-2 S.
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Fig. 5 | Mechanism of action for compound 17. a Thermostability of Sywyhan
Hexapro in the presence of compound 17 measured using Thermofluor assays. A
stock solution of compound 17 (39 mg/mL) was diluted 1:100, 1:75, 1:50, or 1:20 in
the reaction mixture. b A time-of-addition assay for RSV shows compound 17 to
affect viral entry. ¢ The effect of compound 17 is not readily reversible. Virus stocks

post-infection Oug/mL Oug/mL Oug/mL

were treated with the indicated drug concentrations during the pre-infection,
infection, and post-infection steps. Virus infection was quantified by plaque assay
and standardized relative to mock-treated virus stocks. All assays indicate the mean
and SE of at least 3 independent replicates. *p < 0.05, **p < 0.01, ***p < 0.001 by
two-tailed ¢-test on log-transformed values.

Preliminary toxicological assessment of compound 17

To assess the tolerability of compound 17 in vivo, a dose range finding
experiment was done to determine both the maximum tolerated con-
centration and the dose without observed adverse effects (NOAEL). As both
viruses affect the airways, the intranasal route of administration was chosen.
An initial single-dose escalation study with concentrations ranging from
1-100 mg/kg was performed with mice receiving 25 pL per nostril of
compound 17 in saline solution. No behavioral alterations, changes with
toxicological relevance, or macroscopic alterations in organs were observed
even at the highest dose (See Supplementary Information section 7.1). Next,
the effect of four consecutive daily intranasal administrations of three doses
(45, 60, and 100 mg/kg) was evaluated. Again, no adverse effects were
observed (see Supplementary Information section 7.2). Hence, compound
17 shows good tolerability, with multiple doses of up to 100 mg/kg causing
no adverse observable effects.

Biodistribution of nasally administered compound 17 in mice

Having established the safety profile of the drug in vivo, we next examined
its biodistribution to define the kinetics of accumulation and clearance
across different tissues. To enable visualization of the drug in mice using
single photon emission computerized tomography (SPECT) whole-body
imaging, a 4-hydroxyphenylmethyl residue was attached to a small pro-
portion (4%) of amino groups of the chitosan by reductive amination of
compound 17 with 4-hydroxybenzaldehyde and the resulting product was
labeled with iodine-131 (*'T) using iodination beads (see Supplementary
Information, section 8, and Supplementary Fig. 4). In order to determine the
residence time of the labeled polymer in the nostril under anesthetic con-
ditions, the labeled polymer was administered in the left nostril (10 uL;
5.7+0.7 MBg; 14.0 + 0.8 mg/Kg) with the animals under anesthesia. A
sequence of static 8-min SPECT images was then obtained over ~2 h, fol-
lowed by computerized tomography (CT) images for anatomical reference.

Communications Biology | (2025)8:360


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-07763-z

Article

Fig. 6 | The biodistribution of compound 17 as a
determined by SPECT/CT. a Representative
SPECT/CT images (coronal views) obtained at dif-
ferent times after intranasal administration of the
"'I-labeled compound 17 with the animal under
anesthesia. b Percentage of administered dose
remaining at the nostril at different times post-
administration relative to the amount of radio- ]
activity found immediately after administration for 10 min
each mouse. ¢ Representative SPECT/CT whole

body images (coronal views) obtained at different

times after intranasal administration of the

"'I-labeled compound 17 with the animal recover- c

ing from anesthesia after administration and in

between imaging sessions. For A and C images are 12
maximum intensity projections (MIP) and have
been co-registered with a 3D-rendered image of the
CT. Scale bars, expressed as standard uptake value
(SUV), have been adjusted for proper visualization
of the presence of radioactivity in the different
regions.
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SPECT images revealed that intranasal administration resulted in ~90% of
the dose deposited in the nostril, while the remaining dose was deposited in
the throat or swallowed by the animal immediately after or during
administration (Fig. 6a). Interestingly, the concentration of radioactivity in
the nostril remained constant over the whole study, thus confirming
minimal translocation of the labeled polymer in this time window (Fig. 6b).

To define the long-term biodistribution of the labeled polymer at the
whole-body level, mice were similarly treated and allowed to recover from
anesthesia immediately after administration and between imaging sessions.
SPECT image analyzes revealed the accumulation of the compound at the
administration site (nostril and throat) shortly following administration
(30 min), as well as the gastric tract (Fig. 6¢). At 4 h post-administration,
radioactivity was observed in the stomach, abdominal region, and the
administration site, while at 24 h radioactivity was mainly localized at the
administration site (nostril and the throat; Fig. 6¢).

To obtain a quantitative measurement of compound accumulation in
organs, the labeled compound was administered to mice (# = 20) as above,
after which mice were allowed to recover from anesthesia. Mice were then
sacrificed at different time points (0.5, 3, 6, 24 and 48 h post-administration;
n =4 per group) and radioactivity was measured in different organs (heart,
lungs, spleen, muscle, stomach, large intestine, small intestine, liver, kidneys,
and brain) and body fluids (blood and urine; Supplementary Fig. 5). The
analysis confirmed that a large fraction of the radioactivity is eliminated
through the gastrointestinal tract, with the concentration of radioactivity
peaking in the stomach at 0.5h post-administration (7.6 +4.7% of the
injected radioactivity dose [ID]) and in the small (8.3 £ 4.9% ID) and large
intestines at 3h post-administration (13.0+3.5% ID; Supplementary
Fig. 5). Other organs showed low levels of radioactivity except for the urine,
suggesting progressive deiodination of the polymer*. The lungs, where virus
replication occurs, showed a low concentration of radioactivity (0.11 + 0.09,
0.14 £ 0.11 and 0.08 £ 0.04%ID at 0.5, 3, and 6 h post-administration), with
almost negligible signal at 24 h (~0.007%ID). Overall, >95% of the radio-
activity was eliminated from the body at 48 h post administration. In
summary, imaging and biodistribution studies are consistent with the

passage of most of the labeled compound 17 through the esophagus to the
gastrointestinal tract and almost complete elimination after 48 h.

Compound 17 shows antiviral and anti-inflammatory activity

in vivo

We next evaluated whether compound 17 was active in vivo. For this, k18-
hACE2 mice were treated intranasally with vehicle alone or compound 17 at
either 24 mg/kg or 12 mg/kg of compound 17 three hours before intranasal
challenge with SARS-CoV-2. Mice were then treated once daily for two
additional days with vehicle or compound 17. Viral load in the lungs was
determined on day 3 post-infection (Fig. 7a). Strikingly, no virus was
detected in any of the lungs of mice treated with the higher dose of com-
pound 17 prior to infection (reduction in viral load >6-log reduction;
P =0.0004 by Mann-Whitney test), while the lower dose reduced viral load
by >5logs (p = 0.001 by Mann-Whitney test; Fig. 7a). To assess the ability of
compound 17 to act post-infection, one group of mice received 12 mg/kg of
the drug starting at 24 h post-infection. Even when administered at this later
time point, viral loads were reduced >3-logs (p = 0.001 by Mann-Whitney
test; Fig. 7a). As SARS-CoV-2 pathogenesis is known to be exacerbated by
cytokine induction, the levels of IL-1p, IL-6, and tumor necrosis factor-alpha
(TNF-a) were analyzed in the lungs of these mice. As expected, SARS-CoV-
2 infection resulted in significant induction of all three cytokines (see
Vehicle-treated mice vs. uninfected mice; Fig. 7b). All treatments with
compound 17, even when applied one day post-infection, resulted in a
significant reduction of cytokine induction (Fig. 7b). In particular, TNF-a
induction was completely abolished in all treatment conditions.

To assess if compound 17 affected immune activation directly or
whether the reduction in cytokine secretion was due to its effect on viral
replication, we tested the influence of compound 17 on cytokine secretion in
a lipopolysaccharide (LPS)-induced lung inflammation model” (see Sup-
plementary Information, section 9). Briefly, mice were treated with vehicle
or compound 17 (12 mg/kg) daily for three days starting three hours post
challenge with either LPS or vehicle. The expression of cytokines involved in
the Th1/Th2 response was then determined on day four (GM-CSF, IFN-y,
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Fig. 7 | Compound 17 shows antiviral and anti- a
inflammatory activity in vivo. a Viral load in the
lungs of SARS-CoV-2 infected mice, treated daily
with either vehicle alone or with compound 17 at the
indicated dose starting either 3 h prior to virus
challenge (Pre-infection) or 24 h post viral infection
(Post-infection; n = 8 per group). b Relative mRNA
levels of the indicated cytokine in the lungs of mice
from (a). ¢ The number of RSV genome copies per
gram of lung tissue for mice infected with RSV-A2
and treated daily with Vehicle or 12 mg/kg of com-
pound 17 starting 24 h post-infection (n =5 per
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IL-1B, IL-2, IL-4, IL-6, IL-12p70, IL-18 and TNF-a). Compound 17 did not
affect the activation of most cytokines analyzed regardless of whether mice
were challenged with LPS (Supplementary Fig. 6) except for increased IL-6
and TNF-a secretion in the absence or presence of LPS challenge, respec-
tively (p <0.05 by Mann-Whitney test with Bonferroni multiple test cor-
rection for both). Hence, compound 17 shows a strong and specific
reduction of both SARS-CoV-2 replication and cytokine secretion in the
murine model of infection.

We next assessed whether compound 17 showed antiviral activity
against RSV infection in vivo. As treatment was efficacious when applied
24 h post-infection in SARS-CoV-2 infected mice, a similar protocol was
evaluated. Specifically, mice were challenged with RSV-A2 intranasally, and
either mock-treated or treated with 12 mg/kg of compound 17 daily starting
24 h after viral infection. Viral load in the lungs was then assessed on day 4
following infection by qPCR. A statistically significant, four-fold reduction
in viral load was observed in the lungs of compound 17 treated mice
compared to vehicle-treated mice (p=0.00794 by Mann-Whitney test;
Fig. 7c). Of note, due to the relatively poor replication of RSV in murine
lungs, post-infection treatment does not lead to strong reductions in viral
titers by qPCR even with the use of clinically approved monoclonal antibody
therapy™™, and hence the 4-fold reduction observed for compound 17 is
likely clinically relevant.

Finally, since HS and chitosan sulfates are known to affect
coagulation™”, we assessed whether compound 17 treatment altered these
processes in vivo (see Supplemental Information, section 9). For this, mice
were treated i.n. for four days with compound 17 or vehicle, and coagulation
was assessed on day five using prothrombin time (PT) and activated partial
thromboplastin time (APTT). PT was unaffected by compound 17 treat-
ment (7.58+1.60s and 7.17+0.28s for vehicle and compound 17,

respectively) while APTT was increased (19.03 + 1.96 s and 23.27 + 2.1 s for
vehicle and compound 17, respectively; p <0.01 by Mann-Whitney test;
Supplementary Fig. 7). These patterns are consistent with the effect of widely
utilized anticoagulants on clotting, such as unfractionated heparin®, and
should be taken into account for any antiviral therapy based on such
compounds.

Discussion

Despite the tremendous global burden imposed by viral infection, few
effective prevention or treatment options are currently available. Vaccina-
tion remains the most effective means of reducing the burden of viral
infection, yet vaccines are only available for a few viruses and can be inef-
ficient in the most affected population groups, such as the immune-com-
promised, elderly, or newborns®**. Biologicals, such as monoclonal
antibodies, have also been employed to treat viral infections™ but their
implementation on a large scale remains limited due to high production and
administration costs. Moreover, the highly specific nature of antibody-
antigen binding can frequently be selected for variants that bypass
neutralization™, limiting their long-term utility. Antiviral compounds, on
the other hand, have proven to be useful for the treatment of viral infections
for the few viruses for which they are available”, although treatment with
multiple compounds is frequently required to overcome issues with drug
resistance. In general, such therapies can be less costly to produce and
implement.

Effective antivirals can in principle interfere with all steps of the viral
replication cycle. However, targeting the initial viral entry steps can increase
efficiency by blocking the virus prior to its logarithmic replication phase and
concomitantly reduce toxicity by bypassing the need to enter the host cell.
Moreover, viral entry inhibitors can have broad-spectrum antiviral activity
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as multiple viruses can utilize common receptors and/or host factors to enter
cells®™, An example of such host attachment factors are HSPGs, which are
utilized by multiple viruses to bind host cells™*** via electrostatic interac-
tions between positively charged amino acid residues of viral surface pro-
teins and the negatively charged sulfate groups of HSPGs. In the current
work, we screened a diverse panel of sulfated chitosans and found multiple
compounds to show antiviral activity with low or no toxicity (Fig. 2c-e). In
particular, compounds with sulfonyl groups on the oxygen atoms and a
small percentage of a hydrophobic oleoyl residue on the amino group of the
glucosamine unit showed strong antiviral activity. Overall, the number and
diversity of derivatives showing antiviral activity highlights the broad
applicability of antiviral approaches based on mimics of cellular HSPGs and
the potential for combinatorial therapy should antiviral resistance become
problematic.

From our initial screening, we selected compound 17 for further study.
Aside from the strong antiviral activity of this compound, it is obtained from
readily available commercial chitosan. Evaluation of compound 17’s anti-
viral activity showed its ability to block the entry of multiple SARS-CoV-2
and RSV strains into host cells, highlighting its broad-spectrum antiviral
activity. Mechanism of action studies revealed compound 17 to bind to the S
protein of SARS-CoV-2, in particular the S1 subunit containing the RBD,
and to disrupt S trimers (Fig. 5a). A similar virucidal type activity was
observed for RSV, where dilution of the compound to concentrations
without antiviral effect could not recover infectivity (Fig. 5b). RSV encodes
two viral glycoproteins that are involved in entry, the fusion (F) protein and
the attachment glycoprotein (G), both of which have been reported to bind
heparan sulfate in vitro'®. However, as only the F protein is required for entry
in cell culture’® compound 17 is likely to directly interact with it.

Unfortunately, we were unable to obtain a high-resolution structure of
compound 17 bound to two different SARS-CoV-2 constructs due to the
ability of the compound to disrupt S trimers. Hence, detailed structural
insights into the binding interactions could not be directly defined. How-
ever, the detrimental effect of the polysaccharide on the protein could be due
to the presence of both the negatively charged sulfate groups and the
hydrophobic oleoyl residue. Indeed, a fully sulfated tetrasaccharide con-
taining a hydrophobic cholesterol (PG545) with potent antiviral activity
against SARS-CoV-2 has been shown to induce destabilization of the S1-
RBD structure, with the side chain of the lipophilic steroid being essential for
its activity™. What makes RSV over 1000-fold more sensitive to compound
17 compared to SARS-CoV-2 entry remains to be investigated. This could
be the result of multiple factors, such as the number of binding sites per viral
glycoprotein, the inherent lower stability of the protein, or the slower rate of
infection of RSV versus SARS-CoV-2, which allows for a larger window of
time for the antiviral to act. Additional experiments are required to better
understand these mechanisms.

Toxicological assessment of compound 17 showed it to be non-toxic
following multiple administrations near the limit of its solubility
(100 mg/mL) when administered intranasally. This dose was considered as
the NOAEL. Biodistribution and radio imaging of "*'I-labeled compound 17
also revealed that most of the compound is eliminated from the body at 48 h
post-administration, indicating that the risk of systemic toxicity is negligible.
Administration of lower doses than the NOAEL of 100 mg/mL was suffi-
cient to result in a profound reduction of both viral titers and inflammatory
responses following challenge with SARS-CoV-2, even when treatment was
initiated one-day post-challenge. As a cytokine storm induced by SARS-
CoV-2 is known to play an important role in pathogenesis™, these results
highlight the potential of compound 17 to limit viral-induced pathology. In
this context, it has been shown that heparin, which is a highly sulfated form
of heparan sulfate, can modulate immune responses in COVID-19
patients” by reducing the expression of pro-inflammatory cytokines®'.
Interestingly, we found that compound 17 did not reduce cytokine
expression in an LPS-induced model of inflammation, suggesting the
reduction of inflammatory cytokine in the context of SARS-CoV-2 infection
is likely due to effects on viral replication. It is important to note that we did
notinclude a direct comparison with an approved antiviral for SARS-CoV-2

in the current study to comply with the 3R principle (Replacement,
Reduction, and Refinement) as we have previously evaluated the effect of
remdesivir in our group under the same settings”. A stronger antiviral
activity was observed in the current study with compound 17 compared to
remdesivir (>6-log reduction versus 2-log reduction for remdesivir), which
was also accompanied by a more significant reduction in cytokine pro-
duction (see Fig. 7 versus Fig. 5 in").

Antiviral activity was also observed in a mouse model of RSV infection,
albeit at a more modest (4-fold) yet statistically significant level. However, it
has been shown that post-infection treatment of mice or rats infected with
RSV with even clinically approved monoclonal antibodies does not lead to
strong reductions in viral replication when assayed by qPCR**™, as was
done in our work. This is likely because RSV does not replicate efficiently in
murine infection models, providing a limited window for observing a
reduction in viral loads following the initial infection.

In sum, we demonstrate that a synthetic chitosan derivative is a pro-
mising antiviral, with broad-spectrum antiviral activity against different
SARS-CoV-2 and RSV strains as well as Sindbis virus, is well tolerated
in vivo, and is effective at reducing both viral replication and inflammation
even 24 h post-infection. The high safety profile of compound 17 suggests it
could be utilized prophylactically, potentially as a simple nasal spray.
However, additional studies are needed to better define the effect of com-
pound 17 on coagulation in light of the observed increase in APTT, which
indicates a delay in the intrinsic coagulation pathway.

Materials and methods

Ethics and biosafety

All work with BSL2 pathogens was approved by the biosafety committees of
both 12SysBio and the University of Valencia. All work with genetically
modified organisms (GMOs) was approved by the relevant Spanish GMO
committee. Work with SARS-CoV-2 in vitro was carried out at the Biosafety
Level 3 (BSL-3) Facility of the Fundacién para Fomento de Investigacion
Sanitaria y Biomédica (FISABIO) in Valencia, Spain, following approval by
the relevant committees. Work with SARS-CoV-2 in vivo was carried out at
the BSL-3 Facility of Centro de Investigacion en Sanidad Animal (CISA,
INA-CSIC) in Valdeolmos, Madrid, Spain. Animal experimentation for
RSV was approved by the Valencian government (code GVRTE/2022/
3642381), by the Division of Animal Protection of the Comunidad de
Madrid (PROEX 115.5-21) for SARS-CoV-2, and by the Division of Animal
Protection of the Comunidad de Madrid (PRO-AE-SS-207) for biodis-
tribution studies. We have complied with all relevant ethical regulations for
animal use.

Synthesis and characterization of polysaccharides

The synthesis of chitosan sulfate was carried out using chitosan with dif-
ferent molecular weights and degrees of acetylation (Mw-mX) as the
starting material following the schematic in Supplementary Fig. 8. Chemical
O-sulfation and N- sulfonation reactions were carried out under acidic or
basic conditions, respectively. N-Oleoyl chitosan derivatives were prepared
by N-acylation of chitosan using oleic acid in the presence of 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) (step 2), to yield compounds
Mw-mX-nY. Sulfonation reactions on hydroxyl groups were carried out
under homogeneous conditions in formic acid, using chlorosulfonic acid as
reagent”. Under these conditions, starting chitosan Mw-mX led to O-sul-
fonated products Mw-mX-O-Z (step 5). Likewise, the compounds bearing
the oleoyl group furnished O-sulfonated derivatives Mw-mX-nY-O-Z (step
6). In neutral or mildly basic conditions, amine is the most reactive group,
and thus chemoselective N-sulfonation can be performed using
SOs-pyridine complex in the presence of a base®. Under these conditions, N-
sulfonation of starting chitosan Mw-mX or N-oleoyl derivative Mw-mX-nY
led to N-sulfonated products Mw-mX-N-Z and Mw-mX-nY-N-Z, respec-
tively (steps 1 and 3, respectively). The subsequent O-sulfonation afforded
products with sulfonyl groups on the oxygen and nitrogen atoms, Mw-mX-
O,N-Z and Mw-mX-nY-O,N-Z (steps 4 and 7). The target products were
characterized by NMR and IR spectroscopy and the degree of sulfation was
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determined by elemental analysis. Further details for the experimental
procedures and compound characterization of the polysaccharides can be
found in the Supplementary Information, sections 1-5,and NMR and ATR-
FTIR Spectra in section 10.

Cells, culture conditions, and reagents

HEK293T (CRL-3216), Vero (CCL-81), BHK-21 (CCL-10), and HEp-2
(CCL-23) cells were obtained from ATCC. VeroE6-TMPRSS2 were pur-
chased from the JCRB Cell Bank (catalog JCRB1819), A549-ACE2-
TMPRSS2 were purchased from InVivoGen (catalog a549-hace2tpsa),
A549-ACE2 were a kind gift of Dr. Oliver Schwartz (Institut Pasteur), and
VeroE6 cells were a king gift of Dr. Sonia Zudiga (the Spanish National
Centre for Biotechnology, CNB-CSIC). All cells were cultured in DMEM
containing pen-strep with either 10% or 2% FBS for maintenance or
infection, respectively. When required for maintain the transgene, the
appropriate antibiotic was included. All cells were validated to be
mycoplasma-free at regular intervals. Resazurin (Sigma-Aldrich, R7017),
MTT (Sigma-Aldrich, 475989), ribavirin (Thermo Scientific, Catalog
number 460480010), and neutral red (Sigma-Aldrich, Catalog number
N2889-100mL) were purchased from commercial sources.

Virus strains, production, and titration

Pseudotyped vesicular stomatitis virus lacking its native glycoprotein
encoding both GFP and firefly luciferase (VSVAG) was produced by
transfection of HEK293T cells using calcium phosphate with the indicated
plasmids for 24 h, followed by infection with VSVAG pseudotyped with the
VSV G protein for 45 min, addition of media containing a neutralizing VSV
G targeting antibody, and collection of supernatants containing pseudo-
typed viruses after 16 h. Pseudotyped VSV was concentrated by high-speed
centrifugation (50,000 x g for 4 h) and resuspended in DMEM. Viral titer
was obtained by infecting the relevant cell type for 16 hin a 96-well plate and
quantification of GFP-expressing cells on a live-cell microscope (Incucyte
SXS5, Sartorius). Plasmids encoding the RSV-A (strain A2 encoding the F
gene of Line 19) expressing the mKate2 fluorescent protein were obtained
from BEI resources (catalog NR-36460 and related plasmids) and produced
from plasmids as previously described”. RSV-A2 was obtained from ATCC
(VR-1540) and clinical strains of RSV-A and RSV-B were obtained from
EVAG (011V-01970 and 011V-01970, respectively). All RSV strains were
amplified in HEp-2 cells at low multiplicity of infection (MOI) of 0.001-0.01.
Virus titration was carried out by counting fluorescent cells (RSV-A kate2)
on the Incucyte SX5 live cell microscope and/or by plaque assay on HEp-2
cells using an overlay containing 0.4% Agarose and 2.5% FBS for 7 days. The
SARS-CoV-2 isolate utilized for in vitro antiviral activity was kindly pro-
vided by Sonia Zuiliga, Isabel Sola and Luis Enjuanes from the Spanish
National Centre for Biotechnology (CNB-CSIC) and harbored the following
mutations relative to the Wuhan-Hu-1 reference strain (GenBank
MN908947): C3037 >T, resulting in a silent mutation, C14408 >T in
nspl2, and A23403 > G (D614G in S protein). This virus was amplified in
VeroE6-TMPRSS?2 cells and tittered in the same cells by limiting dilution as
previously described”. Sindbis virus expressing eGFP was recovered from
the pTE32]-GFP plasmid (a kind gift from Dr. Carla Salah, Institut Pasteur,
France) in BHK-21 cells as previously described®. For animal experiments
SARS-CoV-2 isolate hCoV-19/Spain/SP-VHIR.02, D614G(S) was propa-
gated and titrated in VeroE6 cells™.

Antiviral and cell viability assays

For the primary screening, viruses were pre-incubated with the indicated
compounds at a concentration of 1 mg/mL for 1 h prior to infection of the
indicated cell line in 96-well plate format, using ~1000 FFU of virus per well.
The virus/drug mixture was then added to cells for 16 h or 24 h for VSV-S or
RSV-A | kate2> respectively. Virus infection was assessed by quantification of
virus-expressed luciferase using the Thermo Scientific™ Pierce™ Firefly
Luciferase Glow Assay Kit (VSV pseudotypes) or examination of red
fluorescence using a live cell microscope (Incucyte SX5, Sartorius) for RSV-
A kateo- For the time of addition studies, 1000 FFU RSV-A | kate2 Was either

pre-treated (pre and pre+post conditions) or mock-treated (post) with 1 pg/
mL compound 17 for 1 h, after which cells were infected for 2 h with the
mixture. Subsequently, cells were washed, and either media alone (pre) or
compound 17 at 1 ug/mL added (pre+-post and post). Following 24 h, virus
infection was quantified by measuring mKate2 expression. The dose
resulting in 50% reduction of viral infection was performed as in the primary
screening using a range of 5-fold compound dilutions. Virus infection was
assessed via the examination of viral expressed fluorescent proteins at 16 h,
12h, and 24 h for VSV, Sindbis, and RSV-A, ke, respectively, and the
relative infection was standardized to that of mock-treated cells. The IC50
was then calculated using the DRC package in R using the LL3 model, as
previously described”. For the virucidal assay, 10* PFU of RSV-A2 were
incubated with PBS or 1 pg/mL compound 17 for 1 h at 37 °C in 0.5 mL,
subjected to 3 serial 10-fold dilutions, and used to infect HEp-2 cells for 2 h.
Finally, the inoculum was removed, and cells were overlayed with 0.6% agar
for 7 days to allow for plaque to develop, followed by fixation with 10%
formaldehyde and staining of plaques with 0.05% neutral red in water. In
parallel, to ensure antiviral activity was not due to the residual amount of
compound 17, 100 PFU of virus were similarly incubated with 1 pug/mL,
1 ng/mL, or dilutant alone and then used to similarly infect cells. For the
SARS-CoV-2 virus production assay, 10° tissue culture infectious dose units
(TCID50) of the virus were incubated with 1 mg/mL compounds 17,
remdesivir (20 uM) or dilutant for 1 h, after which the mix was used to infect
VeroE6-TMPRSS2 cells or A549-ACE2 cells for 1h. Subsequently, the
inoculum was removed and fresh media with compound or dilutant was
added. After 24 h, the supernatant was collected and tittered via limiting
dilution on VeroE6-TMPRSS2 cells. For assessment of virus production by
different RSV strains, 5000 PFU of each RSV strain were incubated with
dilutant or 10 pg/mL of compound 17 for 1 h at RT and then used to infect
HEp-2 cells for 2 h. Cells were then washed and incubated with or without
the drug in infection media for 72 h. Viral titer was then obtained in the
supernatant by plaque assay on HEp-2 cells. Experiments were performed in
triplicate. For viability assessment, cells were treated with different com-
pound concentrations for 24 h, followed by addition of resazurin (44 uM
final concentration) or MTT (0.5 mg/mL final concentration) until visible
changes in color were observed (~2 h). Subsequently, the relative reduction
of these compounds was read using fluorescence (resazurin; excitation of
535 nm and emission of 595 nm) or absorbance (MTT; 570 nM) on a Tecan
Spark plate reader and results standardized to those of untreated cells.

Biophysical and structural analyzes
Detailed methods for biophysical and structural analyzes can be found in the
Supplementary Information, section 6.

In vivo assays

Detailed methods for the toxicological, biodistribution, inflammation, and
coagulation assays can be found in sections 7-9 of the Supplementary
Information. To assess antiviral activity against SARS-CoV-2, 6-week-old
hemizygous K18-hACE2 transgenic female mice were used (n=8 per
group)®. At day 0, animals were anesthetized under isoflurane and inocu-
lated intranasally with 35 uL of DMEM containing 5 x 10* PFU of SARS-
CoV-2 isolate hCoV-19/Spain/SP-VHIR.02, D614G(S)”. On days 0-3,
mice were similarly anesthetized and treated with PBS or either 24 or
12 mg/kg of compound 17 and anesthetized and humanly sacrificed at 3 dpi.
For prophylactic efficacy assays, animals were inoculated with compound
17 starting 3 h before infection. In the case of post-exposure therapeutic
assays, animals were inoculated with compound 17 starting on day 1 post-
infection. The right lungs of the mice were harvested, homogenized in
TriReagent (Thermo Fisher Scientific) using a TissueLyser I and RNA was
extracted with RiboPure RNA Purification Kit (Thermo Fisher Scientific).
Viral load was determined by one-step quantitative RT-PCR as described®
using a QuantStudio5 Real-time PCR system (Applied Biosystems). Data
are expressed as PFU equivalents/g of tissue by comparison with previously
titrated samples. For cytokine expression analyzes, cONA was synthesized
with Biotools High Retrotrasncriptase Starter Kit with Oligo dT (Biotools).
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The relative quantification of proinflammatory cytokines induction over
uninfected control animals was performed with specific PrimeTime Std
qPCR Assays (Integrated DNA Technologies) for IL-1f, IL-6, TNFa, and
GAPDH (as housekeeping gene) as described”.

To assess antiviral activity against RSV-A2, 10 female Balb/C
(6-7 weeks of age; Charles River Laboratories, France, strain code 028) were
lightly anesthetized with isoflurane and infected with 5 x 10> PFU of highly
purified RSV-A2 in 50pL of PBS by intranasal administration (day 0)”’. On
days 1-3, mice were similarly anesthetized and treated with either PBS
(n =5) or 12 mg/kg of compound 17 (n = 5) diluted in PBS in a volume of
35 ul (6.9 mg/mL). Finally, on day 4, mice were sacrificed and lungs were
removed. The left lung was weighed, resuspended in 0.5 mL cold PBS, and
homogenized on Precellys® homogenizer using ceramic beads (1.4/2.8 mm,
catalog 431-0170) for 1 cycle of 10s at 4500 rpm. The supernatant was
clarified and stored at —70 °C. For qPCR analysis, RNA from 55 pL of the
homogenized lung supernatant was extracted using the NZY total RNA
isolation kit (MB13402) and eluted in 40 ul. cDNA was then produced with
M-MLYV reverse transcriptase (Promega) containing 8uL of RNA and both
oligo-dT; 4 and RSV-specific primer CAATGAACTAGGATATCAAGAC
in a final volume of 25 uL. To define the number of genome copies per lung,
qPCR was performed using the PowerUp SYBR Green Master Mix
(ThermoFisher Scientific) with primers binding to the RSV G gene
(CGGCAAACCACAAAGTCACA and TTCTTGATCTGGCITGTTG
CA) and an annealing temperature of 60 °C. The relative copy of RSV
genomes was obtained relative to a standard curve of the RSV-Akaten
antigenomic plasmid.

Statistical analysis
All statistical analysis was performed using the R software (version 4.3.3.).

Data availability
All data supporting the findings of this study are available within the paper
and its Supplementary Information.
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