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ABSTRACT Among seven coronaviruses that infect humans, three (severe acute re-
spiratory syndrome coronavirus [SARS-CoV], Middle East respiratory syndrome coro-
navirus [MERS-CoV], and the newly identified severe acute respiratory syndrome co-
ronavirus 2 [SARS-CoV-2]) are associated with a severe, life-threatening respiratory
infection and multiorgan failure. We previously proposed that the cationically modi-
fied chitosan N-(2-hydroxypropyl)-3-trimethylammonium chitosan chloride (HTCC) is
a potent inhibitor of human coronavirus NL63 (HCoV-NL63). Next, we demonstrated
the broad-spectrum antiviral activity of the compound, as it inhibited all low-pathoge-
nicity human coronaviruses (HCoV-NL63, HCoV-229E, HCoV-OC43, and HCoV-HKUT).
Here, using in vitro and ex vivo models of human airway epithelia, we show that HTCC
effectively blocks MERS-CoV and SARS-CoV-2 infection. We also confirmed the mecha-
nism of action for these two viruses, showing that the polymer blocks the virus entry
into the host cell by interaction with the S protein.

IMPORTANCE The beginning of 2020 brought us information about the novel corona-
virus emerging in China. Rapid research resulted in the characterization of the patho-
gen, which appeared to be a member of the SARS-like cluster, commonly seen in
bats. Despite the global and local efforts, the virus escaped the health care measures
and rapidly spread in China and later globally, officially causing a pandemic and
global crisis in March 2020. At present, different scenarios are being written to con-
tain the virus, but the development of novel anticoronavirals for all highly patho-
genic coronaviruses remains the major challenge. Here, we describe the antiviral ac-
tivity of an HTCC compound, previously developed by us, which may be used as a
potential inhibitor of currently circulating highly pathogenic coronaviruses—SARS-
CoV-2 and MERS-CoV.

KEYWORDS HTCC, MERS, SARS-CoV-2, chitosan, coronaviridae, coronavirus, entry,
inhibitor, inhibition

oronaviruses mainly cause respiratory and enteric diseases in humans, other mam-
mals, and birds. However, some species can cause more-severe conditions such as
hepatitis, peritonitis, or neurological disease. Seven coronaviruses infect humans, four
of which (human coronavirus 229E [HCoV-229E], HCoV-NL63, HCoV-OC43, and HCoV-
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HKU1) cause relatively mild upper and lower respiratory tract disease. Three other zoo-
notic coronaviruses—the severe acute respiratory syndrome coronaviruses (SARS-CoV
and SARS-CoV-2) and the Middle East respiratory syndrome coronavirus (MERS-CoV)—
are associated with severe, life-threatening respiratory infections and multiorgan fail-
ure (1-7).

SARS-CoV-2 emerged in the Hubei province of China by the end of 2019 and caused
an epidemic that was partially contained in China by March 2020 (8). However, the vi-
rus rapidly spread globally and caused the pandemic. SARS-CoV-2 is a betacoronavirus
and belongs to a large cluster of SARS-like viruses in bats, classified in the Sarbecovirus
subgenus. While bats are considered to be the original reservoir, it is believed that
there is an intermediate host, and pangolins were suggested as such (9). The virus is
associated with a respiratory illness that, in a proportion of cases, is severe. The mortal-
ity rate varies between locations but, at present, is estimated to reach 3% to 4% glob-
ally. The virus infects primarily ciliated cells and type Il pneumocytes in human airways,
hijacking angiotensin-converting enzyme 2 (ACE2) to enter the cell, similarly to SARS-
CoV and HCoV-NL63.

MERS-CoV is related to SARS-CoV-2 but, together with some bat viruses, forms a
separate Merbecovirus subgenus. Bats are believed to serve as an original reservoir also
in this case (10), but camels were identified as the intermediate host (11). The virus
never fully crossed the species border, as the human-to-human transmission is limited,
and the majority of cases are associated with animal-to-human transmission. The entry
receptor for MERS-CoV is dipeptidyl peptidase 4 (DPP4) (12, 13). In humans, MERS-CoV
causes a respiratory illness with severity ranging from asymptomatic to potentially fatal
acute respiratory distress (14-16). To date, MERS-CoV infection was confirmed in 27
countries, with over 2,000 cases and a mortality rate of ~35%.

Currently, there are no vaccines or drugs with proven efficacy to treat coronavirus
infection, and treatment is limited to supportive care. However, a range of therapeutics
have been experimentally used in clinics to treat SARS-CoV-2-infected and MERS-CoV-
infected patients, and their use is based on the knowledge obtained in previous years.
The most promising drug candidates include broad-spectrum polymerase inhibitors
(remdesivir) (17) and some repurposed drugs (e.g., HIV-1 protease inhibitors). However,
to date, none of these has proven effective in randomized controlled trials. On the
other hand, the antiviral potential of several small molecules has been demonstrated
in cell lines in vitro, but their effectiveness in vivo has not been confirmed (18, 19). For
the ones that reached animal models, some promising drug candidates have been
shown to exacerbate the disease (ribavirin, mycophenolic acid) (20).

Drug development for SARS-CoV-2 and MERS-CoV is of great importance, but con-
sidering the diversity of coronaviruses and the proven propensity to cross the species
barrier, the SARS-CoV-2 epidemic will probably not be the last one. Warnings about
the possibility of another SARS-CoV epidemic have appeared in the scientific literature
for a long time (21). Consequently, broad-spectrum antivirals are essential in long-term
perspective.

Previously, we demonstrated an antiviral potential of the polymer HTCC [N-(2-
hydroxypropyl)-3-trimethylammonium chitosan chloride], which efficiently hampered
infection of all low-pathogenicity human coronaviruses in vitro and ex vivo (22) and of
several animal coronaviruses (unpublished data). Furthermore, using several functional
and structural assays, we dissected the mechanism of the HTCC antiviral activity. We
showed that the polymer interacts with the coronaviral Spike (S) protein and blocks its
interaction with the cellular receptor (22-24). Here, we analyzed HTCC activity against
SARS-CoV-2 and MERS-CoV in vitro using permissive cell lines and ex vivo using a
model of human airway epithelium (HAE). The study showed that replication of both
viruses was efficiently hampered. Overall, our data show that HTCC polymers are
potent broad-spectrum anticoronavirals and may be very promising drug candidates
for SARS-CoV-2 and MERS-CoV.
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FIG 1 Different HTCC polymers varying in the degree of substitution (DS). The range of effective compounds is
60% to 70% degree of substitution of the chitosan chain.

RESULTS AND DISCUSSION

HTCCs hamper MERS-CoV and SARS-CoV-2 replication in cell lines. Previously,
we showed that HTCC with different degrees of substitution (DSs) is a potent inhibitor
of all four low-pathogenicity HCoVs (22). DSs are expressed as the fraction of NH,
groups of glucosamine units in chitosan substituted with glycidyltrimethylammonium
chloride (GTMAC). The DSs of the studied HTCC polymers ranged between 57% and
77%; thus, the polymers were named HTCC-57, HTCC-62, HTCC-63, HTCC-65, and
HTCC-77 (Fig. 1). The synthesis and characterization of polymers are described else-
where (22, 23). The analysis showed that HTCC-63 demonstrated the most significant
inhibitory effect on HCoV-NL63, HCoV-0C43, and HCoV-HKU1. On the other hand, HTCC-
62 and HTCC-77 proved to be effective inhibitors of HCoV-229E infection. Further, HTCC-
65 effectively inhibited the replication of HCoV-NL63 and HCoV-OC43, while HTCC-62
showed a potent antiviral effect on HCoV-HKU1 infection.

First, we determined the cytotoxicity of each HTCC on Vero and Vero E6 cells, which
showed that the polymers may be used at a nontoxic concentration of 100 ug/ml (Fig.
2A). Next, the study on MERS-CoV using the Vero cells revealed that all HTCC variants
inhibited virus replication to similar extents (approximately 2-fold-to-3-fold decrease in
viral yields). The inhibition of the SARS-CoV-2 infection in Vero E6 cells was even more
pronounced, and all HTCC variants inhibited virus replication by ~10,000 times at a
nontoxic concentration (Fig. 2B). In this case, the HTCC-63 was arbitrarily selected for
further studies on MERS-CoV, while HTCC-77 was selected for SARS-CoV-2. Next, the
dose dependence was tested for the HTCCs. The inhibitory activity of selected poly-
mers was verified for three different concentrations, and the obtained data are shown
in Fig. 3. Based on the data obtained, the basic parameters were calculated and are
presented in Table 1. The parameters observed for the SARS-CoV-2 appear to be
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FIG 2 In vitro inhibition of MERS-CoV and SARS-CoV-2 by HTCC at nontoxic concentrations. (A)
Cytotoxicity of HTCCs with a degree of substitution ranging from 57% to 77% in vitro using Vero and
Vero E6 cells. Cell viability was assessed with XTT assay. Data on the y axis represent percentages of
values obtained for the untreated reference samples. All assays were performed in triplicate, and
average values obtained for both cell lines with standard errors are presented. (B) Vero cells were
infected with MERS-CoV, and Vero E6 cells were infected with SARS-CoV-2. Briefly, cultures were
inoculated with a given virus in the presence of HTCC (100 xg/ml) or control PBS. Replication of
viruses was evaluated at 48 h postinoculation using RT-gPCR. The data are presented as the number
of viral RNA copies per milliliter. The assay was performed in triplicate, and average values with
standard errors are shown.

favorable, with a selectivity index (SI) value above 12. It is also worth noting that HTCC
was previously administered by inhalation in rats and that no adverse reactions were
observed (25). In that study, HTCC was used as a carrier for the active substance and,
as such, was reported to be promising for local sustained inhalation therapy of pulmo-
nary diseases.

Furthermore, to prove the HTCC activity in vitro, Vero (MERS-CoV) and Vero E6
(SARS-CoV-2) cells were infected with a given virus in the presence of the compounds.
After 24 h of culture at 37°C, cells were collected, lysed, and subjected to SDS-PAGE.
Western blot detection of nucleocapsid proteins showed a dose-dependent reduction
of each virus infection, as N protein levels declined in the presence of the HTCCs
(Fig. 4).

HTCC interacts with the coronaviral spike protein. First, we made an effort to
delineate at which stage the HTCC interferes with the virus replication. We have previ-
ously shown that HTCC blocks the interaction between the coronaviral S protein and
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FIG 3 Dose-dependent inhibition of MERS-CoV and SARS-CoV-2 replication. Vero cells (MERS-CoV) (A) or Vero
E6 cells (SARS-CoV-2) (B) were inoculated with a given virus in the presence of different concentrations of
HTCC. Replication of viruses was evaluated at 48 h postinoculation using RT-qPCR. The data are presented as
the number of viral RNA copies per milliliter (left panel) and as log removal value (LRV) compared to the
untreated sample (right panel). The assay was performed in triplicate, and average values with standard errors
are displayed. All the results are statistically significant, as determined using the Student’s t test.

its cellular receptor (23). Here, using a set of functional assays, we showed that pre-
treatment of cells did not result in inhibition of viral replication, while the presence of
HTCC during the infection blocked the process (Fig. 5). The observed inhibition of repli-
cation when the HTCC was present throughout the infection resulted most likely from
the multicycle infection process. However, an additional inhibitory effect on the repli-
cation itself must be considered.

Second, we aimed to verify whether the polymer interacts with the coronaviral S
protein, as previously shown for HCoV-NL63 (23). For this, we analyzed the fluores-
cence spectra of HTCC-fluorescein isothiocyanate isomer 1 (HTCC-FITC) in the presence
of the SARS-CoV-2 or MERS-CoV spike proteins (51 domains). Gelatin was used as a ref-
erence. The analysis showed that both proteins quenched the fluorescence emission
and that the relative fluorescence of HTCC-FITC decreased with the increase in SARS-
CoV-2 and MERS-CoV S1 concentrations, but not gelatin concentrations, in a nonlinear
manner (Fig. 6A and B). The plot shape for that dependence indicated that HTCC-FITC

TABLE 1 CC,,, IC;,, and Sl values for the two most effective HTCCs: HTCC-63 (for MERS-CoV)
and HTCC-77 (for SARS-CoV-2)@

Virus CCy, (ng/ml) IC, (1g/ml) SI (CC,,/ICs,)
MERS-CoV 161.0 62.8 26
SARS-CoV-2 158.0 12,5 12,6

aCCy,, 50% cytotoxic concentration; IC,,, 50% inhibitory concentration; Sl selectivity index.
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FIG 4 Dose-dependent inhibition of MERS-CoV and SARS-CoV-2 infection. Vero cells (MERS-CoV) (left
panels) or Vero E6 cells (SARS-CoV-2) (right panels) were inoculated with a given virus in the presence
of different concentrations of HTCC (HTCC-63 for MERS-CoV; HTCC-77 for SARS-CoV-2). Following
incubation for 24 h at 37°C, cells were lysed in RIPA buffer. Nucleocapsid proteins and control GAPDH
protein were detected by Western blotting using specific antibodies.

was not quenched by these proteins in a simple diffusion-controlled collisional process
but that there were specific interactions between these macromolecules (Fig. 6B). Such
dependence is observed typically when the interaction between the chromophore and
the quencher leads to a complex formation (26, 27). To further verify that observation,
experimental data were fitted to a modified Stern-Volmer equation (27):

I/(Io = 1) = 1/([Q]) - 1/fa 1/Ka + 1/fa 1
A Target Polymer Assay PFU/ml
Pre 8533.3+585.0
During Below detection limit
MERS-CoV HTCC-63
Post Below detection limit
Control 8800.0 + 824.6
Pre 38 500.0 + 11 500.0
During 43333+111.1
SARS-CoV-2 HTCC-77
Post 4800.0+2133.3
Control 48 666.7 +3 666.7
= MERS-CoV SARS-CoV-2
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FIG 5 HTCC hampers interaction between the virus and the cell. Vero cells (MERS-CoV) or Vero E6 cells (SARS-
CoV-2) were inoculated with a virus in the presence of HTCC (HTCC-63 for MERS-CoV; HTCC-77 for SARS-CoV-
2). Polymers were applied in three different manners: for assay I, pre—cells were pretreated with compounds
before infection; for assay Il, during—polymers were added alongside the virus and were present throughout
the incubation; for assay lll, post—polymers were added 1 h after the infection. Replication of viruses was
evaluated at 48 h postinfection using plaque assay (A) and RT-qPCR (B).
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FIG 6 Interaction between HTCC-FITC and SARS-CoV-2 S1 domain. (A) Fluorescence spectra of HTCC-FITC (excitation wavelength [A,]=470nm; cHTCC-
FITC=0.5ug/ml) in the absence and in the presence of SARS-CoV-2, MERS-CoV S1, or gelatin proteins at various concentrations. a.u., arbitrary units. (B)
Dependence of relative fluorescence intensity (1/10) of HTCC-FITC (emission wavelength [A_,]=517 nm) on the concentration of SARS-CoV-2, MERS-CoV S1,
and gelatin. (C) Dependence of relative fluorescence 10/(10-1) of HTCC-FITC on 1/[Q] for SARS-CoV-2 S1 protein and MERS-CoV S1 protein.

where I, is the fluorescence intensity of HTCC-FITC in the absence of S1, / is the fluores-
cence intensity of FITC-HTCC in the presence of S1, [Q] is the concentration of S1, f, is
the fraction of FITC chromophores in HTCC-FITC available for quenching by S1, and K,
is a modified Stern-Volmer quenching constant for the accessible FITC residues. The
results are presented in Fig. 6C. The analysis indicated that the fraction of polymeric
chromophores available for interaction with SARS-CoV-2 and MERS S1 proteins in both
cases was ~f,=0.4. This rather low value is understandable, as a specific orientation of
both macromolecules is necessary to allow their effective interaction within a complex.
Strong interaction between HTCC-FITC and S1 can be inferred based on the efficient
quenching process indicated by the high value of K,, which was found to be equal to
6.59 x 108 M~ for SARS-CoV-2 S1 and 1.56 x 108 M~" for MERS-CoV S1. The stronger
interactions between HTCC and SARS-CoV-2 S1 correspond with more-efficient replica-
tion inhibition of that virus in cell culture and confirm the proposed mechanism.
HTCCs hamper MERS-CoV and SARS-CoV-2 replication in human airway
epithelium. While the Vero cells constitute a convenient model for antiviral research,
it is of utmost importance to verify whether the results obtained are not biased due to
the artificial system used. This is especially important for compounds, for which activity
is based on electrostatic interaction. To verify whether the natural microenvironment,
which is rich in sugars and charged molecules, does not abrogate the effectiveness of
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FIG 7 Ex vivo inhibition of MERS-CoV and SARS-CoV-2 by HTCC in human airway epithelium cultures. HAE
cultures were exposed to MERS-CoV (A) or SARS-CoV-2 (B) in the presence of HTCC-63 (for MERS-CoV) or
HTCC-77 (for SARS-CoV-2) at 200 wg/ml or to control PBS. To analyze virus replication kinetics, each day
postinfection, 100 ul of 1x PBS was applied to the apical surface of HAE cultures and collected after 10 min of
incubation at 37°C. Replication of viruses was evaluated using RT-qPCR. The data are presented as the number
of viral RNA copies per ml (left panel) and as log removal value (LRV) compared to the untreated sample
(right panel). The assay was performed in triplicate, and average values with standard errors are shown. All
the results are statistically significant, as determined using the Student’s t test.

the inhibitors, we employed HAE cultures that mirror the fully differentiated layer lin-
ing the conductive airways, as well as the site of coronavirus replication. Briefly, fully
differentiated HAE cultures were infected with a given virus (28) in the presence of pre-
viously selected HTCCs (200 ug/ml) or control phosphate-buffered saline (PBS).
Following inoculation, apical lavage samples were collected daily, and the replication
kinetics for each virus was investigated. The analysis revealed that the polymer effi-
ciently hampered SARS-CoV-2 and MERS-CoV also in this model. For MERS-CoV, the in-
hibitory effect was the most evident at 72 h postinfection (p.i.), while for SARS-CoV-2,
the most substantial decline of virus progeny was observed at 24 h p.i. (Fig. 7).
Whether such kinetics would be reflected in vivo is to be investigated.

HTCCs inhibits MERS-CoV and SARS-CoV-2 entry into susceptible cells. Our pre-
vious research showed that the HTCC-mediated inhibition of coronaviral replication
results from the electrostatic interaction between the polymer and the Spike protein of
coronaviruses. We hypothesize that the selectivity of the inhibitors is a consequence of
the yields from the fitting charge distributions on the polymer and on the S proteins
on the viral surface. While the interaction with a single charged moiety is relatively
weak, the concatemeric nature of the virus and the polymer stabilizes the binding.
Such structure-based interactions may be an interesting entry point for further fine-
tuning of the polymeric inhibitors of viral replication.

To ensure that the observed effect was a result of coronavirus entry inhibition by
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HTCC, two experiments were performed. First, HAE cultures were inoculated with
MERS-CoV in the presence of HTCC-63 (200 wg/ml) or control PBS and incubated for 2
h at 37°C. Next, cells were fixed and immunostained for MERS-CoV N protein and actin.
Virus entry was analyzed with confocal microscopy. To visualize the effect, the signal
attributed to intracellular MERS-CoV was quantified, and the results show that the
internalization of MERS-CoV was drastically decreased (Fig. 8A and B). Due to the lim-
ited availability of tools for the SARS-CoV-2 at that time, we were not able to replicate
the experiment. Here, we employed a surrogate system based on lentiviral vectors
pseudotyped with full-length Spike protein of SARS-CoV-2. A549 cells overexpressing
the ACE2 protein were incubated with pseudovirions harboring SARS-CoV-2 Spike or
control vesicular stomatitis virus G (VSV-G) protein in the presence of HTCC-77
(100 g/ml) or control PBS for 2 h at 37°C. After 72 h p.i., cells were lysed, and pseudo-
virus entry was quantified by measurement of the reporter luciferase protein. The anal-
ysis showed a significant reduction in internalization of the SARS-CoV-2 Spike pseudo-
viruses in the presence of the polymer, while no inhibition was observed for the
control VSV-G (Fig. 8C).

Next, to verify whether the mechanism of action for the highly pathogenic betacor-
onaviruses is similar to that observed for alphacoronaviruses (22) and that it is based
on blocking the interaction between the virus and the entry receptor, we analyzed
MERS-CoV colocalization with its entry receptor, DPP4, in the presence or absence of
the HTCC. For this, human cell line Huh7 was inoculated with the virus or subjected to
mock treatment in the presence of HTCC-63 (100 ug/ml) or control PBS and incubated
for 2 h at 4°C. Subsequently, cells were fixed and immunostained for the DPP4 and
MERS-CoV N using specific antibodies. Virus colocalization with its receptor was exam-
ined using confocal microscopy. Obtained results demonstrated that in the control
samples, the signal originating from the N protein colocalized with the DPP4 protein,
while in the presence of the polymer, this interaction was blocked (Fig. 9).

We show here that the previously developed and described polymeric anticoronavi-
ral HTCC compounds can efficiently inhibit infection with emerging coronaviruses. We
believe that the HTCC can be fine-tuned to target any coronavirus and that this interac-
tion is specific to viruses that belong to the Coronaviridae family. One may speculate
that the inhibition results from the concatemeric nature of the virus surface and the
fact that the polymer with appropriate charge distribution can interact with multiple
sites on this surface. While the interaction of the monomer is relatively weak and no in-
hibition is observable for monomers, the sum of interactions stabilizes the binding and
specific inhibition is observed. Considering that the extended chain length for the
HTCC used is ~700 nm, this scenario seems realistic (29). If it is true, HTCC would con-
stitute the first known structure-specific inhibitor of viral replication. The major disad-
vantage associated with HTCC is that, at present, it is not registered for use in humans.
However, previous experience with HTCC in different laboratories showed that it may
be delivered topically to the lungs, it is not associated with toxicity, and it does not
worsen the lung function (25). We believe that HTCC is a promising drug candidate
that should be further studied, as it provides a ready-to-use solution for the problems
posed by SARS-CoV-2 and future emerging coronaviruses.

MATERIALS AND METHODS

Materials. Chitosan (low molecular weight [MW], viscometric molecular weight [Mv] =50 to 190 kDa,
degree of deacetylation DDA =73% based on elemental analysis; Sigma-Aldrich), glycidyltrimethylam-
monium chloride (GTMAC; Sigma-Aldrich), fluorescein isothiocyanate isomer 1 (FITC; Sigma-Aldrich), gla-
cial acetic acid (ChemPur) (CH,COOH; 99.5% pure p.a.), acetone (Sigma-Aldrich), ethanol (Stanlab),
AgNO3 (Sigma-Aldrich), dimethyl sulfoxide (DMSO; POCh), and pyridine (Sigma-Aldrich) were used as
received. Recombinant SARS-CoV-2 Spike protein (S1 subunit derived from Escherichia coli; MW = 75 kDa)
and MERS (S1 fragment [amino acids {aa} 56 to 296] derived from E. coli; MW =27 kDa) were purchased
from RayBiotech. Gelatin from bovine skin (type B) was purchased from Sigma-Aldrich. Water was dis-
tilled twice and deionized using a Millipore Simplicity system.

The active compound. The HTCC was prepared in the same manner as previously described (22, 23,
30). Briefly, 30 ml of GTMAC was added to the chitosan solution in dilute acetic acid (3 g of chitosan and
150 ml of 1% [vol/vol] acetic acid solution in water). The solution was stirred at 70°C for 24 h and then
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FIG 8 Coronavirus internalization into susceptible cells is hampered by HTCC. (A and B) Precooled HAE cultures
were incubated with an ice-cold MERS-CoV suspension in the presence or absence of HTCC-63 (200 g/ml) for
2 h at 37°C. Next, cells were fixed in paraformaldehyde (PFA) and immunostained for MERS-CoV N protein and
actin. Virus entry was analyzed with confocal microscopy. The data shown are representative of results from
three independent experiments, each performed in triplicate. Mann-Whitney test, ****, P < 0.0001. (C) A549 cells
overexpressing ACE2 were incubated with lentiviral particles bearing the firefly luciferase reporter gene and
pseudotyped with SARS-CoV-2 Spike (SARS-S2-S) or VSV control G protein (VSV-G) or particles without an
envelope protein (AEnv) in the presence of HTCC-77 or control PBS. After 2 h at 37°C, cells were washed with
PBS and overlaid with fresh medium. Following 72 h of incubation, cells were lysed, and luminescence signal
was measured using a spectrophotometer. Pseudovirus entry data are presented as relative luminescence units
per milliliter (RLUs/ml). The assay was performed in triplicate, and average values with standard errors are
presented. Student’s t test, **, P < 0.005.

centrifuged at 4,000 rpm for 10 min to remove unreacted chitosan. The product was precipitated from
the supernatant with a cold mixture of acetone and ethanol (4:1 [vol/vol]). The solution was decanted,
and the resulting precipitate was dissolved in distilled water. The purification process was repeated, the
resulting pellet was washed with ethanol three times, and the purified HTCC was dried in a vacuum
oven for 24 h. The degree of substitution (DS) of NH, groups of the aminoglucose units in GTMAC was
found to be 69% * 2% as determined via conductometric titration of the chloride anion with a 0.017 M
solution of AgNO,.

Synthesis of fluorescein-labeled HTCC (HTCC-FITC). A 250-mg volume of HTCC was suspended in
a mixture of DMSO and pyridine (21 ml, 20:1 [vol/vol]). A 15-mg volume of fluorescein isothiocyanate
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FIG 9 HTCC blocks the interaction between the virus and its entry receptor. Precooled Huh7 cells were
incubated for 3 h at 4°C with ice-cold MERS-CoV or subjected to mock treatment in the presence or absence of
HTCC-63 (100 ng/ml). Next, cells were fixed with PFA and immunostained for MERS-CoV-N (green), DPP4 (red),
and nuclear DNA (blue). MERS-CoV interaction with the DPP4 protein was analyzed with confocal microscopy.
Colocalization of DPP4 with MERS-CoV-N was determined by confocal microscopy, and the results are
presented as Manders’ M2 coefficient values after excluding nonspecific nuclear signal. Colocalization analysis
was carried out with Image) JACoP (Just Another Colocalization Plugin). The decrease in colocalization was
statistically significant (P < 0.0005). Each image represents a single axial plane. Representative images are shown.
Bar, 20 um.

(FITC) was dissolved in 5 ml of DMSO and added to a vigorously stirred suspension of HTCC. The reaction
mixture was stirred for 24 h in 95°C in the dark. The crude product was dialyzed against water and
freeze-dried. In its absorption spectra, a band was present with a maximum wavelength (A,,,,) of 494 nm
in water, confirming the substitution of HTCC with FITC. The degree of substitution of HTCC with FITC,
defined as the number of FITC groups per aminoglucose group of HTCC and calculated based on the
UV-Vis (UV-visible light) spectra, was equal to 2.3%.

Plasmid constructs. The codon-optimized full-length SARS-CoV-2 S gene was designed and pur-
chased from GeneArt (Thermo Fisher Scientific, Poland). The gene was cloned into pCAGGS and
sequence verified that was a gift from Xingchuan Huang. psPAX (Addgene plasmid no. 12260) and
pPMD2G (Addgene plasmid no. 12259) were gifts from Didier Trono. pRRL luciferase vector (Addgene
plasmid no. 120798) was a gift from Paul Khavari.

Cell culture. Vero and Vero E6 cells (Cercopithecus aethiops; kidney epithelial; ATCC CCL-81 and
ATCC CRL-1586), Huh7 cells (Homo sapiens; hepatocellular carcinoma; ECACC 01042712) and A549 cells
with ACE2 overexpression (A549A°F2*) (31) were cultured in Dulbecco’s modified Eagle medium (MEM)
(Thermo Fisher Scientific, Poland) supplemented with 3% fetal bovine serum (heat inactivated; Thermo
Fisher Scientific, Poland) and the following antibiotics: penicillin (100 U/ml), streptomycin (100 xg/ml),
and ciprofloxacin (5 ug/ml). Cells were maintained at 37°C under 5% CO,.

Human airway epithelium (HAE) cultures. Human airway epithelial cells were isolated from con-
ductive airways resected from transplant patients. The study was approved by the Bioethical Committee
of the Medical University of Silesia in Katowice, Poland (approval no KNW/0022/KB1/17/10, dated 16
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February 2010). Written consent was obtained from all patients. Cells were dislodged by protease treat-
ment and were later mechanically detached from the connective tissue. Further, cells were trypsinized
and transferred onto permeable Transwell insert supports (¢ =6.5mm). Cell differentiation was stimu-
lated by the medium additives, and removal of media from the apical side was performed after the cells
reached confluence. Cells were cultured for 4 to 6 weeks to form well-differentiated, pseudostratified
mucociliary epithelia. All experiments were performed in accordance with relevant guidelines and
regulations.

Cell viability assay. HAE cultures were prepared as described above. The cell viability assay was per-
formed by using the 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide salt (XTT)
cell viability assay (Biological Industries, Israel) according to the manufacturer’s instructions. On the day
of the assay, 100 ul of 1x PBS was added with 50 ul of the activated XTT solution to each well/culture
insert. Following 2 h of incubation at 37°C, the solution was transferred onto a 96-well plate, and the sig-
nal was measured at A =490 nm using a SpectraMax 250 colorimeter (Molecular Devices). The obtained
results were further normalized to the control sample, where cell viability was set to 100%.

Virus preparation and titration. MERS-CoV stock (isolate England 1, no. 1409231v; National
Collection of Pathogenic Viruses, Public Health England, United Kingdom) was generated by infecting
monolayers of Vero cells. SARS-CoV-2 stock (isolate 026V-03883; kindly provided by Christian Drosten,
Charité—Universitatsmedizin Berlin, Berlin, Germany, and the European Virus Archive—Global [EVAg];
https://www.european-virus-archive.com/) was generated by infecting monolayers of Vero E6 cells. The
virus-containing liquid was collected at day 3 postinfection (p.i.), aliquoted, and stored at —80°C.
Control Vero or Vero E6 cell lysate from mock-infected cells was prepared in the same manner. Virus
yield was assessed by titration on fully confluent Vero or Vero E6 cells in 96-well plates, according to the
method of Reed and Muench. Plates were incubated at 37°C for 3 days, and the cytopathic effect (CPE)
was scored by observation under an inverted microscope.

Virus infection. In in vitro experiments, fully confluent Vero, Vero E6, or Huh7 cells in 96-well plates
(TPP) were exposed to MERS-CoV or SARS-CoV-2 or were subjected to mock treatment at a 50% tissue
culture infective dose (TCIDy,) of 400 per ml in the presence of tested polymer or control medium.
Following 2 h of incubation at 37°C, unbound virions were removed by washing with 100 ul of 1x PBS
and fresh medium containing dissolved respective polymer was added to each well. Samples of cell cul-
ture supernatant were collected at day 3 p.i. and analyzed using reverse transcription-quantitative PCR
(RT-gPCR).

For the ex vivo study, fully differentiated human airway epithelium (HAE) cultures were exposed to
the tested polymer or control PBS for 30 min at 37°C, following inoculation with MERS-CoV or SARS-CoV-
2 at a TCID,, of 400 per ml in the presence of the polymer or control PBS. Following 2 h of incubation at
37°C, unbound virions were removed by washing with 200 ul of 1x PBS, and HAE cultures were main-
tained at the air-liquid interphase for the rest of the experiment. To analyze virus replication kinetics,
each day p.i., 100 ul of 1x PBS was applied at the apical surface of HAE and collected following a 10-min
incubation at 32°C. All samples were stored at —80°C and analyzed using RT-qPCR.

Functional assays. To delineate the mechanism of action for the HTCC, a set of functional assays
was carried out. Fully confluent Vero or Vero E6 cells in 48-well plates were exposed to MERS-CoV or
SARS-CoV-2, respectively, at 400 TCID, per ml. HTCC-63 was used for MERS-CoV and HTCC-77 for SARS-
CoV-2. First, the ability of polymers to interact with a cell to prevent infection was examined (assay
I-pre). Briefly, cells were overlaid with the test compound or control PBS and incubated for 1 h at 37°C.
Subsequently, the polymer was removed by a triple wash with 1x PBS, and a virus or a mock treatment
was added. After 2 h of infection at 37°C, cells were washed and further cultured in fresh medium for 48
h at 37°C. Next, the influence of polymers on virus-cell interactions was inspected (assay Il-during). Cells
were infected in the presence of compounds or control PBS and incubated at 37°C. After 2 h, cells were
washed twice with 1x PBS, fresh culture medium with polymers was applied, and cells were cultured for
48 h at 37°C. In the third assay (assay lll-post), the effects of compounds on virus replication, assembly,
and egress were evaluated. Cells were infected and incubated for 2 h at 37°C. Subsequently, unbound vi-
rions were removed with two washes with 1x PBS, and media supplemented with polymers or control
PBS were applied. Cells were then cultured for 48 h at 37°C. Samples of supernatant were collected at
day 2 p.i. and analyzed using qPCR and plaque assay.

Plaque assay. Vero E6 cells were seeded in 24-well plates and grown to 90% confluence. Tenfold se-
rial dilutions of previously collected samples in culture medium were prepared and placed on cells.
Following 1 h of incubation in 37°C, an equal volume of 2 x overlay media (DMEM supplemented with
4% fetal bovine serum, penicillin [100 U/ml], streptomycin [100 wg/ml], and 0.1% agarose) was added to
the inoculum and the cultures were incubated for 3 days at 37°C under stationary conditions. Next, cells
were fixed with 4% paraformaldehyde, stained using 0.1% crystal violet solution, and washed with tap
water, and plaques were counted.

Isolation of nucleic acids and reverse transcription (RT). A viral DNA/RNA kit (A&A Biotechnology,
Poland) was used for nucleic acid isolation from cell culture supernatants, according to the manufac-
turer’s instructions. cDNA samples were prepared with a High-Capacity cDNA reverse transcription kit
(Thermo Fisher Scientific, Poland), according to the manufacturer’s instructions.

Quantitative PCR (qPCR). Viral RNA yield was assessed using real-time PCR (7500 Fast real-time
PCR; Life Technologies, Poland). cDNA was amplified in a reaction mixture containing 1x qPCR master
mix (A&A Biotechnology, Poland), in the presence of a probe (100 nM) and primers (450 nM each) (Table
2). The reaction was carried out according to the following scheme: 2 min at 50°C and 10 min at 92°C, fol-
lowed by 40 cycles of 15 s at 92°C and 1 min at 60°C. In order to assess the copy number for the N gene,
DNA standards were prepared as described before (28).
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TABLE 2 Primers and probes®

Journal of Virology

Primer or probe MERS-CoV SARS-CoV-2

5" primer GGG TGT ACCTCT TAATGC CAATTC CAC ATT GGC ACCCGC AAT C

3’ primer TCT GTCCTG TCT CCG CCA AT GAG GAA CGA GAA GAG GCT TG

Probe ACC CCT GCG CAA AAT GCT GGG (FAM/TAMRA) ACT TCC TCA AGG AAC AAC ATT GCC A (FAM/BHQ1)

9FAM, 6-carboxyfluorescein; TAMRA, 6-carboxytetramethylrhodamine; BHQ1, black hole quencher 1.

Immunostaining and confocal imaging. Fixed cells were permeabilized with 0.1% Triton X-100-
1x PBS and incubated overnight at 4°C in 1x PBS supplemented with 5% bovine serum albumin (BSA)
and 0.5% Tween 20. To visualize MERS-CoV particles, cells were incubated for 2 h at room temperature
with mouse anti-MERS-CoV N IgGs (Sino Biological, China) (1:1,000 dilution), followed by 1 h of incuba-
tion with Alexa Fluor 488-labeled goat anti-mouse IgG (Thermo Fisher Scientific, Poland) (2.5 ug/ml).
Actin filaments were stained using phalloidin coupled with Alexa Fluor 633 (Thermo Fisher Scientific,
Poland) (0.2 U/ml). Nuclear DNA was stained with DAPI (4',6-diamidino-2-phenylindole) (Sigma-Aldrich,
Poland) (0.1 wg/ml). Immunostained cultures were mounted on glass slides in ProLong Gold antifade
medium (Thermo Fisher Scientific, Poland). Fluorescent images were acquired under a Leica TCS SP5 II
confocal microscope (Leica Microsystems GmbH, Mannheim, Germany) and a Zeiss LSM 710 confocal
microscope (Carl Zeiss Microscopy GmbH). Images were acquired using Leica Application Suite
Advanced Fluorescence LAS AF v. 2.2.1 software (Leica Microsystems CMS GmbH) or ZEN 2012 SP1 soft-
ware (Carl Zeiss Microscopy GmbH) and were deconvolved with Huygens Essential package version 4.4
(Scientific Volume Imaging B.V., The Netherlands) and processed using ImageJ 1.47v (National Institutes
of Health, Bethesda, MD, USA). At the time of the study, no antibodies specific to SARS-CoV-2 were avail-
able to us.

Pseudovirus production and transduction. 293T cells were seeded on 10-cm-diameter dishes, cul-
tured for 24 h at 37°C with 5% CO,, and transfected using polyethyleneimine (Sigma-Aldrich, Poland)
with the lentiviral packaging plasmid (psPAX), the VSV-G envelope plasmid (pMD2G), or SARS-CoV-2 S
glycoprotein (pCAGGS-SARS-CoV-2-S) and a third plasmid encoding firefly luciferase protein (pRRL lucif-
erase). Cells were further cultured for 72 h at 37°C with 5% CO,, and pseudoviruses were collected every
24 h and stored at 4°C.

A549°°E2* cells were seeded in 48-well plates, cultured for 24 h at 37°C with 5% CO,, and transduced
with pseudoviruses harboring VSV-G or S-SARS-CoV-2 proteins or lacking the fusion protein (AEnv) in
the presence of Polybrene (Sigma-Aldrich, Poland) (4 ig/ml) and HTCC-77 (100 wg/ml) or control PBS.
After 4 h of incubation at 37°C, unbound virions were removed by three washes with 1x PBS, and cells
were further cultured for 72 h at 37°C with 5% CO, Cells were lysed in Bright-Glo luciferase assay buffer
(Promega, Poland) and transferred onto white 96-well plates. Luminescence levels were measured on a
Gemini EM microplate reader (Molecular Devices, United Kingdom).

Western blot analysis. Cells were trypsinized, centrifuged, and resuspended in radioimmunopreci-
pitation assay (RIPA) buffer (50mM Tris, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate,
0.1% SDS, pH 7.5) followed by lysis for 30 min on ice. Subsequently, samples were centrifuged (10 min at
12,000 x g), and the pelleted cell debris was discarded. The resulting supernatants were mixed with sam-
ple buffer (0.5 M Tris [pH 6.8], 10% SDS, 50 mg/ml dithiothreitol [DTT]), boiled for 5min, cooled on ice,
and separated on 10% polyacrylamide gels alongside dual-color Page Ruler prestained protein size
markers (Thermo Fisher Scientific, Poland). The separated proteins were then transferred onto a Western
S polyvinylidene difluoride (PVDF) membrane (GE Healthcare, Poland) by wet blotting (Bio-Rad, Poland)
for 1 h at 100 V in transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol) at 4°C. The membranes
were then blocked by overnight incubation at 4°C in TBS-Tween (Tris-buffered saline-Tween) (0.1%)
buffer supplemented with 5% skimmed milk (BioShop, Canada). Mouse anti-MERS-CoV N IgGs (Sino
Biological, China) (1:1,000 dilution) and horseradish peroxidase (HRP)-labeled rabbit anti-mouse IgG
(Dako, Denmark) (65 ng/ml) were used to detect MERS-CoV nucleocapsid protein. Mouse anti-SARS-CoV-
2 N IgGs (Bioss Antibodies, USA) (1:1,000 dilution) and horseradish peroxidase-labeled rabbit anti-mouse
1gG (Dako, Denmark) (65 ng/ml) were used to detect SARS-CoV-2 nucleocapsid protein. A rabbit anti-
glyceraldehyde-3-phosphate dehydrogenase (anti-GAPDH) antibody (Cell Signaling Technology, Poland)
(1:5,000 dilution) and horseradish peroxidase-labeled goat anti-rabbit 1gG (Sigma-Aldrich, Poland)
(0.35 ug/ml) were used to detect the GAPDH in cell lysates. All antibodies were diluted in 1% skimmed
milk-TBS-Tween (0.1%). The signal was developed using Immobilon Western chemiluminescent HRP
substrate (Millipore, USA).

Interaction between HTCC and SARS-CoV-2 spike protein. The fluorescence spectra of HTCC la-
beled with FITC (cHTCC-FITC =0.5 wg/ml) in water were measured in the absence and in the presence of
various concentrations of SARS-CoV-2 and MERS-CoV spike protein ST domains ranging from 0.05 wg/ml
to 0.4 wg/ml. Nuclear magnetic resonance (NMR) spectra were measured in deuterium oxide (D,0) using
a Bruker Advance Il 600-MHz spectrometer. Elemental analysis was performed using a Vario Micro CHNS
elemental analyzer. UV-Vis absorption spectra were recorded using a Varian Cary 50 UV-Vis spectrometer
in 1-cm-path-length quartz cuvettes. Fluorescence spectra of HTCC-FITC were measured at an excitation
wavelength (A.) =470 nm using a Hitachi F-7000 spectrofluorimeter at room temperature. Conductometric
titrations were performed using an ElImetron CX-741 multifunction computer meter.

Statistical analysis. All the experiments were performed in triplicate, and the results are presented
as means * standard deviations (SD). To determine the significance of the obtained results, Student’s t
test was carried out. P values of <0.05 were considered significant.
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