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lota-carrageenan is a sulfated polysaccharide extracted from red seaweeds, which,
formulated into a nasal spray, has already been proven safe and effective in viral upper
respiratory infections. In Calu-3, a human respiratory epithelium cell line, we explored the
activity of a formula of iota-carrageenan and sodium chloride against SARS-CoV-2. In this
study, the assayed formula, already approved as a nasal spray for human use, effectively
inhibited SARS-CoV-2 infection, providing a more substantial reference for clinical studies
or developments.
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INTRODUCTION

The severe acute respiratory coronavirus 2 (SARS-CoV-2) is responsible for the currently ongoing
pandemic coronavirus disease (COVID-19), counting more than 243,857,028 confirmed cases and
more than 4.953.246 deaths worldwide by October 26, 2021 (1, 2). There are, except for remdesivir,
no approved antivirals for the treatment or prevention of SARS-CoV-2 infection. Vaccines are
the only tool that has been shown to be effective in preventing COVID-19; at the time of this
publication, <40% of the world population has received a complete vaccination, and in developing
countries, the percentage of individuals with complete vaccination is negligible, and only 3.1% of
the population has received a single dose (3).

Repurposing established medications with recognized safety profiles is a possible approach for
preventing or treating the disease and shortening the time-consuming drug development stages
while the vaccination is being extended.

During the first days of the infection, the virus replicates mainly in the nasal cavity and the
nasopharynx; therefore, nasal sprays with antiviral activity could prevent infection or, in case it
occurs, could reduce the viral load in these zones (4, 5).

Marine-derived polysaccharides, such as carrageenans, are a family of linear sulfated
polysaccharides extracted from red seaweeds, widely used as thickening agents and stabilizers for
food. Besides these properties, the iota-carrageenan demonstrated antiviral activity against several
viruses, including respiratory viruses such as human rhinovirus, influenza A HIN1, and common
cold coronavirus (6-8). Iota-carrageenan inhibits virus infection mainly based on its interaction
with the surface of viral particles, preventing them from entering cells and trapping the viral
particles released from the infected cells (9). It has also been shown that their inhibitory activity also
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relies on affecting the viral replication cycle at different steps,
like entry and genome replication, and additionally activates the
host’s antiviral immune response (10-12).

Iota-carrageenan formulated into a nasal spray has already
been proven safe and effective in common cold treatment (13).
Based on these observations, the hypothesis has been raised
that a nasal spray with iota-carrageenan could be effective
against SARS-CoV-2. It has recently been described that iota-
carrageenan has activity against the SARS-CoV-2 virus and its
Spike Pseudotyped Lentivirus (SSPL) in Vero E6 cell culture
(14, 15). The Vero E6 cell line (African green monkey kidney)
is deficient for type 1 interferons (IFNs) and highly susceptible
to many different pathogens, like measles virus, rubella virus,
arboviruses, adenoviruses, influenza, and some coronavirus,
including SARS-CoV-2 (16-18).

Various studies have proposed the need to study SARS-CoV-
2 infection in human respiratory epithelium to get closer to the
central target tissue of the disease in patients (19). Calu-3 is
a cell line derived from a submucosal adenocarcinoma of the
bronchi that grows in adherent culture and displays epithelial
morphology. Upon stimulation with viruses or environmental
toxins, the Calu-3 cell line synthesizes and releases different
cytokines, including IL-6 (20), which play a central role in
the inflammatory cascade associated with more severe COVID-
19 (21). This cell line is considered a sensitive and efficient
preclinical model to study human respiratory processes and
diseases (22). Although the Calu-3 cell line comes from a
submucosal adenocarcinoma of the bronchi, it is considered a
suitable in vitro model of the upper airway epithelium. Calu-3
cells show a combined secretory and ciliated phenotype. Calu-3
cells have microvilli, express different cell-binding proteins (tight
junctions, desmosomes, and zonulae adherent), and express
MUCI1 and MUC5/5AC mRNA MUC5/5AC mucins, and are
covered with a uniform mucus layer, meaning that, despite its
bronchial origin, the Calu-3 cell line has similar characteristics to
nasal epithelial cells, being, for example, useful to study mucin
gene expression and synthesis, electrolyte transport, epithelial
barrier properties, regulatory mechanisms, and transport and
metabolism of drugs (23-26). Clinical studies have shown that
iota-carrageenan nasal sprays that are effective in vitro against
viruses that infect the nasal mucosa (6) were found to be effective
in preventing and reducing the symptoms and duration of the
common cold caused by those viruses (13, 27-29).

In this study, we assessed in vitro the effect of iota-carrageenan
as a SARS-CoV-2 infection inhibitor in Calu-3 cells. We found
that iota-carrageenan strongly inhibits virus replication in these
cells in a dose-dependent manner, providing data that reinforces
previous results and stimulate research on its use as a nasal spray
during the pandemic.

MATERIALS AND METHODS

Cells and Virus

African green monkey kidney Vero E6 cells (ATCC® CRL-
1586™) and human airway epithelial Calu-3 cells (ATCC®
HTB-55TM) were obtained from the American Type Culture
Collection, Manassas, VA, USA. The Calu-3 cells were cultured

TABLE 1 | Composition of candidate nasal formulations (samples containing
jota-carrageenan).

Component Sample Vehicle
lota-carrageenan 1.7 mg/ml -
Sodium chloride 9 mg/ml 9 mg/ml
pH adjusted to 6.00-7.00 6.00-7.00

in Dulbecco’s modified Eagles medium (DMEM, Corning,
NY, USA) containing 10% fetal bovine serum (FBS, Thermo
Fisher Scientific, Waltham, MA, USA), 100 U/ml penicillin, and
100 pg/ml streptomycin (Thermo Fisher Scientific, Waltham,
MA, USA). The Vero E6 cells were cultured in complete minimal
essential medium (c-MEM) (Corning, NY, USA), supplemented
with 5% FBS (Thermo Fisher Scientific, Waltham, MA, USA).
The cells were incubated in 95% air and 5% CO; at 37°C.

The SARS-CoV-2 isolate used is hCoV-19/Argentina/PAIS-
G0001/2020, GISAID Accession ID: EPI_ISL_499083, kindly
provided by Dr. Sandra Gallegos (National University of
Coérdoba, Argentina). Viral master seed stock was prepared using
T175 flasks of Vero E6 cells. Each flask was harvested on day two
post-infection, and the supernatant was centrifuged twice at 220
x g for 15 mins to remove cellular debris. The titer of virus stock
was determined by plaque assay on Vero E6 cells and expressed
as plaque-forming units per ml (pfu/ml). The experiments using
the virus were approved by the INBIRS Institutional Biosafety
Committee and carried out in the Biosafety Level 3 with negative
pressure facilities from the School of Medicine at the University
of Buenos Aires.

Preparation of Sample Formulations

Solutions with iota-carrageenan and sodium chloride were
prepared using a sterile nasal spray for therapeutic use. All
the formulations and placebos were prepared at Laboratorio
Pablo Cassara S.R.L. (Argentina) under aseptic conditions.
The composition of active and placebo formulations is
depicted in Table 1.

To determine antiviral efficacy of formulations by titer
reduction assay, sample formulations were used at a final iota-
carrageenan concentration of 600, 60, 6, 0.6, and 0.06 pLg/ml.
An equivalent concentration of placebos was used for titer
reduction assay as controls. As a positive control, a dilution
1/200 of an equine hyperimmune serum (HHS) against
SARS-CoV-2 was kindly provided by the Instituto Nacional
de Enfermedades Infecciosas, Administracién Nacional de
Laboratorios e Institutos de Salud (ANLIS) “Dr. Carlos G.
Malbran,” Buenos Aires, Argentina.

The present study was designed so that the concentrations to
be evaluated are similar to those obtained in the nasal cavity when
applying the iota-carrageenan nasal spray that was used in clinical
trials in patients with the common viral cold and according to
the dosage used in those clinical trials (an application of 100
microliters of a 1.2 mg/ml iota-carrageenan solution in each
nostril). For this, we estimate the volume of airway surface liquid
(ASL) in the nasal cavity based on a surface area of the nasal
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mucosa of 100 to 250 cm? (30-33) and the height of the fluid
in the nasal cavity estimated as 5-15pum (34, 35) resulting in a
range of 50 to 375 pl If we take an average content of 200 pl
of liquid from the surface of the airways in the nose plus 200 pl
of the formulation after administering 100 pl of the solution in
each nostril, the immediate concentration of iota-carrageenan in
the nasal cavity would be 600 pg/ml, the highest concentration
tested in our investigation. The expected concentrations of iota-
carrageenan in the nasal cavity would be even higher if we
consider a nasal formulation containing 1.7 mg/ml, like the one
used in the only clinical trial published on the efficacy of a nasal
spray with iota-carrageenan in the prevention of COVID-19,
research led by one of the co-authors of the present work (36).

Viability Cellular Assays

Calu-3 cells were seeded by quadrupled wells using 96-well
tissue culture microplates at 3 x 10* cells/well and incubated
overnight at 37°C under 5% CO,. The experiment was replicated
in three independent assays. Then, the cells were treated or not
with jota-carrageenan 600, 60, 6, 0.6, and 0.06 pg/ml or vehicle
in culture medium (DMEM supplemented with 2% FBS) for
48h at 37°C. After incubation, cells were washed and treated
with MTS/PMS (CellTiter 96® Aqueous Non-Radioactive Cell
Proliferation Assay, Promega, USA).

Infection Assays

In three independent experiments, Calu-3 cells were seeded in
96-well tissue culture microplates at 3x10* cells/well. After 48 h of
incubation at 37°C, treated or not with iota-carrageenan 600, 60,
6, 0.6, and 0.06 pLg/ml or vehicle and 2 h later infected with SARS-
CoV-2 (multiplicity of infection (MOI) = 0.01 and 0.1) in serum-
free DMEM (Thermo Fisher) for 1h at 37°C. Then, cells were
washed and placed in culture medium (DMEM supplemented
with 2% FBS) containing iota-carrageenan or vehicle for 48 h.
After that, supernatants were harvested and stored at —80°C.

In another set of experiments, Calu-3 cells were treated with
iota-carrageenan (600 to 0.6.g/ml) 2h before the infection
only (Pretreatment), while being infected (Simultaneous), or after
the cells were washed (Post-treatment). Cells exposed to iota-
carrageenan throughout the experiment were also included (2h
of pretreatment, 1h during infection, and 48 h after infection)
(Continuous). Supernatants were harvested 48 h after infection,
and virus production was measured.

To determine the iota-carrageenan neutralization activity,
Calu-3 cells were pre-treated with iota-carrageenan or vehicle
(600 g/ml to 0.06 wg/ml) for 2h. After 2h of pretreatment,
cells were infected (MOI: 0.01) with SARS-CoV-2 and incubated
for 48 h in the presence of iota-carrageenan. Supernatants were
harvested, and then the viral titer was quantified in Vero E6 cells.
Cytopathic effect was quantified by crystal violet staining and
measured as absorbance at 585 nm by triplicate. The percentage
of inhibition was calculated with respect to control.

Viral Titration

Vero E6 cells were seeded into 96-well microplates and grown
overnight at 37°C under 5% CO,. Ten-fold dilutions of virus
samples from Calu-3 cells were added to monolayers of 80%

confluent Vero E6 cells at 37°C for 1h in serum-free DMEM.
After incubation, the inoculum was removed, and monolayers
were overlaid with DMEM supplemented with 2% of FBS.
The cells were incubated at 37°C for 72h and fixed using 4%
formaldehyde. Finally, cells were stained with 0.1% crystal violet
in 20% ethanol and counted. Virus endpoint titer was determined
using the Reed-Muench formula and expressed as 50% tissue
culture infectious dose (TCIDsp) per ml.

SARS-CoV-2 Viral Load Quantification by
RT-qPCR

The supernatants were harvested 48 h post-infection, and RNA
was extracted using a Chemagic 360-D automated extraction
equipment (Perkin-Elmer). SARS-CoV-2 RNA was quantified
using DisCoVery SARS-CoV-2 RT-PCR Detection Kit Rox
(Transgen Biotech), which allows multiplex detection of viral
genes N, ORFlab, and human gene (RNase P gene).

Statistical Analysis

In the cellular viability and infection assays, the results were
analyzed statistically by One-way ANOVA followed by Tukey’s
or Dunnett’s (when compared to vehicle), multiple comparisons
tests, using GraphPad Prism version 9.1.0, GraphPad Software,
San Diego, California USA, www.graphpad.com.

RESULTS

The antiviral effects of iota-carrageenan on SARS-CoV-2 were
tested in a dose-dependent manner. In the first set of
experiments, Calu-3 cells were pre-treated with different iota-
carrageenan concentrations (600-0.06 p.g/ml), and cell viability
was quantified (Figure 1A). No difference in cell viability was
observed in jota-carrageenan-treated cells compared to vehicle-
treated control cells.

Next, Calu-3 cells were pre-treated with iota-carrageenan
(600-0.06 jrg/ml) for 2h and then infected with SARS-CoV-2
(MOI: 0.01); after that, cells were washed to remove the viral
inoculum, and fresh medium was added. Forty-eight hours later,
supernatants were harvested. The SARS-CoV-2 production was
evaluated by adding the supernatants to Vero E6 cells for 1h.
After incubation, the inoculum was removed, and monolayers
were incubated at 37 °C for 72h. Then cells were fixed and
stained with crystal violet. Virus endpoint titer was determined
by the Reed-Muench formula and expressed as TCIDsy/ml
(37) (Figures 1B,C). No antiviral activity was only observed at
the lowest concentration of iota-carrageenan (0.06 pg/ml), and
complete inhibition was done using an equine hyperimmune
serum (HHS) against SARS-CoV-2 (Figures 1B,C red dotted
line). Lastly, there was no reduction in virus production with
vehicle formulation, suggesting that the iota-carrageenan, not
the sample excipient components, inhibited the SARS-CoV-2
replication (Figure 1B). Finally, Figure 1C shows that inhibition
of viral production is also observed when pretreatment with
carrageenan is applied to the cells, followed by an infection at
a higher MOI (0.1). These results were also confirmed by RT-
PCR (Figure 1D). Furthermore, the results were expressed as the
inhibitory concentration 50% (IC50), defined as the compound
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FIGURE 1 | (A) Cellular viability assays. Calu-3 cells were treated with iota-carrageenan or vehicle (600-0 j.g/mL) for 48 h at 37°C. After incubation, cellular viability
was analyzed, and no statistically significant difference was found between the groups compared to the vehicle control group (Group 600 pg/ml, p = 0.9987,
(Continued)
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FIGURE 1 | Group 60 png/ml, p = 0.7371, Group 6 ng/ml, p = 0.7875; and Group 0.6 pg/ml, p = 0.8652). Data are expressed as mean + SD derived from three
independent experiments. (B,C) Infection assays. Calu-3 cells were pretreated with iota-carrageenan or vehicle (600 pg/mL to O pg/mL) for 2 h. After the
pretreatment, cells were infected in two different conditions MOI: 0.01 (B) and MOI: 0.1 (C) with SARS-CoV-2 and incubated for 48 h in the presence of
iota-carrageenan. Supernatants were harvested and virus yield was determined by titration. Data are expressed as mean + SD derived from three independent
experiments. The p-values in (B,C) figures are p < 0.0006 (***) and p < 0.0068 (**), respectively. In graphs (B,C) the red dotted lines indicate the level of inhibition
achieved with the positive control, equine hyperimmune serum against SARS-CoV-2. (D) Viral RNA quantification (RT-gPCR). Conditioned medium was harvested
48h post-infection. RNA was extracted from samples, and SARS-CoV-2 RNA was quantified by multiplex detection of viral genes N, ORF1ab, and human gene
(RNase P gene). (E) Inhibitory effectiveness of iota-carrageenan (ICsp). Calu-3 cells were pretreated with iota-carrageenan or vehicle (600 pg/ml to 0.06 pg/mi) for 2 h.
After the pretreatment, cells were infected (MOI: 0.01) with SARS-CoV-2 and incubated for 48 h in the presence of iota-carrageenan. Supernatants were harvested,
and then the viral titer was quantified in Vero E6 cells. Cytopathic effect was quantified by crystal violet staining and measured as absorbance at 585 nm by triplicate.
The percentage of inhibition was calculated with respect to control. IC50 is indicated in the graph. Data are expressed as mean + SD derived from three independent

experiments. (F) Addition of iota-carrageenan at different times of infection. Calu-3 cells were treated with iota-carrageenan (600 j.g/ml to 0 wg/ml) 2 h before the
infection (Pretreatment), while being infected (Simultaneous), or after the already infected cells were washed (Posttreatment). Cells exposed to iota-carrageenan
throughout the experiment were also included (Continuous). Supernatants were harvested 48 h after infection, and virus production was measured. Data are
expressed as mean + SD derived from three independent experiments. Differences between each group and the vehicle-treated group are depicted, and the dotted
blue line indicates the limit of detection. The p-values for the “Continuous” treatment are p = 0.0076 (**) for the 6 pg/ml group, the 600 pg/ml and 60 pg/ml groups
remained below the limit of detection, in the “Pretreatment” experiment, p = 0.0084 (**) for the 6 g/ml group, and the 600 wg/ml and 60 pwg/ml groups remained
below the limit of detection, for the “Simultaneous” treatment p = 0.0127 (*), p = 0.0044 (**), and p = 0.0043 (**) for the 6, 60, and 600 wg/ml groups respectively, in
the “Posttreatment” assay, p = 0.0613 (ns), p = 0.0051 (**), and p = 0.0045 (**) for the 6, 60, and 600 Lg/ml groups respectively.

concentration required to reduce virus yield by 50% (Figure 1E).
The calculated IC50 was 4.947 pug/ml (1.598-9.584), suggesting
low concentrations of iota-carrageenan are enough to inhibit
Calu-3 cells SARS-CoV-2 infection.

The previous experimental design evaluated mainly the
prophylactic use of the iota-carrageenan solution as cells were
pre-incubated before viral addition. To assess if the treatment
could be useful not only for prevention but also after infection,
we performed other sets of experiments; we treated with three
concentrations of iota-carrageenan at different times: (a) Exposed
to iota-carrageenan throughout the experiment (Figure 1F,
Continuous). (b) Calu-3 cells were treated with iota carrageenan
only 2 h before the infection, then cells were washed and infected
with SARS CoV-2 (MOI: 0,01) for 1 h, washed again, and cultured
for 48 h (Figure 1F, Pretreatment). (c) Calu-3 cells were treated
with iota-carrageenan at the same time that the virus was added,
incubated for 1h, and then cells were washed and cultured for
48h (Figure 1F, Simultaneous). (d) Calu-3 cells were treated
with iota-carrageenan after infection during 48h (Figure 1F,
Posttreatment). In a, b, ¢, and d, after 48h of infection, the
supernatants were harvested, and viral production was quantified
in Vero E6 cells by TCDI50/ml (Figure 1F). Iota-carrageenan
treatment inhibited viral production in all experimental designs.
However, the maximal inhibitory effect was obtained only when
Calu-3 cells were pre-treated with iota-carrageenan, where 600
and 60 jLg/ml concentrations completely abrogated the infection.
Simultaneous and post-treatment of Calu-3 cells with 600 and
60 pg/ml of iota-carrageenan also partially inhibited SARS-CoV-
2 infection (Figure 1F).

DISCUSSION

In this study, we found that iota-carrageenan drastically inhibits
SARS-CoV-2 production in a dose-dependent manner. The
results show a more significant inhibitory action with the
prophylactic application. As described previously for iota-
carrageenan (12), our results suggest that the inhibitory
effect could mainly be explained by interference with the

viral entry because pretreatment assays showed the most
marked inhibition of SARS-CoV-2 infection. On the other
hand, although the application after the exposure to the
virus was less effective, an inhibitory effect is also observed
with the application of iota-carrageenan in concentrations
that are reached with the in vivo application of nasal sprays
containing iota-carrageenan.

Different articles have been published that raise the
hypothetical usefulness of nasal sprays with carrageenan for
both prevention and treatment of COVID-19 (38-40), although
some clinical trials are underway (Carrageenan Nasal Spray for
COVID-19 Prophylaxis [ICE-COVID], Swansea University,
ClinicalTrials.gov  Identifier: NCT04590365; Prophylactic
Treatment With Carragelose Nasal Spray to Prevent SARS-CoV-
2, COVID-19, Infections in Health Care Workers, Marinomed
Biotech AG, ClinicalTrials.gov Identifier: NCT04681001). So
far, a unique trial has been completed, and its results published
in a peer-reviewed journal indexed in PubMed (36). This
pilot, pragmatic, multicenter, randomized, double-blind, and
placebo-controlled study evaluates the efficacy of a nasal spray
containing iota-carrageenan in the prophylaxis of COVID-19 in
hospital personnel dedicated to the care of patients with COVID-
19 (ClinicalTrials.gov Identifier: NCT04521322). The study
assigned clinically healthy physicians, nurses, kinesiologists,
and other healthcare providers treating hospitalized patients
for COVID-19 in a 1:1 ratio to receive four daily doses of
iota-carrageenan spray or placebo for 21 days. The primary
endpoint was the occurrence of clinical COVID-19, confirmed
by the reverse transcriptase-polymerase chain reaction test,
over the 21 days. The results show that a total of 394 people
were randomly assigned to receive iota-carrageenan or placebo.
Both treatment groups had similar baseline characteristics. The
incidence of COVID-19 was significantly different between
subjects who received the nasal spray with iota-carrageenan
(2 of 196 [1.0%]) and those who received a placebo (10 of 198
[5.0%]). The iota-carrageenan spray was associated with a 79.8%
reduction in the relative risk of becoming ill (95% CI: 5.3-95.4;
P = 0.03) and an absolute risk reduction of 4% (CI 95%: 0.6-7.4).

Frontiers in Virology | www.frontiersin.org

December 2021 | Volume 1 | Article 746824


https://www.frontiersin.org/journals/virology
https://www.frontiersin.org
https://www.frontiersin.org/journals/virology#articles

Varese et al.

lota-Carrageenan Prevents Replication of SARS-CoV-2

If these results were repeated in other clinical trials in different
populations, a new tool would be available for managing the
pandemic, especially considering that carrageenan is contained
in nasal sprays registered as medical devices and sold as over-the-
counter (OTC) products in Europe, Asia, and Australia. Another
nasal spray with iota-carrageenan has been recently approved
in the USA (FDA Medical Devices Databases Establishment
Registration & Device Listing D 441354), and in Argentina and
other Latin American countries, the nasal spray with carrageenan
used in the published clinical trial has been approved by
regulatory authorities and available for use since 2013 (ANMAT
disposition 5158-2013).

As we already mentioned, although the application after the
exposure to the virus was less effective in our experiments, an
inhibitory effect is also observed with the application of iota-
carrageenan in concentrations that are reached with the clinical
application of nasal sprays. Clinical trials should be carried out
to determine if the early use of an iota-Carrageenan nasal spray
in individuals with recent-onset COVID-19 can decrease the
severity or shorten the symptomatic period, as described in colds
caused by other viruses.

CONCLUSION

In summary, our results confirm that a formulation of iota-
carrageenan and sodium chloride available as a nasal spray
applied in concentrations within the range of those achieved with
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