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ARTICLE INFO ABSTRACT

Keywords: COVID-19 is marked by extensive damage to the respiratory system, often accompanied by systemic manifes-
SARS-COV-2 tations, due to both viral cytopathic effects and hyperinflammatory syndrome. Therefore, the development of
COVID-19

new therapeutic strategies or drug repurposing aiming to control virus replication and inflammation are required
to mitigate the impact of the disease. Hydroxypropyl-beta-cyclodextrin (HP-BCD) is a cholesterol-sequestering
agent with antiviral activity that has been demonstrated against enveloped viruses in in vitro and in vivo
experimental models. We also demonstrated that HP-BCD has an immunomodulatory effect, inhibiting the
production of selected proinflammatory cytokines induced by microbial products. Importantly, this drug has
been used in humans for decades as an excipient in drug delivery systems and as a therapeutic agent in the
treatment of Niemann pick C disease. The safety profile for this compound is well established. Here, we inves-
tigated whether HP-BCD would affect SARS-CoV-2 replication and virus-induced inflammatory response, using
established cell lines and primary human cells. Treating virus or cells with HP-BCD significantly inhibited SARS-
CoV-2 replication with a high selective index. A broad activity against distinct SARS-CoV-2 variants was evi-
denced by a remarkable reduction in the release of infectious particles. The drug did not alter ACE2 surface
expression, but affected cholesterol accumulation into intracellular replication complexes, lowering virus RNA
and protein levels, and reducing virus-induced cytopathic effects. Virus replication was also impaired by HP-BCD
in Calu-3 pulmonary cell line and human primary monocytes, in which not only the virus, but also the production
of proinflammatory cytokines were significantly inhibited. Given the pathophysiology of COVID-19 disease,
these data indicate that the use HP-BCD, which inhibits both SARS-CoV2 replication and production of proin-
flammatory cytokines, as a potential COVID-19 therapeutic warrants further investigation.

Beta-cyclodextrin
Virus replication
Inflammation
Cholesterol

1. Introduction interventions are urgently needed along with currently available vac-

cines to alleviate patients’ symptoms, lower case fatality, and relieve

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the
etiologic agent of COVID-19, first emerged in 2019 and has rapidly
spread to infect more than 500 million people and causing more than 6
million deaths around the globe (WHO COVID-19 Dashboard). Repre-
senting an unprecedent human threat in this century, therapeutic

overburdened health care systems. A few pharmacology interventions
have been approved (De Clercq, 2021; Assadiasl et al., 2021; Bernal
et al., 2021), but most of them do not show a robust impact on disease
progression. The use of monoclonal antibodies has been one of the
important strategies available so far, but their use is restricted to early
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acute disease (Kreuzberger et al., 2021). In addition, given the rapid
virus evolution with the emergence of new variants of concern, the
development and testing of specific antibodies may need constant
development at high cost.

COVID-19 is a complex and multifactorial disease marked by respi-
ratory damage with diffuse alveolar edema in the lungs, increased in-
flammatory infiltrates and thrombi, and systemic inflammatory
response (Huang et al., 2020; Bradley et al., 2020; Yao et al., 2021). The
clinical outcome results from both direct cellular effects due to virus
replication, and from an exacerbated host response, triggering an
hyperinflammatory and hypercoagulative syndrome with systemic
consequences (Morris et al., 2020; Lucas et al., 2020; Song et al., 2020).
Epithelial cells from the respiratory tract are predicted to be major
targets of SARS-CoV-2 infection, resulting in epithelial damage and
dysfunction (Sungnak et al., 2020; Bridges et al., 2021; Melms et al.,
2021). In addition, several other cell types such as endothelial cells,
hepatocytes and monocytes have been reported to be susceptible to
SARS-CoV-2 and infection of these cells may contribute to tissue lesions
and/or inflammation (Hoffmann et al., 2020; Hikmet et al., 2020;
Pontelli et al., 2020). Increased cytokine levels, including IL-6, IL10, and
TNF-a, are positively correlated with disease severity (Tang et al., 2021;
Liu et al., 2021). Indeed, several lines of evidence suggest that hyper-
inflammation may be triggered by virus intracellular sensing pathways
in cellular targets, and by activation of infiltrated monocytic and poly-
morphonuclear cells (Pantazi et al., 2021; Melms et al., 2021; Acker-
mann et al., 2021).

Cellular infection initiates by the interaction of the S (Spike) protein
present at the virus envelope with host ACE2 receptor (Hoffmann et al.,
2020). Additional receptors have also been reported to facilitate virus
adsorption or entry, such as Neuropilin-1 and CD147 (Daly et al., 2020;
Wang et al., 2020). After adsorption, cellular proteases, present at the
surface or at endocytic compartments, cleave and prime S1/S2 protein,
which allows virus fusion and release of the virus RNA into the cell
cytoplasm (Hoffmann et al., 2020; Peacock et al., 2021; Shang et al.,
2020). Although the exact uncoating compartment had not been clearly
identified, once the genomic RNA (gRNA) is released, it is translated into
the replicases polyproteins. Those nonstructural (NS) proteins and the
gRNA are assembled into double-membrane replication-transcription
complexes (RTCs), where the transcription of shorter subgenomic RNAs
(sgRNAs) and replication of gRNA occur. The sgRNA codifies for the
structural and other accessory proteins, and virus components then form
new budding virions (Malone et al., 2022). Cell-cell fusion might be
another important mechanism for SARS-CoV-2 dissemination, and
extensive syncytia formation has been detected in patients’ lungs (Bus-
sani et al., 2020; Sanders et al., 2021). Cholesterol depletion strongly
affected Spike-mediated fusion in an in vitro model (Sanders et al.,
2021), suggesting that cholesterol-rich regions are essential to syncytia
formation. The importance of lipid metabolism to SARS-CoV-2 replica-
tion was also evidenced by the accumulation of lipid droplets and
cholesterol-rich membranes in cell structures containing virus RNA,
indicating that those might function as platforms for virus maturation
(Sanders et al., 2021; Dias et al., 2020).

2-Hydroxypropyl-beta-cyclodextrin (HP-BCD) is a cholesterol-
sequestering drug, which is being used in humans for several pharma-
ceutical applications, mostly to optimize drug delivery (Davis and
Brewster, 2004). In addition, HP-BCD has been used for a decade for the
treatment of Niemann Pick C disease (NPCD), administered intrave-
nously, intrathecally, or by a combination of both routes, with a safe
profile (Ottinger et al., 2014; Tanaka et al., 2015; Ory et al., 2017;
Hastings et al., 2019). Notably, the antiviral effect of different isoforms
of beta-cyclodextrins (BCD) was first reported by Liao et al., in 2001 who
showed that HP-BCD blocked HIV-1 infection. Subsequently different
derivatives of BCD have been shown to inhibit a number of enveloped
viruses associated to systemic and respiratory diseases, including SIV,
Influenza, Dengue, and SARS-CoV (Liao et al., 2001; Graham et al.,
2003; Sun and Wang et al., 2020; Li et al., 2007; Lu et al., 2008; Glende
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et al., 2008; Verma et al., 2018). Treatment of cell-free virions or host
cells with BCD demonstrated that this compound could mediate both
virus inactivation (Graham et al., 2003; Liao et al., 2003; Sun and
Whittaker, 2003), and impaired virus entry and budding in vitro (Liao
et al., 2001; Verma et al., 2018). Preclinical studies also showed that
vaginal application of HP-BCD reduced HIV transmission in mice models
by as much as 91% (Khanna et al., 2002) and could protect monkeys
from SIV infection upon the first contact with the virus (Ambrose et al.,
2008). More recently, we reported that HP-BCD also showed immuno-
modulatory activity and suppressed the secretion of inflammatory cy-
tokines by monocytes obtained from chronically infected HIV patients,
when challenged by microbial products (Matassoli et al., 2018).

Here, we addressed whether HP-BCD would affect SARS-CoV-2
replication and impact virus-induced cellular activation using in vitro
models of cell lines and human primary cells. We observed that HP-BCD
significantly reduced virus replication and the release of infectious
SARS-CoV-2 particles derived from different variants. Strikingly, treat-
ment of lung epithelial cells and human primary monocytes with HP-
BCD not only reduced the viral load, but also significantly impaired
the production of inflammatory cytokines and chemokines. We propose
HP-BCD as a potential therapeutic for COVID-19 given its dual ability to
block SARS-CoV2 replication and virus-induced proinflammatory cyto-
kines, which are both strongly associated with pathophysiology of the
disease.

2. Materials and methods
2.1. Cell lines and viruses

All cell lines were cultured in Dulbecco’s Modified Eagle Medium
containing 4.5 g/L or 1 g/L (Calu-3 cells) D-Glucose (DMEM; Thermo
Fisher Scientific Inc., Pittsburgh, PA, USA). African green monkey
epithelial kidney cells (VERO C1008, Vero 76, clone E6, ATCC CRL-
1586) (Vero E6) and VERO E6 expressing Transmembrane Protease
Serine 2 and Human Angiotensin-Converting Enzyme 2 (Vero E6-
TMPRSS2-T2A-ACE2 cells; NR-54970) were maintained in DMEM sup-
plemented with 10% fetal bovine serum (FBS; Gibco); human lung
adenocarcinoma epithelial cells (Calu-3, ATCC HTB-55) were main-
tained in DMEM supplemented with 20% FBS; ACE2 transfected 293T
(kindly given by PhD. Paul D. Bieniasz, The Rockfeller University, NY)
were maintained in DMEM supplemented with 7.5% fetal bovine serum.
Cells were cultured at 37 °C with 5% CO».

SARS-CoV-2 A2 (GISAID: 528539), Gamma, and Delta variants were
isolated from symptomatic individuals cared at Universidade Federal do
Rio de Janeiro (Rio de Janeiro, Brazil) COVID-19 trial center. Isolation
and sequencing of each variant were performed, as previously described
(Voloch et al., 2021). The study was approved by the National Com-
mittee of Research Ethics (CAAE-30161620.0.1001.5257). Virus isola-
tion, stock production and titration were performed on Vero E6 cells.

2.2. Ethical statement and isolation of human primary monocytes

Blood samples (fresh buffy coats) from healthy donors were obtained
from the Hemotherapy Service at the Hospital Universitario Clementino
Fraga Filho (HUCFF) of Universidade Federal do Rio de Janeiro (UFRJ).
The study protocol was approved by the Experimental Ethics Committee
of UFRJ (permit 105/07). Peripheral blood mononuclear cells (PBMC)
were isolated by Histopaque-1077 density gradient centrifugation and
were cultured at a concentration of 107 cells/ml for 2 h for monocyte
adhesion. Non adherent cells were discarded, and enriched monocyte
population was then removed with cell scraper, washed, and cultured in
RPMI-1640 (Thermo Fisher Scientific Inc.) supplemented with 10% FBS.

2.3. Cellular infection with SARS-COV-2

Cell lines or primary monocytes were incubated with the different
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isolates of SARS-CoV-2, at an MOI of 0.1, for 1 h at 37 °C for virus
adsorption. The cells were then washed and cultured for different time
periods according to the experimental protocol. For the analysis of
initial steps of virus replication, virus adsorption was performed for 1 h
at 4 °C. A portion of the wells were harvested, and this time point was
considered 0 hpi. Other wells were transferred to 37 °C and incubated
for 1 h, being designated as 1 hpi. Culture supernatants were harvested
to evaluate virus replication by RT-qPCR or plaque assay. Cell lysates
were obtained to measure intracellular virus RNA or protein, and
cytokine expression.

2.4. Treatment of cells and viruses with HP-BCD

Cells were cultured with different concentrations of 2-hydroxy-
propyl-beta-cyclodextrin (HP-BCD) (Cyclodextrin Technologies Devel-
opment, Inc. [CTD], High Springs, FL), in serum-free medium, for 1 h at
37 °C and 5% CO». The cells were then washed with PBS and maintained
in the appropriate culture medium (without HP-BCD) for the subsequent
assays (pre-treatment assays). Alternatively, the cells were infected, as
described and, after 1 hpi, treated with 20 mM HP-BCD for 1 h. Cells
were washed and maintained in HP-BCD-free culture medium for
additional 48 h (post treatment assays). Virus treatment was performed
by incubating virus stocks with HP-BCD for 1 h. The suspensions were
added to the cell cultures for adsorption for 1 h at 37 °C. Then the cells
were washed and cultured for different time points according to the
experimental assay. In a set of experiments, HP-BCD-treated virus or
virus stock samples were serially diluted and directly titrated in Vero E6
cells, to avoid residual inoculation of the cells with the drug.

2.5. Cell viability

Cell lines were incubated with different concentrations of HP-BCD
for 1 h, washed and cultured for additional 72 h. Cell viability was
then assessed using Cell-Titer blue kit (Promega, Madison, USA), ac-
cording to the manufacturer’s protocol. Dose-response curves (non-
linear regression) was performed to calculate CCsy (concentration
decreasing cell viability by 50% in comparison to control cells) using
GraphPad Prism software (v8.0.1).

2.6. Cholesterol measurement

Cells were treated with the indicated concentrations of HP-BCD for
1h in serum-free medium at 37 °C and 5% CO», as described. The cells
were washed once with PBS and the cholesterol content was measured
by Amplex Red reagent (Thermo Fisher Scientific Inc.), following
manufacturer’s protocol.

2.7. Analysis of virus replication by RT-gPCR

Culture supernatants and cell lysates were obtained from different
cell types, treated or not with HP-BCD, mock-cultured or infected with
SARS-CoV-2, as described. Total RNA was purified using TRIzol reagent
(Thermo Fisher Scientific Inc.), following manufacturer’s instructions.
Complementary DNA (cDNA) was then synthesized from 1 pg RNA using
a High-Capacity cDNA Reverse Transcription kit (Thermo Fisher Sci-
entific Inc.), according to manufacturer’s protocol. The obtained cDNA
was subjected to gPCR reaction using SARS-CoV-2 N2 primers (synthe-
sized as primetime chemistry by Integrated DNA Technologies (IDT)
according to sequences obtained from the US CDC) and conducted in
StepOne™ Real-Time PCR System using the TagMan Mix (ThermoFisher
Scientific). The cycling parameters were: 95 °C for 2 min; 45 cycles of
95 °C for 3 s; and 55 °C for 30 s. CT values were used to calculate SARS-
CoV-2 copy number, according to a standard curve derived from 10-fold
dilutions of 2019-nCoV_N positive control gene transcript previously
generated (IDT - ref #10006625). Analysis of intracellular subgenomic
virus RNA were performed using specific primers for N gene subgenomic
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product and a probe for N gene, with the same cycling parameters.
Housekeeping gapdh expression was also measured, using Power SYBR
Green PCR master mix reagent (Thermo Fisher Scientific Inc.) and the
cycling parameters described in the analysis of cytokine expression
subsection. All the primers and probe used are described in Table 1.
Intracellular subgenomic RNA levels were normalized by GAPDH CT
values. Dose-response curves (non-linear regression) was performed to
calculate ICsg using GraphPad Prism software (v8.0.1).

2.8. Plaque assay

Virus stocks and infectious virus particles released in the cultures
were titrated by plaque assay using Vero E6 cells. Briefly, the cells were
incubated with 10-fold dilutions of the samples for 1 h at 37 °C and 5%
COo, After adsorption, medium was replaced by fresh DMEM supple-
mented with 1% FBS and 1.4% carboxymethylcellulose (Sigma-Aldrich).
The cells were cultured for 4 days at 37 °C/5% CO», then fixed with 4%
formaldehyde, and stained with 1% crystal violet diluted in 20%
methanol for plaque visualization and quantification. Viral titers were
expressed as plaque forming units (PFU) per milliliter (mL) (PFU/mL).

2.9. Analysis of ACE2, CD147 and spike proteins expression by flow
cytometry and western blotting

The surface expression of ACE-2 in Calu-3 cells, and HEK-293 or Vero
cells overexpressing ACE2 (293-ACE2+ and Vero-ACE2+) were evalu-
ated before and after 1h treatment with 20 mM HP-BCD. For this, flow
cytometry analysis of intact nonpermeabilized cells was performed
using two different primary antibodies (MA5-31395, Thermo Fisher
Scientific Inc.- Fig. 3; or neutralizing Ab272500, Abcam-Fig. S2), fol-
lowed by FITC-conjugated secondary antibody. Cells were acquired in a
FACSCanto ™ flow cytometer and analyzed using FlowJo software
(v10.8.1; Becton Dickson Immunocytometry System).

Total expression of ACE-2 and CD147 were analyzed in 293-ACE2+,
Vero-ACE-2, or Calu-3 by western blotting. The cells were maintained in
culture medium or treated with 20 mM HP-BCD for 1 h and then, har-
vested in RIPA buffer (10 mM Tris-Cl [pH 8.0]; 1 mM EDTA; 0.5 mM
EGTA; 1% Triton X-100; 0.1% sodium deoxycholate; 0.1% SDS; 140 mM
NaCl) with 0.1% protease inhibitors cocktail (Sigma-Aldrich). Protein
extracts were subjected to polyacrylamide gel electrophoresis (SDS-
PAGE), followed by transfer to nitrocellulose membrane (Thermo Fisher
Scientific Inc.). Membranes were blocked using 5% nonfat dried milk
diluted in 1X Tris Buffered Saline with 1% Tween 20 (Isofar, Rio de
Janeiro, Brazil) to reduce background. Membranes were incubated with
anti-ACE2 (Ref.: MA5-31395, Thermo Fisher Scientific Inc.- Fig. 3; or
Ref.: Ab108252, Abcam-Fig. S2), anti-CD147 (Ref.: 34-5600, Thermo

Table 1

Evaluated genes and corresponding primer and probe sequences used for qPCR.
Gene Primer sequence (5'-3')
Subgenomic Forward CGA TCT CTT GTA GAT CTG TTC TCT AAA CGA ACT

N TAT GTA CTC

Reverse ATA TTG CAG CAG TAC GCA CAC A
Genomic N Forward  TTA CAA ACA TTG GCC GCA AA
Reverse GCG CGA CAT TCC GAA GAA
GAPDH Forward ~ GTG GAC CTG ACC TGC CGT CT
Reverse GGA GGA GTG GGT GTC GCT GT
1L-6 Forward  TGT GAA AGC AGC AAA GAG GCA CTG
Reverse ACA GCT CTG GCT TGT TCC TCA CTA
TNF-o Forward ~ CAG AGG GAA GAG TTC CCC AGG GAC C
Reverse CCT TGG TCT GGT AGG AGA CGG C
IL-10 Forward  AAT AAG GTT TCT CAA GGG GCT
Reverse AGA ACC AAG ACCCAG ACATCAA
CCL2 Forward CAG CCA GAT GCA ATC AAT GCC
Reverse TGG AAT CCT GAA CCC ACT TCT
Gene Probe sequence (5'-3")
N ACA CTA GCC ATC CTT ACT GCG CTT CG
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Fisher Scientific Inc.), and anti-B-actin (Ref.: A2228, Sigma-Aldrich),
followed by incubation with HRP-conjugated secondary antibodies
(Santa Cruz Biotechnology). To measure SARS-COV-2 spike (S) expres-
sion, Calu-3 cells were treated with 20 mM HP-BCD for 1 h, infected with
SARS-CoV-2 (MOI = 0.1) in HP-BCD free medium, and collected at 48
hpi. Cell lysates were submitted to electrophoresis, followed by mem-
brane transfer and blocking, as described. Then, the membranes were
stained with anti-SARS-CoV-2 S protein (Ref.: 569965, Cell Signaling
Technology, Inc), followed by HRP-secondary antibody. Super Signal
West Pico chemiluminescent substrate (Thermo Fisher Scientific Inc.)
was used for protein detection following manufacturer’s instructions.
The ratio of the protein of interest and p-actin was determined using
ImageJ software.

2.10. Evaluation of cholesterol and dsRNA content by fluorescence
microscopy

Vero E6 cells were treated or not with 20 mM HP-BCD and infected
with SARS-CoV-2 (gamma strain, MOI 0.1), as described. After 48 h, the
cells were fixed with 4% formaldehyde, and stained with filipin (0.05
mg/mL in 3% BSA; Ref.: F9765, Sigma Aldrich) for 2h. Then, cells were
incubated with J2 antibody (0,05 mg/mL in 3% BSA, Ref.: RNT-SCI-
10010200, Jena Bioscience GmbH), for 2 h, followed by
AlexaFluor594-conjugated anti-mouse IgG (1 pg/mL, Ref.: A32744,
Invitrogen). The cells were analyzed by fluorescence microscopy, using
OLYMPUS IX81 equipment. Five fields from each experimental situa-
tion, including a total of about 500 cells were randomly selected in each
experiment; the mean fluorescence intensity (MFI) and frequency of J2
positive staining were calculated using ImageJ software.

2.11. Analysis of cytokine expression by RT-qPCR

Calu-3 cells or human primary monocytes were treated with HP-BCD
and infected with SARS-CoV-2, as described. In some experiments, cells
were stimulated with LPS (100 ng/ml) for 4 h, as a positive control. RNA
and cDNA from cell lysates were obtained as previously described and
the expression of il6, tnfa, il10, and ccl2 were evaluated by real-time PCR
using Power SYBR Green PCR master mix reagent (Thermo Fisher Sci-
entific Inc.) and the primers described in Table 1. The reaction was
performed in a StepOnePlus real-time PCR system (Thermo Fisher Sci-
entific Inc.), using the following cycling parameters: 95 °C for 2 min, and
40 cycles composed by 1 cycle consisting of denaturation (95 °C, 15 s)
and primer annealing/extension (60 °C, 1 min); finally, samples were
subjected to a melting curve analysis to eliminate primer dimers: 95 °C
for 15, 60 °C for 1 min, and 95 °C for 15 s. The comparative CT method
(AACt) was used to quantify gene expression levels, using GAPDH for
normalization.

2.12. Statistical analysis

Data were analyzed using the GraphPad Prism software (GraphPad
Software, San Diego, CA, USA). Comparisons were performed by one
way ANOVA, followed by Dunnett’s multiple comparison test or by t-test
when two groups were analyzed. The tests are indicated in every figure
legend; p < 0.05 were considered statistically significant.

3. Results

3.1. HP-BCD presents a broad antiviral activity against SARS-CoV-2
variants in vitro

The impact of HP-BCD treatment on SARS-CoV-2 replication was
initially evaluated using the well-established Vero E6 cell infection
model. First, the cells were treated with different concentrations of HP-
BCD, for 1 h, washed and cultured in HP-BCD-free culture medium,;
cholesterol levels were promptly measured, and cell viability was
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analyzed at 72 h post treatment. We did not detect any cytotoxic effect
after treating the cells with HP-BCD concentration up to 20 mM
(Fig. 1A), and an estimated CCsg of 73.2 mM was determined (Fig. 1B).
Significant cholesterol depletion was observed in the cells treated with
5-20 mM HP-BCD, with a maximum of 70% reduction (Fig. 1C).

Since HP-BCD may function as an antiviral drug by altering host cell
cholesterol content and membrane domains, and by inactivating
enveloped virus particles through disruption of the lipid bilayer (Liao
et al., 2001; Verma et al., 2018; Liao et al., 2003; Graham et al., 2003;
Carro and Damonte, 2013), we either treated the cells or the
SARS-CoV-2 stock samples with the drug to verify its impact on virus
replication (Fig. 1D). SARS-CoV-2 from A2 variant was incubated with
different concentrations of HP-BCD for 1 h and then inoculated onto
Vero E6 cells at an MOI of 0.1. After 1 h for virus adsorption, the cells
were washed and cultured for further 72 h (Virus treatment). In another
set of experiments, the cells were incubated with the indicated con-
centrations of HP-BCD, for 1 h, washed, and then the virus samples were
inoculated, using the same MOI (Cell treatment). At 72 hpi, the cell ly-
sates and culture supernatants obtained from each experimental setting
were harvested and intracellular genomic and subgenomic virus RNA, as
well as released gRNA and infectious particles were measured. Treat-
ment of SARS-CoV-2 with concentrations as low as 5 mM significantly
inhibited both gRNA and sgRNA levels in cells (Fig. 1E). Furthermore,
the drug was more potent to reduce released virus RNA and infectious
particles by these cells. Notably, no PFU was detected in the medium
when the viruses were treated with 5-20 mM HP-BCD (Fig. 1E). Raw
virus RNA copy numbers and PFU data, as well as a representative
plaque assay are demonstrated in Fig. S1. ICso of 0.35 mM and 0.53 mM
were calculated based on the amount of virus RNA and infectious par-
ticles released, given selectivity indexes of 209.1 and 138.1, respectively
(Fig. 1G). Similarly, HP-BCD pretreatment of the cells resulted in lower
intracellular and released virus RNA and no PFU was detected when the
cells were treated with 20 mM HP-BCD (Fig. 1F). Based on the ICsg
values of cell treatment (4.99 mM, based on released virus RNA data,
and 5.2 mM, when considered infectious particles data), we obtained
estimated SIs of 15 and 14.1 (Fig. 1H). These data suggest that HP-BCD
may act on the host cells and on free virus particles, affecting
SARS-CoV-2 replication.

To confirm that HP-BCD was indeed acting on the virus particles, and
not only in the host cells, we performed serial dilutions of the HP-BCD-
treated virus suspension and compared their titers with equivalent di-
lutions of HP-BCD-free SARS-CoV-2 samples. The percentage inhibition
of virus replication was maintained at every dilution analyzed, indi-
cating that virus treatment effect did not result from residual drug in the
cell culture (Fig. 2A).

We then evaluated the HP-BCD effect upon infection with different
SARS-CoV-2 variants. Vero E6 cells and SARS-CoV-2 from Gamma or
Delta variants were treated with 10 or 20 mM HP-BCD, as before. We
observed that both virus and cell treatment with 20 mM HP-BCD
significantly inhibited the accumulation of intracellular virus RNA and
substantially reduced the release of virus RNA and infectious particles
(Fig. 2B-M), with inhibition indexes above 90%. Notably, the reduction
of Delta variant replication was even more pronounced and no PFU was
detected upon virus treatment with 20 mM HP-BCD (Fig. 2 J). These
data clearly demonstrate that HP-BCD presents a broad antiviral activity
against SARS-CoV-2 variants, acting on both the host cell and virus
particles.

3.2. HP-BCD antiviral activity does not involve ACE2 depletion

SARS-CoV-2-host cell entry primarily depends on virus Spike protein
interaction with ACE2 receptor (Hoffmann et al., 2020), and a few
studies suggested that other receptors, like CD147, and mechanisms
such as cell-cell fusion may be alternative entry pathways (Hoffmann
etal., 2020; Wang et al., 2020; Sanders et al., 2021). Since ACE2 may be
expressed in cholesterol-rich domains (Lu et al., 2008), we evaluated
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Fig. 1. HP-BCD inhibits SARS-CoV-2 replication in
Vero cells. A-C) Vero cells were treated with the
indicated concentrations of HP-BCD for 1h, the cells
were washed and then cultured in complete culture
medium. A-B) After 72 h, cell viability was measured
using cell-titer blue kit (A); the data was analyzed and
the CCso was calculated using GraphPad Prisma
software (B). C) Total cholesterol concentration was
measured by amplex red reagent after 1 h treatment.
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whether HP-BCD downregulates virus receptor’ expression. Initially, we
analyzed ACE2 expression in 293 cells modified to overexpress the
human receptor (293-ACE2+). Flow cytometry and western blotting
analyses demonstrated that ACE2 expression were unaffected by cellular
treatment with HP-BCD (Fig. 3A-D). Analysis of CD147 expression by
western blotting showed that treatment did not alter expression of this
receptor either (Fig. 3C, E). Given the overexpression status of trans-
fected cells, we performed a similar assay using Calu-3 cells, which also
express both receptors, but at lower physiological levels. Like 293 cells,

T T
2 3

Log [ 1HP-BCD (mM)

T
1

no significant alteration of ACE2 nor CD147 was detected after HP-BCD
treatment (Fig. 3F-J). To confirm the data, Calu-3 cells were also stained
with other antibodies, which were targeted against different epitopes
and suitable for either flow cytometry or western blotting assays. Vero
cells overexpressing ACE2 (Vero-ACE2+) were also evaluated, as con-
trols. Consistently with the previous data, no difference was detected in
ACE2 expression after HP-BCD treatment, irrespective of the assay and
cell type (Fig. 52).

Even though receptor expression was not impacted by HP-BCD
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treatment, lipid raft disruption by the compound could affect receptor
distribution and, therefore, virus adsorption and entry (Lu et al., 2008).
Therefore, we set up another experimental approach to investigate these
initial steps of SARS-CoV-2 infection. Vero E6 cells were pretreated with
HP-BCD for 1 h before virus inoculation. Cells were then cultured with
SARS-CoV-2, for 1 h, at 4 °C for virus adsorption. Part of the cells were
harvested (0 hpi) and part were further incubated for 1 h, at 37 °C, to
allow virus entry (1 hpi). Evaluation of virus RNA obtained at those time
points revealed no difference between treated and untreated cells
(Fig. 4A), although a slight, but not significant decrease had been
detected at 1 hpi in HP-BCD-treated cultures. These data indicate that

b Il Cov-2
HP-BCD/CoV-2
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Fig. 2. HP-BCD presents a broad antiviral activity
against different SARS-CoV-2 variants of concern.
A) SARS-COV-2 stock samples were incubated or not
with HP-BCD for 1 h, serially diluted and inoculated
onto Vero E6 cells for virus titration. After 48 h, virus
titers were calculated and indicated as PFU/ml. Sta-
tistical analysis of two independent experiments were
performed using t-test; ** represents p < 0.01, and
insert numbers indicate the percentage inhibition in
relation to non treated viruses. B-M) Vero E6 cells
were infected with SARS-CoV-2 sequenced and char-
acterized as Gamma (B-G) or Delta (H-M) variants,
at a MOI of 0.1. Cell-free virus or host cell treatments
were performed as described in Fig. 1. After 72 h, cell
lysates and culture supernatants were harvested. The
concentration of intracellular (B, E, H, K) and
196.8% released virus RNA (N2 copy numbers) (C, F, I, L)
were measured by RT-qPCR; titration of released in-
fectious virus particles was performed by plaque
assay and represented as PFU/ml (D, G, J, M). The
bars indicate the average and SD of two independent
experiments, in triplicate. Statistical analyses were
performed by one-way anova, followed by Dunnet’s
multiple comparison; * represents p < 0.05, and
insert numbers indicate the percentage inhibition in
relation to infected non treated cells; nd-not detected.

CoV2 20mM 10mM
HP-BCD[]

199.9%

CoV2 20mM 10mM

HP-BCD []

nd
CoV2 20mM 10mM

HP-BCD[]

197.6%

199.9%

CoV2 20mM 10mM

HP-BCD []

virus adsorption or early entrance events into Vero E6 cells might not be
the major targets of HP-BCD. In addition, HP-BCD treatment did not
affect the efficiency of virus entrance, as calculated by the ratio between
virus RNA copies detected at 1 and 0 hpi (Fig. 4B). To confirm this
finding, the experiments were also performed using Calu-3 cells. Like the
previous results, we did not detect any significant alteration in the
number of virus RNA copies in cells treated or not with HP-BCD, after
adsorption and after 1 h incubation (Fig. 4C and D). On the other hand,
when the viruses were incubated with the drug, we detected a small, but
significant difference in the number of RNA copies after virus adsorption
and 1 h later (Fig. 4E). Also, a lower entry efficiency was evidenced
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when the cells were inoculated with HP-BCD-pretreated viruses
(Fig. 4F).

To investigate drug activity after those initial steps, cells were
infected and then treated with HP-BCD after 1 h post adsorption (1 hpi).
We observed that treating the cells with HP-BCD after virus adsorption
and initial entry steps, although had been slightly less efficient than the
pre-treatment protocol, still resulted in significant reduction of released
virus RNA (p = 0.021) and infectious particles (p = 0.023), but not of
intracellular gRNA no sgRNA (Fig. 4G-J). Taken together, these data
suggest that HP-BCD does not prevent SARS-CoV-2 binding and initial
entry into host cells but affects virus infectivity and production of in-
fectious virus.

3.3. Host cell treatment with HP-BCD reduces the accumulation of SARS-
CoV-2 RNA and S protein and restrains virus-induced CPE

To further investigate HP-BCD effect on host cells, infected Vero E6
cells, treated or not with HP-BCD, were double stained with J2 antibody
and filipin to evaluate the expression and distribution of dsRNA and
cholesterol. Cell death was not detected at this time point (data not
shown), but clear cytopathic effect was observed in the SARS-COV-2-
infected cultures, evidenced by alterations in the cell morphology and
in the monolayer confluency (Fig. S5A — phase contrast). Infected cells
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Fig. 3. HP-BCD does not affect the expression of
SARS-CoV-2 receptors. ACE-2-expressing HEK-293
cells or Calu-3 cells were treated with 20 mM HP-BCD
for 1 h. The expression of ACE2 in intact non-
permeabilized cells was analyzed by flow cytometry,
whereas total expression of ACE2 and CD147 were
evaluated in the cell lysates by western blotting.
Representative histograms of ACE2 staining and flow
cytometry analysis are depicted in (A) and (F); and
the MFI average obtained from independent experi-
ments represented in (B) and (G). For the western
blotting analysis, the membranes were stained with
anti-ACE2, anti-CD147, and anti-B-actin, as a loading
control. Representative blots are demonstrated in (C)
and (H); the expression level of ACE-2 (D, I) and
CD147 (E, J) were estimated using ImageJ software
and normalized according to f-actin expression.
Three experiments were run with Calu-3 cells and
statistical analyses were performed by paired t-test.
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showed altered distribution in the cellular cholesterol, which accumu-
lated at the proximity of dsRNA enriched compartments (Fig. 5A and B -
cholesterol and dsRNA). A remarkable reduction in the frequency of
dsRNA positive cells was observed when the cells were pretreated with
HP-BCD (Fig. 5C-D). Also, despite similar overall content, the choles-
terol distribution and its accumulation close to dsRNA was barely
detected, suggesting that the drug may affect assembly of the virus
replication complex. Western blotting analysis of Calu-3 cells showed an
estimated 50% reduction in Spike protein expression, and it was even
more pronounced when only S1 domain was evaluated (Fig. 5E-G). This
finding suggests that protein synthesis and/or maturation could also be
affected by HP-BCD. Alternatively, reduced RNA and protein detection
may be a consequence of reduced virus infectivity revealed after mul-
tiple cycles in the culture.

3.4. HP-BCD restricts SARS-CoV-2 replication and inhibit cytokine
production in human alveolar epithelial cell line and primary monocytes

Airway epithelial cells are major targets of SARS-CoV-2 infection
and, together with monocytes and other immune cells, play a central
role in triggering innate immune response and inflammation during
COVID-19. Therefore, we next tested if HP-BCD treatment would affect
viral replication in these relevant cell types. Calu-3 cells were used as a
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Figure 4  Fig. 4. SARS-CoV-2 incubation, but not cell
treatment, with HP-BCD reduces SARS-CoV-2
(A) . p=0.13 (B) 0 adsorption and entry. A-B) Vero cells were
17— p000  mm Cov2 =06 treated with 20 mM HP-BCD for 1h, washed, and
1054 - I 40 cultured in HP-BCD-free culture medium. SARS-CoV-
o I CoV-2/HP-BCD 0 . :
2% i s 2 (A2 strain) was inoculated at an MOI of 0.1 for 1 h/
o g 'E 10%4 S 304 4 °C for virus adsorption and harvested (0 hpi) or
E 8 2 10°1 E_ further incubated for 1 h/37 °C for virus entry (1
e ) § - = 20+ hpi). Virus RNA was measured by qRT-PCR (A) and
2 % o = 104 the frequency of virus entry in relation to virus
10" adsorption (%1 hpi/0 hpi) was calculated (B). C-D)
1004 0- Calu-3 cells were treated with HP-BCD, infected with
Ohpi 1hpi ctrl  HP-BCD SARS-CoV2, and virus adsorption and entry were
analyzed as in (A-B). E-F) SARS-CoV-2 stock samples
were incubated with 20 mM HP-BCD and then inoc-
ulated onto Calu-3 cells cultures. Analysis of virus
© 105- |p=_0'5| p=0.19 (D) go- p=0.07 RNA copy numbers after virus adsorption (0 hpi) and
- I 1 Hl Cov-2 [ virus entry (1 hpi) was measured as in (A, C) and the
o~ 104 I CoV-2/HP-BCD 60 T entrance ratio (1 hpi/0 hpi) was calculated as in (B,
i 3 _é- D). The bars indicate the average and SD from three
3 § 104 = independent experiments; statistical analyses were
8 i 102+ s 405 performed by unpaired t-test. G-J) Vero cells were
EE g ; treated or not with HP-BCD and infected with SARS-
% © 10" < 204 CoV-2 as previously described (pre-treatment). In
some wells, the cells were incubated with SARS-CoV-
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model of lung epithelial cells, whereas human primary monocytes were
isolated from healthy donor’s blood. Regarding Calu-3 cells, we initially
performed a toxicity assay with HP-BCD concentrations ranging from
2.5 to 20 mM and none were toxic (Fig. 6A). Cholesterol depletion was
observed at higher concentrations tested, although less efficiently than
observed in Vero E6 cells (Fig. 6B). Virus replication was accessed at 24
and 48 hpi in cells pretreated or not with 20 mM HP-BCD. We observed
that the release of both virus RNA and infectious particles were signif-
icantly reduced (Fig. 6C-D), with inhibition levels above 50% and 60%,
respectively (Fig. 6E), corresponding to the estimated frequency of
cholesterol depletion. Infected cell lysates were also harvested, and the
expression of relevant cytokines were analyzed. Reduction in TNF-a, IL-
6 and CCL2 expression was detected in all experiments, as indicated in
Fig. 6F.

Similar results were observed when primary human monocytes were
analyzed, using the previously established nontoxic HP-BCD concen-
trations (Matassoli et al., 2018). SARS-CoV-2 replication was not as

efficient in monocytes as observed in the cell lines and PFU was not
detected in all donors evaluated (data not shown). We detected a
remarkable reduction in the concentration of intracellular and released
virus RNA, with a 4log reduction at 72 hpi when the cells were pre-
treated with HP-BCD (Fig. 7A and B). Inhibition above 80% and 99%
was detected when N2 copy number was analyzed into the cells and in
the culture medium respectively (Fig. 7C). Importantly, a kinetic com-
parison between untreated and HP-BCD-treated infected cells demon-
strated a significant inhibition over the culture period (Fig. 7D). As a
proof of concept, we analyzed the cytokine expression in cells obtained
from one of these donors. LPS was added to the cultures as a positive
control. As demonstrated with Calu-3 cells, treatment of primary human
monocytes with HP-BCD diminished virus-induced cytokine expression
to the same levels of mock-cultured cells, as evidenced by TNF-a, IL-6
and IL-10 RT-qPCR (Fig. 7E-G).
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Fig. 5. HP-BCD treatment inhibits virus RNA and protein expression and reduces SARS-CoV-2-mediated CPE. Vero cells were treated with 20 mM HP-BCD for
1 h. The cells were washed, and mock-treated (control) or infected with SARS-CoV-2 (gamma isolate; MOI = 0.1) for 48 h. A-C) Expression and distribution of dsSRNA
and cholesterol were evaluated by staining the cells with J2 antibody and filipin, followed by fluorescence microscopy analysis. Representative images are
demonstrated in (A; scale bar = 20 pm), with a zoom of infected cell depicted in (B); mean fluorescence intensity (MFI) and frequency of J2 positive staining (%
dsRNA+) of 5 randomly selected fields, with a total of about 500 cells, were calculated using ImageJ software and are represented in (C) and (D), respectively. E-G)
Calu-3 cells were lysed and the expression of Spike protein was analyzed by western blotting. A representative blot is demonstrated in (E) and the expression level of
whole S (F) or S1 (G) was calculated based on B-actin loading control staining, using ImageJ software. Statistical analyses were performed by unpaired t-test; *

represents p < 0.05; ***p < 0.001; insert numbers indicate the percentage inhibition in relation to untreated cells.

4. Discussion

In the present study we demonstrated that HP-BCD is a broad and
potent antiviral drug, inhibiting the replication of distinct SARS-CoV-2
variants, in different cell types, and significantly suppressing virus-
induced production of inflammatory cytokines.

The COVID-19 pandemic represents an unprecedented public health
challenge, and a number of approaches are required to minimize its
consequences. The development of safe, effective vaccines has notably
improved the epidemiological scenario, with significantly lower rates of
severe and fatal cases among vaccinated people. Still, although vacci-
nation reduces the likelihood of disease, it does not completely prevent
transmission. Furthermore, the vaccination ratio is unequal around the
globe, allowing continuous virus circulation. This results in a fast virus
evolution and emergence of new variants, which may eventually escape
host and vaccine-mediated immune responses causing sequential
infection waves. Also, the elderly and other patients with comorbidities
may still develop severe symptoms, which will require alternative
therapeutic strategies, ideally working against any circulating or
emergent virus variant.

Beta-cyclodextrins (BCD) have been demonstrated to have antiviral
properties against several enveloped viruses. Its predicted mechanism of
action involves cholesterol depletion and disruption of lipid rafts,
cholesterol-rich membrane domains. Therefore, BCD may potentially
inhibit the infection by viruses that requires cholesterol or lipid rafts to
maintain its infectivity and/or complete its biosynthesis. Indeed, we and
others have shown that treating viruses, like HIV, SIV, Influenza, DENV,

SARS-CoV, or their respective host cells with different derivatives of
BCD blocks virus replication in in vitro and in vivo experimental models
(Liao et al., 2001; Khanna et al., 2002; Graham et al., 2003; Ambrose
et al., 2008; Garcia Cordero et al., 2014; Verma et al., 2018; Goncharova
et al., 2019; Jones et al., 2020). Most important, HP-BCD has been used
for more than a decade for the treatment of NPCD, in adults and chil-
dren, with efficacy and safety (Ory et al., 2017; Hastings et al., 2019).

Recent studies demonstrated that the intracellular SARS-CoV-2
replication complex appears to be localized in cholesterol-rich mem-
branes, in which accumulation of virus RNA was detected (Sanders et al.,
2021). Furthermore, cholesterol depletion reduced Spike-mediated
cell-cell fusion and syncytia formation in vitro (Sanders et al., 2021), a
process likely to hinder virus transmission. A loss-of-function screening
assay identified the cholesterol transporter Nieman-Pick disease type C1
(NPC1) receptor, as one of the host factors required for virus replication
(Zhu et al., 2021). Although the exact function of NPC1 had not been
addressed, its interaction with SARS-CoV-2 N protein has been demon-
strated (Garcia-Dorival et al., 2021). Also, NPC1 gene editing or incu-
bation of infected cells with NPCl-interacting compounds inhibited
virus replication, possibly through impairing late endosome-lysosome
fusion and virus uncoating (Garcia-Dorival et al.,, 2021; Zhu et al.,
2021).

Our data demonstrated that treatment of SARS-CoV-2 or Vero E6
cells with HP-BCD significantly inhibited virus replication, by acting on
the viruses and host cells. Also, the determined ICsy was lower than the
predicted plasma concentrations achieved in the intravenous treatment
of NPCD patients (Hastings et al., 2019). Despite cholesterol depletion,
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SARS-CoV-2-infected cells

treatment of host cells with HP-BCD did not reduce ACE2 expression,
which could be harmful for the patient, given the important physio-
logical roles of this receptor controlling renin-angiotensin and
kallikrein-kinin systems’ functions (Garvin et al., 2020). Although there
are indications that ACE2 may be expressed in raft domains, previous
studies regarding SARS-CoV infection corroborate our data. Vero cells
treatment with methyl-BCD (MBCD) inhibited the replication of
SARS-CoV, but no alteration in ACE2 expression or distribution was
detected (Li et al., 2007). Another work reported that ACE2 was present
in caveolin-enriched fractions, and it was relocated to nonraft fractions
after treating Vero cells with MBCD. Still, ACE2 surface expression or
SARS-CoV spike binding were also not affected by MBCD treatment,
despite reduced virus replication (Lu et al., 2008).

We did not detect a significant effect in virus binding after treating
Vero E6 or Calu-3 cells with HP-BCD, unless the virus particles were
treated. In addition, virus gRNA copies were not significantly affected
after 1 hpi, suggesting that initial entry events are not affected by the
drug either, although we cannot discard that gRNA detected at 1 hpi
might include residual attached viruses. Our result partially contrasts
with previous data obtained with a pseudovirus model of SARS-CoV-2,
in which pretreatment of 293-ACE2+ cells with BCD inhibited infec-
tion (Li et al., 2021). It is important to note, however, that the authors
maintained the drug for a total 5 h during pseudovirus infection, before
washing the cells. Therefore, other early steps could also be affected in
that assay, such as virus uncoating in late endosomes/lysosomes, or
assembly of membrane structured virus replication complexes. Also, one
cannot rule out that depending on the construction and preparation,
pseudovirus may not fully serve as surrogate for native virus, in terms of
binding and fusion mechanisms (Chen et al., 2021).

SARS-CoV-2 entrance relies on different pathways, including mem-
brane fusion or endocytosis, depending on the cell type and on the
expression of TMPRSS2 protease (Hoffmann et al., 2020; Dittmar et al.,

10
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Fig. 6. Treatment of Calu3 cells with HP-BCD
inhibit SARS-CoV-2 replication and cytokine pro-
duction. Calu-3 cells were treated with the indicated
concentrations of HP-BCD for 1 h, the cells were
washed and then cultured in HP-BCD-free culture
medium. A) After 72 h, cell viability was measured
using cell-titer blue kit. B) Total cholesterol concen-
tration was measured after 1 h treatment by amplex
red reagent. C-E) The cells were treated or not with
20 mM HP-BCD for 1 h, washed, and the medium
substituted by culture medium. Then, the cells were
infected with SARS-CoV-2 (A2 isolate; MOI of 0.1).
After 24 or 48 hpi, and the concentration of virus
RNA (N2 log copy numbers; C) or infectious particles
(PFU) (D) released in the supernatants were
measured by qRT-PCR and plaque assay, respectively.
The percentage inhibition of both RNA and PFU
released by HP-BCD treated, in relation to untreated
cells, was calculated and demonstrated in (E). F)
mRNA expression corresponding to IL-6, TNF-a and
CCL2 were evaluated in the cell lysates, at 48 hpi, by
qRT-PCR; individual mRNA fold induction obtained
from infected untreated cells (closed symbols) and
infected HP-BCD-treated cells (open symbols), in each
individual experiment, are indicated. The data are
representative of four independent experiments. *
represents p < 0.05; **p < 0.01, according to paired t-
test statistical analysis.

El RNA
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2021). Our data demonstrated that HP-BCD did not reduce virus bind-
ing/entry in cell lines that expresses (Calu-3) or not (Vero-E6) the pro-
tease (Dittmar et al., 2021), but virus production was significantly
inhibited in both cell types. These findings support the hypothesis that
other mechanisms downstream of initial virus-host cell interaction
might be important for the activity of the drug. Accordingly, cell treat-
ment after 1 hpi still reduced the levels of gRNA and infectious particles
released, although did not significantly affect the intracellular vRNA
concentration. These data support the hypothesis that HP-BCD might
impact virus biosynthesis and/or affect the infectivity of released vi-
ruses, what worth further investigation. For instance, blocking of virus
release would consequently imply accumulation of viral gRNA. Also, in
every investigated cell type, the drug was more potent in reducing the
released virus RNA and infectious particles, in comparison with intra-
cellular RNA, further suggesting that later steps of virus biosynthesis
could have been affected. Similar data was reported in the SARS-CoV
studies, in which the treatment of host cells with MBCD at 3 hpi also
resulted in diminished expression of virus mRNA, although with lower
efficiency, when compared to pre-treatment (Li et al., 2007).

Our group has been mostly working with 2-hydroxi-propyl-beta-
cyclodextrin (HP-BCD), instead of MBCD, which is less toxic than
MBCD, but may be less efficient in depleting cholesterol and thus could
act differently than MBCD. We demonstrated that HP-BCD inhibited HIV
replication in treated primary CDA4T cells (Liao et al., 2001). In addition,
virus treatment with the drug did not affect virus morphology nor its
binding to host cells, but inhibited virus fusion and induced viral
membrane permeabilization with loss of selected virus proteins and
consequent inactivation (Graham et al., 2003; Liao et al., 2003). Similar
data were obtained after treatment of the gammaretrovirus XMRV (Tang
et al.,, 2012). In this model, pretreatment of host cell with HP-BCD
remarkably inhibited virus release, but not intracellular capsid con-
tent, suggesting that the drug functioned at assembly and/or budding
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Fig. 7. Treatment of human primary monocytes
with HP-BCD inhibits SARS-CoV-2 replication and
cytokine expression. A-D) Human primary mono-
cytes were treated or not with 10 mM HP-BCD for 1 h,
the cells were washed and then mock treated or
infected with SARS-CoV-2 (A2 strain; MOI = 0.1).
After 24-72 hpi, the cell lysates and supernatants
were harvested, and virus RNA concentration (N2 log
copy numbers) was evaluated by qRT-PCR. A-B) Bars
indicate the average and SD of SARS-CoV-2-N2 copy
numbers detected in the cell lysates (intracellular;

o ctrl
= HP-BCD

IH

48hpi

1
24hp| 48hp| 24hpi

© (D)

99.9%

100 g76 85.9

Intracellular RNA

80 Extracellular RNA

60

40

SARS-CoV2 N2
Copy Number

20

% Inhibition (cell treatment)

A) or in the supernatants (extracellular; B), and dots
indicate the data obtained from individual donors;
the ratio between treated and untreated cells were
indicate as (D). C) The percentage inhibition of viral
RNA levels was calculated from the data obtained in
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statistical difference between the obtained AUCs were
calculated and *p < 0.05. E-G) Monocytes were pre-
treated or not with 10 mM HP-BCD, then, the cells
were mock-treated or infected with SARS-CoV-2 at a
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steps.

Vero E6 cells infected with SARS-CoV-2 showed an accumulation of
cholesterol at the proximity with dsRNA-enriched intracellular regions.
When the cells were pretreated with HP-BCD, we noticed a reorgani-
zation of intracellular cholesterol distribution and a remarkable reduc-
tion of dsRNA staining, suggesting that the drug may interfere with
replication complex assembly. However, since those assays were per-
formed at 48 hpi, we cannot exclude that decreased dsRNA and protein
resulted from lower infectivity of released virus particles, reducing the
infection rates at subsequential replication cycles. Indeed, by comparing
the inhibition of intracellular virus genomic and subgenomic RNA,
released virus RNA, and released infectious particles, one can assume
that HP-BCD mostly impaired the secretion of infectious particles.
Remarkably, no PFU was detected after cell treatment with 20 mM HP-
BCD, even when virus RNA was detected in the culture medium. Clari-
fying this aspect of HP-BCD effect on SARS-CoV2 replication will require
further investigation.

Similar findings were reported regarding dengue and influenza in-
fections. Dengue NS3 protease interacts with caveolin, in a predicted
association with cholesterol-rich membranes. Host cell treatment with
MBCD inhibited the release of infectious particles, possibly due to
reduced DENV polyprotein processing (Garcia Cordero et al., 2014).
Also, other studies had demonstrated that DENV treatment with MBCD
affected virus infectivity but had no effect on virus binding or entry
(Carro and Damonte, 2013; Carro et al., 2018). In vitro models of
Influenza infection showed that MBCD inhibited the transport of viral
proteins HA from trans-Golgi network to the apical membrane and also

11

24 h, the cell lysates were harvested and TNF-a (E),
IL-6 (F), and IL-10 (G) mRNA levels were measured
by qRT-PCR and calculated by AACt method, based
on GAPDH mRNA expression; bars indicate fold in-
duction in relation to mock-treated cells.

72hpi

disrupted virus membrane integrity, lowering the infectivity of the
budding Influenza virus (Keller and Simons, 1998; Barman and Nayak,
2007). Accordingly, a sulfonated p-cyclodextrin derivative did not affect
earlier steps of virus replication, but inhibited influenza infection in vitro
and in vivo (Goncharova et al., 2019).

A major finding revealed from our study is that HP-BCD treatment
also suppressed SARS-CoV-2-induced cellular activation and cytokine
production. Lung inflammation, sometimes accompanied with systemic
syndromes, are central issues associated to severe COVID-19 outcomes
(Yao et al., 2021). Patients with severe disease present with extensive
infiltration of leukocytes, and virus transcripts are detected in mono-
cytes in the lung. Increased BAL and plasma cytokine levels are markers
of severe disease and might contribute to exacerbated inflammation
(Coperchini et al., 2020; Lucas et al., 2020; Yao et al., 2021). We had
previously demonstrated that monocyte treatment with HP-BCD
downregulated the expression and secretion of certain inflammatory
cytokines, especially TNF-a, IL-10, and IL-6 (Matassoli et al., 2018).
Those cytokines are also upregulated by monocyte infection with
SARS-CoV-2, although at much lower level in comparison to LPS.
HP-BCD treatment reduced cytokine production to the levels of
mock-treated cultures. Treatment of lung epithelial cell line Calu-3 cells
also inhibited TNF-a and IL-6 expression, as well as CCL2 chemokine.
The latter may contribute to lower monocytes and neutrophils recruit-
ment and activation, diminishing airway respiratory inflammation and
COVID-19 symptoms. This effect may be a consequence of lower virus
replication and RNA sensing but could also be related to altered lipid
metabolism. Inhibition of lipid droplet formation decreased IL-6, TNF-o
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and IL-10 produced by monocytes infected with SARS-CoV-2 (Dias et al.,
2020). In addition, our previous study showed that HP-BCD impaired
signal transduction pathways triggered by toll like receptors activation
(Matassoli et al., 2018). Even though we can still not define whether
decreased cytokine production was a direct effect of HP-BCD on cytokine
gene expression or a consequence of lower virus replication and sensing,
reduced inflammation might benefit the patients, if clinical trials
proceed.

A limitation of our study is that we did not address virus replication
in lung primary cells, which could further strength the findings. Still, in
conclusion, we showed that HP-BCD potently inhibited the replication of
SARS-CoV-2 variants, and downregulated cytokine production by major
host cell models, suggesting that it may function as a broad-spectrum
compound, diminishing viral load and inflammatory condition in
COVID-19. HP-BCD warrants further investigation as a potential COVID-
19 therapeutic agent in pre-clinical and clinical investigations.
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