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Background and Purpose: Despite its contradictory clinical performance, remdesivir

(Veklury®) has a pivotal role in COVID-19 therapy. Possible contributions of

the vehicle, sulfobutylether-β-cyclodextrin (SBECD) to Veklury® effects have been

overlooked. The powder and solution formulations of Veklury® are treated equiva-

lently despite their different vehicle content. Our objective was to study Veklury®

effects on initial membrane-coupled events of SARS-CoV-2 infection focusing on the

cholesterol depletion-mediated role of SBECD.

Experimental Approach: Using time-correlated flow cytometry and quantitative

three-dimensional confocal microscopy, we studied early molecular events of

SARS-CoV-2–host cell membrane interactions.

Key Results: Veklury® and different cholesterol-depleting cyclodextrins (CDs)

reduced binding of the spike receptor-binding domain (RBD) to ACE2 and spike tri-

mer internalization for Wuhan-Hu-1, Delta and Omicron variants. Correlations of

these effects with cholesterol-dependent changes in membrane structure and

decreased lipid raft-dependent ACE2–TMPRSS2 interaction establish that SBECD is

not simply a vehicle but also an effector along with remdesivir due to its cholesterol-

depleting potential. Veklury® solution inhibited RBD binding more efficiently due to

its twice higher SBECD content. The CD-induced inhibitory effects were more prom-

inent at lower RBD concentrations and in cells with lower endogenous ACE2 expres-

sion, indicating that the supportive CD actions can be even more pronounced during

in vivo infection when viral load and ACE expression are typically low.

Conclusion and Implications: Our findings call for the differentiation of Veklury® for-

mulations in meta-analyses of clinical trials, potentially revealing neglected benefits

Abbreviations: CD, cyclodextrin; CHOL, cholesterol complexed with MβCD; CTX-B, cholera toxin subunit B; Delta, B.1.617.2 variant strain of SARS-CoV-2; F66, N-[3-(40-dihexylamino-

3-hydroxy-flavonyl-6-oxy)-propyl]N,N-dimethyl-N-(3-sulfopropyl)-ammonium inner salt; HPβCD, hydroxypropyl-β-cyclodextrin; MβCD, methyl-β-cyclodextrin; N*, normal excited state of F66;

Omicron, B.1.1.529 Ba1 variant strain of SARS-CoV-2; RBD, receptor-binding domain; REM, remdesivir (GS-5734) in DMSO; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2;

SBECD, sulfobutylether-β-cyclodextrin; T*, tautomeric excited state of F66; Veklury® P, powder formulation of Veklury® (remdesivir), Veklury® S, solution formulation of Veklury® (remdesivir);

WT, Wuhan-Hu-1 strain of SARS-CoV-2.
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of the solution formulation, and also raise the possibility of adjuvant cyclodextrin

(CD) therapy, even at higher doses, in COVID-19.
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1 | INTRODUCTION

Since its outbreak in 2019 in Wuhan, China, the coronavirus dis-

ease 2019 (COVID-19) pandemic remains the most serious health

emergency situation nowadays (Zhu et al., 2020). Although different

vaccines became available to reduce the incidence of life-

threatening conditions, their effectiveness can be reduced against

the continuously emerging severe acute respiratory syndrome coro-

navirus 2 (SARS-CoV-2) variants (Jackson et al., 2022; Tregoning

et al., 2021; Willett et al., 2022) such as B.1.617.2 variant strain of

SARS-CoV-2 (Delta) and B.1.1.529 Ba1 variant strain of SARS-

CoV-2 (Omicron) carrying key mutations in the receptor-binding

domain (RBD) of the spike glycoprotein (Meng et al., 2022; Planas

et al., 2021). In parallel, efficient management of hospitalized

severely diseased patients is still unresolved due to the lack of an

available specific and powerful medication (Ho et al., 2022; Malek

et al., 2021; Sanders et al., 2020). As a plausible first choice there

is remdesivir (Veklury®), a broad-spectrum adenosine-analogue pro-

drug that inhibits the structurally conserved viral RNA polymerases

(Cho et al., 2012; Warren et al., 2016), a repurposed medication

which, initially, was described as effective against Ebola virus

(Siegel et al., 2017; Warren et al., 2016) and, subsequently, severe

acute respiratory syndrome coronavirus 1 (SARS-CoV-1) and Middle

East respiratory syndrome coronavirus (MERS-CoV) (de Wit

et al., 2020; Sheahan et al., 2017, 2020). Due to its ability to inhibit

SARS-CoV-2 replication, which reduces infection in vitro and in vivo

(Choy et al., 2020; Pruijssers et al., 2020; Wang et al., 2020;

Williamson, Feldmann, et al., 2020), it reduces recovery time,

improves clinical status and decreases mortality in hospitalized

patients, as reported in early clinical studies (Beigel et al., 2020;

Spinner et al., 2020). Thus remdesivir became the first antiviral drug

approved by the US Food and Drug Administration and the

European Medicines Agency for the treatment of COVID-19 under

the trade name Veklury® from Gilead Sciences. Subsequent ran-

domized controlled trials overshadowed early optimism towards

remdesivir treatment because its application was not linked to sig-

nificant clinical benefits (Ader et al., 2022; Kaka et al., 2022; World

Health Organization [WHO] Solidarity Trial Consortium, 2021). Nev-

ertheless, the National Institutes of Health (NIH) guideline proposes

remdesivir as a basic drug in the therapeutic regime for COVID-19

with special indications, supporting its worldwide medical applica-

tion (COVID-19 Treatment Guidelines Panel of NIH, 2022). Further-

more, a recent trial demonstrated that early remdesivir could

prevent progression of the disease to the severe form in outpa-

tients (Gottlieb et al., 2022).

The initial cellular events of SARS-CoV-2 infection primarily

involve interactions with the host cell membrane and are highly influ-

enced by its cholesterol content (Li et al., 2021; Palacios-Rápalo

et al., 2021; Wang et al., 2021). Cholesterol-enriched lipid rafts orga-

nize viral entry points by ensuring the vicinity between angiotensin-

converting enzyme 2 (ACE2), the receptor for the viral spike glyco-

proteins, and transmembrane serine protease 2 (TMPRSS2), the main

cell surface protease responsible for spike processing leading to

membrane fusion and concomitant cytoplasmic uptake of viral RNA

(Hoffmann et al., 2020; Jackson et al., 2022; Palacios-Rápalo

et al., 2021; Zhou et al., 2020). In certain cell types with low TMPRSS2

expression, lipid raft-mediated or clathrin-dependent endocytic

pathways, also depending on cholesterol, target viral particles to

endosomal compartments leading to cathepsin-mediated cleavage of

spike proteins and subsequent cytoplasmic entry (Bayati et al., 2021;

What is already known

• Veklury® (remdesivir), formulated as powder or solution,

is a well-established drug in COVID-19 therapy.

• The contribution of the vehicle, sulfobutylether-β-cyclo-

dextrin (SBECD) to the therapeutic effect has not been

investigated.

What does this study add

• Cholesterol-depleting cyclodextrins and Veklury®

(remdesivir) formulations, due to their SBECD content,

disrupt lipid rafts.

• This effect is accompanied by the inhibition of ACE2

binding and internalization of SARS-CoV-2 spike

glycoprotein.

What is the clinical significance

• The findings suggest that Veklury® solution should be

preferred due to its higher SBECD content.

• The results propose that well-tolerable cyclodextrins

could be efficiently used as adjuvants in COVID-19.
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Hoffmann et al., 2020; Jackson et al., 2022; Li et al., 2021; Ou

et al., 2020; Ripa et al., 2021). In spite of the original Wuhan-Hu-1

strain (wild-type [WT]) and the Delta variant mainly relying on the

TMPRSS2-mediated route, the recently emerged Omicron Ba1 variant

preferentially uses endocytosis- and cathepsin-based entry (Meng

et al., 2022; Willett et al., 2022). The pathways used by all variants

substantially depend on cholesterol. Consistently, obesity and

cholesterol-related cardiovascular diseases are well-known risk factors

for increased disease severity (Guo et al., 2020; Williamson

et al., 2020). Veklury® is available as a powder (Veklury® P) or as a

concentrated solution (Veklury® S), both containing sulfobutylether-

β-cyclodextrin (SBECD) as the vehicle to increase solubility of the oth-

erwise poorly water-soluble remdesivir (Szente et al., 2021). Although

the two formulations have a major difference in the relative amount

of SBECD (3 g in powder compared with 6 g in solution of a single

dose of 100-mg remdesivir given by intravenous infusion [Gilead

Sciences, Inc., 2022]), they are considered equivalent in clinical

practice (COVID-19 Treatment Guidelines Panel of NIH, 2022;

WHO, 2022). While all the experimental and clinical studies examining

the effectiveness of Veklury® focused solely on remdesivir as the

‘active’ component, a possible contribution of the ‘inert carrier’ to

the effects through membrane cholesterol depletion and concomitant

interference with initial cellular steps of viral infection were not evalu-

ated despite the relatively high and different SBECD content in the

formulations. Furthermore, although numerous studies hypothesized

the potential beneficial effects of cyclodextrins (CDs) in COVID-19

(Fecchi et al., 2020; Garrido et al., 2020; Palacios-Rápalo et al., 2021;

Sorice et al., 2020; Zakany et al., 2022), these have not been con-

firmed experimentally using Veklury® formulations or CDs applied in

medical practice.

The objective of the current study was to examine whether

cholesterol-dependent early membrane-coupled cellular steps of

SARS-CoV-2 infection can be affected by Veklury® (remdesivir) for-

mulations due to their SBECD content independent of remdesivir.

Using time-correlated flow cytometry and three-dimensional (3D)

analysis of confocal microscopic images, we tested whether Veklury®

P, Veklury® S, SBECD or remdesivir alone influenced: (i) binding of

spike RBD to ACE2, (ii) colocalization of ACE2, TMPRSS2 and lipid

rafts, and (iii) cellular uptake of SARS-CoV-2 spike trimers for both

the Wuhan-Hu-1 strain (WT) and Delta variants. To support the

SBECD-mediated cholesterol extraction-based action of Veklury® we

also applied hydroxypropyl-β-cyclodextrin (HPβCD), a CD with an

established clinical application, to reduce cellular cholesterol in

Niemann–Pick disease, methyl-β-cyclodextrin (MβCD), the most effi-

cient cholesterol-complexing CD in vitro, and cholesterol loading. We

also tested if Veklury® S, containing twice higher amount of SBECD

than Veklury® P, inhibits RBD binding more efficiently than Veklury®

P at identical remdesivir concentrations, and whether supplementa-

tion of Veklury® P with SBECD can mirror the increased potency of

Veklury® S. We compared the effects of these treatments in Calu-3,

a cell line with an endogenous, low expression of ACE2, and an

ACE2- and TMPRSS2-overexpressing HEK cell line, and at low RBD

concentrations mimicking physiological conditions to emphasize the

biological relevance of our results. To underline the potential applica-

bility of our findings to the continuously appearing novel SARS-CoV-

2 variants with still cholesterol-dependent cellular entry, we further

examined Veklury® P, Veklury® S and SBECD actions on the Omi-

cron Ba1 variant as well.

2 | METHODS

2.1 | Cell cultures and treatments

The human embryonic kidney HEK293T cell line stably expressing

ACE2 and TMPRSS2 genes (HEK/ACE2 + TMPRSS2) was obtained

from GeneCopoeia (Rockville, MD; SL222), whereas the Calu-3 lung

adenocarcinoma cell line with endogenous expression of ACE2 and

TMPRSS2 was from the American Type Culture Collection (Manassas,

VA; HTB-55). Both cell lines were cultivated according to their

specifications.

In our experiments, HEK/ACE2 + TMPRSS2 or Calu-3 cells were

treated with various test compounds (see below) dissolved in normal

Ringer's solution (in mM: 145 NaCl, 5 KCl, 10 HEPES, 5.5 glucose, 2.5

CaCl2 and 1 MgCl2, pH 7.35) for 1 h followed by extensive washing

before further investigation.

2.2 | Examination of lipid raft integrity using
confocal laser-scanning microscopy

HEK/ACE2 + TMPRSS2 cells grown on eight-well chambered cover-

slip (ibidi, Gräfelfing, Germany; 80826) were treated for 1 h at room

temperature with MβCD, HPβCD, SBECD, Veklury® P or Veklury® S

at CD concentrations of 1, 5 and 10 mM, with cholesterol com-

plexed with MβCD (CHOL) at 200 μM or pure remdesivir (GS-5374;

REM) at 100 μM. After washing, the samples were labelled with

10-nM N-[3-(40-dihexylamino-3-hydroxy-flavonyl-6-oxy)-propyl]N,N-

dimethyl-N-(3-sulfopropyl)-ammonium inner salt (F66) and 8-μg�ml�1

Alexa Fluor 647-conjugated cholera toxin subunit B (CTX-B) for

20 min on ice. Images were acquired from the flat, bottom mem-

brane region of the cells adjacent to the coverslip using an LSM880

confocal laser-scanning microscope (Carl Zeiss AG, Jena, Germany).

Alexa Fluor 647 was excited at 633 nm and its emission was

detected between 649 and 759 nm, whereas F66 was examined

with an emission radiometric assay shown to be responsive to

changes in the dipole potential (Kovacs et al., 2017; Zakany

et al., 2021). The dye was excited at 405 nm and its emission was

measured in two different wavelength ranges, 463–527 and

543–589 nm, corresponding to the normal (N*) and tautomeric (T*)

forms of its excited state, respectively. Image processing was carried

out in manually selected pixels corresponding to the cell membrane

with the DIPimage toolbox (Delft University of Technology, Delft,

the Netherlands) under MATLAB (MathWorks, Natick, MA) as

described previously (Kovacs et al., 2017). Briefly, during image anal-

ysis, segmentation of images was performed with a custom-written

2066 KOVACS ET AL.
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algorithm in which a threshold intensity was determined for CTX-B

using the maxentropy algorithm confirmed by visual inspection.

Membrane pixels were considered ‘raft’ or ‘non-raft’ pixels if their

intensity was above or below the determined threshold, respectively.

Average T*/N* fluorescence intensity ratios positively correlating

with the magnitude of dipole potential were separately calculated

from individual pixels in the CTX-B high ‘raft’ and CTX-B low ‘non-
raft’ regions after background subtraction. Alternatively, because the

magnitude of dipole potential is significantly higher in lipid rafts

(Kovacs et al., 2017), a threshold value of the intensity ratio was

determined after comparison of pixelwise intensity ratio histograms

of CTX-B high and CTX-B low regions, and ‘raft’ and ‘non-raft’
pixels were defined as having larger or smaller T*/N* ratio values,

respectively, when compared to the threshold. This was followed by

calculation of the area fraction of ‘raft’ pixels in each cell compared

to all membrane pixels.

2.3 | Investigation of SARS-CoV-2 spike RBD
binding to ACE2 using flow cytometry

For the investigation of the time dependence of WT and Delta

SARS-CoV-2 spike RBD binding to cell surface ACE2, HEK/ACE2

+ TMPRSS2 cells were trypsinized and treated for 1 h at room tem-

perature with MβCD at various concentrations ranging from 0.25 to

10 mM. After washing, the cellular binding of GFP (green fluorescent

protein)-tagged WT (GenBank: MN908947.3) and Delta (B.1.617.2,

Indian variant) SARS-CoV-2 spike RBD (trenzyme, Konstanz,

Germany; P2020-031 and P2020-049, respectively) was quantified

with a NovoCyte 3000RYB flow cytometer (ACEA Biosciences, San

Diego, CA). GFP was excited at 488 nm, and the emitted intensity

was detected using a 530/30 emission filter. Measurements started

immediately after addition of RBD and continued for 5 min. Experi-

mental data were analysed first in FCS Express (De Novo Software,

Los Angeles, CA). Time-correlated fluorescence intensity values of

cells with a normal morphology on forward scatter (FSC)–side scatter

(SSC) dot plots were exported, and the moving averages of samples

were calculated with a window size of 10 s using a custom-written

MATLAB algorithm (Batta et al., 2021). During analysis, fluorescence

intensity values determined in the given time windows were normal-

ized to the average of intensities determined in the last time window

of untreated control samples. Experiments were carried out at differ-

ent RBD concentrations ranging between 0.05 and 5 μg�ml�1.

Alternatively, HEK/ACE2 + TMPRSS2 and Calu-3 cells were

trypsinized and treated for 1 h at room temperature with MβCD,

HPβCD, SBECD, Veklury® P, Veklury® S or 1:1 (w/w) Veklury® P:

SBECD solutions at CD concentrations ranging between 0.078 and

20 mM, with CHOL between 12.5 and 800 μM or REM between 75

and 1200 μM. After washing, HEK/ACE2 + TMPRSS2 cells were

incubated in the presence of 0.2-μg�ml�1 WT or 0.1-μg�ml�1 Delta

RBD–GFP, whereas Calu-3 cells were labelled with 1-μg�ml�1 WT or

0.5-μg�ml�1 Delta RBD–GFP for 4 min followed by measurement of

GFP fluorescence intensities in a time window of 30 s. For

investigating the Omicron variant (Omicron B.1.1.529 Ba1), experi-

ments were repeated after SBECD, Veklury® P or

Veklury® S treatments at CD concentrations of 1, 5 and 10 mM in

HEK/ACE2 + TMPRSS2 and Calu-3 cells using Omicron RBD–GFP

(trenzyme; P2020-061) at 0.2 and 1 μg�ml�1, respectively. During

data analysis in FCS Express, average intensity values were calculated

in each sample from data of cells with a normal morphology on FSC–

SSC dot plots and subsequently normalized to the mean value deter-

mined in untreated control samples.

2.4 | Determination of cell surface ACE2
expression using flow cytometry

HEK/ACE2 + TMPRSS2 and Calu-3 cells were trypsinized and trea-

ted for 1 h at room temperature with MβCD, HPβCD, SBECD, Vekl-

ury® P or Veklury® S at CD concentrations of 1, 5 and 10 mM,

with CHOL at 200 μM or REM at 100 μM. After washing,

HEK/ACE2 + TMPRSS2 cells were incubated for 30 min in the

presence of Alexa Fluor 488-tagged anti-ACE2 antibody (R&D Sys-

tems; FAB9332G) applied at a dilution of 1:50. Fluorescence inten-

sities of individual cells were measured with a NovoCyte 3000RYB

flow cytometer. Alexa Fluor 488 was excited at 488 nm, and the

emitted intensity was detected using a 530/30 emission filter. Dur-

ing data analysis in FCS Express, average intensity values were cal-

culated in each sample from data of cells with a normal

morphology on FSC–SSC dot plots and subsequently normalized to

the mean value determined in untreated control samples.

2.5 | Analysis of the colocalization between lipid
rafts, ACE2 and TMPRSS2 using confocal laser-
scanning microscopy

HEK/ACE2 + TMPRSS2 cells grown on eight-well chambered cover-

slip were treated for 1 h at room temperature with MβCD, HPβCD,

SBECD, Veklury® P or Veklury® S at CD concentrations of 1, 5 and

10 mM, with CHOL at 200 μM or REM at 100 μM. After washing,

cells were subsequently labelled with 8-μg�ml�1 Alexa Fluor

647-conjugated CTX-B and Alexa Fluor 488-tagged anti-ACE2 anti-

body applied at a dilution of 1:50. Alternatively, cells were labelled

with 8-μg�ml�1 Alexa Fluor 488-conjugated CTX-B (Thermo Fisher;

C22841) and anti-TMPRSS2 antibody (Thermo Fisher; PA5-14265)

applied at a dilution of 1:50, which was visualized with secondary

labelling using Alexa Fluor 647-tagged goat anti-rabbit IgG (Thermo

Fisher; A-21245) at a dilution of 1:500. In the third part of these mea-

surements, cells were labelled with Alexa Fluor 488-tagged anti-ACE2

and anti-TMPRSS2 antibodies, followed by secondary staining of the

latter antibody with Alexa Fluor 647-tagged goat anti-rabbit IgG. The

Alexa Fluor 488-tagged anti-ACE2 antibody was of mouse origin pre-

venting cross-reaction of the secondary antibody. Images were taken

from the flat, bottom membrane of cells adjacent to the coverslip

using a Zeiss LSM880 confocal laser-scanning microscope. Alexa Fluor

KOVACS ET AL. 2067
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488 and Alexa Fluor 647 were excited at 488 and 633 nm, respec-

tively, and their emission was detected in the wavelength ranges of

493–540 and 650–755 nm, respectively. During image processing

after manual selection of membrane pixels, the Pearson correlation

coefficient between fluorescence intensities of the two applied fluor-

ophores was determined from pixelwise data of individual cells using

a custom-written algorithm under MATLAB. To rule out the accidental

positive correlation, we determined the 95% confidence interval of

the coefficient assuming no correlation between the analysed parame-

ters for each image according to the method of Costes as previously

(Kovacs et al., 2017).

2.6 | Examination of SARS-CoV-2 spike trimer
internalization using confocal laser-scanning
microscopy

HEK/ACE2 + TMPRSS2 and Calu-3 cells grown on eight-well cham-

bered coverslip were treated for 1 h with MβCD, HPβCD, SBECD,

Veklury® P or Veklury® S at CD concentrations of 1 and 5 mM,

with CHOL at 200 μM or REM at 100 μM. After washing,

HEK/ACE2 + TMPRSS2 cells were subsequently incubated for 4 h

at 37�C in the presence of 0.5-μg�ml�1 WT or 0.25-μg�ml�1 Delta

spike trimer conjugated with Alexa Fluor 488 (R&D Systems;

AFG10561 and AFG10878, respectively), whereas Calu-3 cells were

labelled with 2.5-μg�ml�1 WT or 1.25-μg�ml�1 Delta trimer tagged

with Alexa Fluor 488. When using Omicron spike trimer conjugated

with Alexa Fluor 488 (R&D Systems; AFG11060), experiments were

repeated after SBECD, Veklury® P or Veklury® S treatments in

HEK/ACE2 + TMPRSS2 and Calu-3 cells using the trimer at 0.5

and 2.5 μg�ml�1, respectively. These trimer concentrations were

identical in molar concentrations to those used in RBD binding

experiments. In the last 15 min, cells were stained with 10-nM F66

to visualize cell membranes. After washing, 15–20 confocal slices

were acquired from the cells with a Zeiss LSM880 confocal laser-

scanning microscope. F66 and Alexa Fluor 488 were excited at

405 and 488 nm, respectively, whereas their emitted intensities

were detected in wavelength ranges of 440–480 and 493–550 nm,

respectively. During image analysis, pixels corresponding to the

plasma membrane and the intracellular space were identified in F66

Z-stack images using a custom-written 3D watershed algorithm in

MATLAB, and the average fluorescence intensity values emitted by

Alexa Fluor 488 were calculated using data of intracellular pixels

for each cell. The obtained values were normalized to the median

value determined from data of individual cells in untreated control

samples.

2.7 | Testing cell viability using flow cytometry

HEK/ACE2 + TMPRSS2 and Calu-3 cells were trypsinized and

treated for 1 h at room temperature with HPβCD, SBECD, Vekl-

ury® P or Veklury® S at CD concentrations of 5, 10 and 20 mM,

or, as a positive control, 0.5% Triton X-100 (Sigma-Aldrich,

St. Louis, MO; X100). After washing, cells were labelled with

SYTOX Green Dead Cell Stain and Alexa Fluor 647-conjugated

Annexin V at dilutions of 1:1000 and 1:20, respectively, in

Annexin binding buffer for 15 min at room temperature. Fluores-

cence intensities of individual cells were subsequently measured

using a NovoCyte 3000RYB flow cytometer. SYTOX Green and

Alexa Fluor 647 fluorophores were excited at 488 and 640 nm,

respectively, and emitted intensities were measured using

530/30 and 660/20 emission filters, respectively. During data

analysis, the fractions of SYTOX Green and Annexin V negative

living cells were calculated for each sample using FCS Express

and subsequently normalized to the mean value determined in

untreated control samples.

2.8 | Data handling and statistical analysis

Experiments were performed in a blinded way because the treat-

ments and measurements were carried out by different persons

and the latter was unaware of the type of treatment for the given

samples. Furthermore, primary analysis of experimental data was

also blinded because analyses and the experiments were performed

by different persons and the analyser was unaware of the experi-

mental conditions. Randomization is irrelevant in the case of this

study because all compared samples originated from the same cul-

ture flask. However, treatments and measurements were carried

out in different order to eliminate differences due to timing of

experiments.

Measured data are generally represented as mean ± SD from n

number of cells from at least five different experiments for confocal

microscopy or n number of independent experiments containing

data of at least 10,000 (time-point measurements) or 50,000 (kinetic

measurements) cells of normal morphology per sample for flow

cytometry. In the experiment investigating spike trimer uptake,

median and first and third quartile values are plotted. For the micro-

scopic and cytometric measurements, we tried to ensure that the

sample sizes were approximately the same; however, the experimen-

tal conditions (slightly different number of cells of normal morphol-

ogy after washing steps in flow cytometry, slightly different number

of cells in a single field of view in microscopic images or imperfect

identification of all cells in confocal images by the image-segmenting

watershed algorithm) did not allow exactly matching sample sizes.

Group size selection for each experimental protocol was based on

power analysis using type I and type II error probabilities of 0.05

and 0.2, respectively. For flow cytometry, an expected change with

the magnitude of two SDs predicted that a sample size of n ≥ 5

would be required for firm statistical significance. However, for

microscopic analysis, due to altered SDs originating from single cell

analysis, we carried out power analysis applying expected changes

of one SD for lipid raft disruption and colocalization experiments,

whereas one-third SD was used for trimer uptake analysis, which

gave required sample sizes of n ≥ 17 and n ≥ 150, respectively. The
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declared group sizes represent the numbers of independent values,

and statistical analysis was done using these independent values.

Flow cytometry and trimer uptake data were normalized to the

mean and median, respectively, of untreated control samples, which

was required to reduce within-group variability due to differences

between initial fluorescence intensities, which would have obscured

between-group differences. Outliers were included in data analysis

and presentation. Statistical analysis was carried out in GraphPad

Prism (La Jolla, CA). Statistical analysis was undertaken only for

studies where each group size was at least n = 5. Multiple compari-

sons were performed with one- or two-way ANOVA, and P values

were calculated based on post hoc Tukey's HSD tests that were

conducted only if the data were normally distributed and F in

ANOVA achieved P < 0.05. All differences were considered statisti-

cally significant when P < 0.05. Exact values of the parameters cal-

culated during statistical analysis are summarized in supporting

information tables for each figure. The data and statistical analysis

comply with the recommendations of the British Journal of Pharma-

cology on experimental design and analysis in pharmacology (Curtis

et al., 2022).

2.9 | Materials

Methyl-β-cyclodextrin (MβCD; CYL-1859), hydroxypropyl-

β-cyclodextrin (HPβCD; CYL-4259), sulfobutylether-β-cyclodextrin

(SBECD; CYL-4815) and cholesterol complexed with MβCD (CHOL,

CYL-3644) were obtained from CycloLab Cyclodextrin R&D Labora-

tory (Budapest, Hungary). Veklury® in both powder (Veklury® P) and

solution (Veklury® S) forms were produced by Gilead Sciences (Foster

City, CA). Pure remdesivir (REM, GS-5734) was from R&D Systems

(Minneapolis, MN; 7226) and dissolved in DMSO with the DMSO

concentration being always lower than 0.05% during treatments of

cells. N-[3-(40-dihexylamino-3-hydroxy-flavonyl-6-oxy)-propyl]N,N-

dimethyl-N-(3-sulfopropyl)-ammonium inner salt (F66) was a kind gift

from Andrey Klymchenko (Université de Strasbourg, Strasbourg,

France). Cholera toxin subunit B (CTX-B; C34778), SYTOX Green

Dead Cell Stain (S7020) and Alexa Fluor 647-conjugated Annexin V

(A23204) were purchased from Thermo Fisher, Waltham, MA,

U.S.A. Triton X-100 was obtained from Sigma-Aldrich, St. Louis, MO,

U.S.A.; X100. Details of other materials and suppliers were provided

in the specific sections.

2.10 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked

to corresponding entries in the IUPHAR/BPS Guide to

PHARMACOLOGY http://www.guidetopharmacology.org and are

permanently archived in the Concise Guide to PHARMACOLOGY

2021/22 (Alexander, Fabbro, et al., 2021, Alexander, Kelly,

et al., 2021).

3 | RESULTS

3.1 | Changes in cell membrane structure induced
by Veklury® (remdesivir) formulations and
cyclodextrins (CDs) lead to disruption of lipid rafts and
are correlated with membrane cholesterol

CDs can extract membrane cholesterol and consequently alter

biophysical properties of the cell membrane and disrupt raft microdo-

mains (Kovacs et al., 2021, 2022; Zidovetzki & Levitan, 2007). Due to

the SBECD content of Veklury® formulations, they may also induce

alterations in the organization of the cell membrane (Davidson

et al., 2016). However, this has not been tested yet. To establish that

the CD component of Veklury® formulations may be of medical rele-

vance, we assessed the ability of Veklury® P, Veklury® S, their vehicle

SBECD and the ‘active’ component REM, applied in concentrations

approximating to the therapeutic dose (see Section 4), to modify

membrane structure and induce lipid raft disruption in HEK/ACE2

+ TMPRSS2 cells. In addition, we compared the effects of these com-

pounds with those of HPβCD, another cholesterol-complexing CD

used in vivo (Loftsson & Brewster, 2010; Stella & He, 2008; Zakany

et al., 2022), and MβCD, the CD derivative with the highest in vitro

cholesterol-binding efficiency (Kovacs et al., 2021; Szente

et al., 2018), to test the maximal potential extents of CD-induced

effects. To support the correlation between the observed CD-induced

alterations of membrane structure and membrane cholesterol levels,

we also examined changes in response to cholesterol supplementation

using cholesterol–MβCD complexes (CHOL). We employed a confocal

microscopy-based emission radiometric approach to quantify alter-

ations in membrane biophysical properties in living cells utilizing F66,

an environment-sensitive fluorophore with two well-separated bands

in its emission spectrum corresponding to normal (N*) and tautomer

(T*) excited states. The T*/N* emission ratio of F66 positively corre-

lates with the magnitude of dipole potential, a membrane biophysical

parameter strongly related to membrane hydration and fluidity and

substantially determined by membrane cholesterol level with having

larger emission ratio in lipid rafts when compared to non-raft regions

(Kovacs et al., 2017; Zakany et al., 2021). We labelled HEK/ACE2

+ TMPRSS2 cells with F66 and CTX-B, a widely applied marker of

lipid rafts due to its selective binding to raft-resident GM1 ganglioside

(Kovacs et al., 2017). Images were recorded from the flat, bottom

membrane region of cells adjacent to the coverslip (Figure 1a) and the

F66 T*/N* fluorescence ratio was determined on a pixel-by-pixel

basis, whereas the CTX-B images were segmented into raft and non-

raft regions based on CTX-B intensities. Consistent with our previous

results (Kovacs et al., 2017), we observed that the F66 T*/N* ratio

was larger in CTX-B high raft regions than in CTX-B low non-raft

membrane pixels (Figure 1b). Similarly, the average F66 T*/N* ratios

were systematically higher in CTX-B high raft domains than outside

them in all treated samples (Figure 1c filled circles vs. empty squares

and Table S1). Due to its highest cholesterol-complexing ability,

MβCD induced the largest concentration-dependent decreases in the
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F66 T*/N* ratios in both raft and non-raft regions. HPβCD also

resulted in concentration-dependent reductions that, while being

smaller than those after MβCD, were significant even at 1 mM, the

smallest applied concentration. Both Veklury® formulations resulted

in significantly lower T*/N* values in a concentration-dependent

manner both inside and outside rafts, and the changes were of similar

magnitude as for HPβCD. When examining SBECD, the vehicle and

REM, the active compound alone, changes induced by SBECD were

indistinguishable from those after Veklury® P and Veklury® S at iden-

tical CD concentrations, whereas REM exerted no significant effects

in any membrane regions. In contrast, CHOL significantly increased

T*/N* ratios mainly in raft areas. These results supported that CDs

significantly modified membrane structure in both lipid raft

microdomains and non-raft regions of the cell membrane when

applied alone or as Veklury® formulations in a cholesterol-dependent

manner.

As an alternative to dividing the membrane to raft and non-raft

regions according to their CTX-B binding, we defined lipid rafts utiliz-

ing their unique biophysical properties and estimated changes in the

fraction of membrane area occupied by these microdomains. We

determined a threshold F66 T*/N* ratio based on histograms of

CTX-B high and CTX-B low areas of control samples (Figure 1b, red

line) and calculated the fraction of membrane pixels above this thresh-

old demonstrating elevated dipole potential. The threshold value was

chosen to result in a segmentation pattern similar to that obtained in

the first method (Figure 1a). We observed strongly consistent results,

F IGURE 1 Veklury® (remdesivir) formulations induce alterations in membrane structure and disrupt lipid rafts similarly to cyclodextrins (CDs)
in a cholesterol-dependent manner independently of remdesivir. (a) Control HEK/ACE2 + TMPRSS2 cells and those treated with 1-, 5- or 10-mM
MβCD, HPβCD, SBECD, Veklury® P (powder) or Veklury® S (solution), 100-μM remdesivir (REM) or 200-μM cholesterol (CHOL) were labelled
with cholera toxin subunit B (CTX-B), a lipid raft marker, and N-[3-(40-dihexylamino-3-hydroxy-flavonyl-6-oxy)-propyl]N,N-dimethyl-N-
(3-sulfopropyl)-ammonium inner salt (F66), an environment-sensitive fluorescent indicator. Representative confocal microscopic images taken

from the flat, bottom membrane region adjacent to the coverslip show F66 intensities of the normal (N*) and tautomeric (T*) excited states and
the T*/N* emission ratios calculated pixel by pixel. Cell membrane masks selected manually in CTX-B images were segmented using the
maxentropy algorithm to ‘raft’ (CTX-B high) and ‘non-raft’ (CTX-B low) regions corresponding to high and low intensities of the raft markers,
respectively, and average T*/N* intensity ratios were determined separately for the two masks (symbols in [c]). (b) Pixelwise distributions of the
T*/N* F66 emission ratio in CTX-B high ‘raft’ and CTX-B low ‘non-raft’ regions of control cells are displayed. As an alternative definition for raft
regions, a threshold value of the T*/N* ratio was determined (red dashed line) and membrane pixels were considered as ‘raft’ and ‘non-raft’
regions when being above and below the threshold, respectively (evaluation shown by the bars in [c]). The threshold value was chosen to result in
a segmentation pattern similar to that obtained in (a). (c) The average F66 T*/N* ratios calculated for CTX-B high ‘raft’ and CTX-B low ‘non-raft’
pixels (circles and squares, respectively; numerical values to be read on the left vertical axis) as well as the relative fraction of ‘raft’ pixels (bars,
numerical values to be read on the right vertical axis) above the F66 emission ratio threshold (shown by the red line in [b]) were determined in
individual cells (n = 20) and the mean ± SD values are plotted. Asterisks indicate significant differences compared to the control samples
(*P < 0.05; one-way ANOVA followed by Tukey's HSD test). See details of statistical analysis in Table S1.
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as MβCD, HPβCD, SBECD, Veklury® P and Veklury® S significantly

and concentration-dependently reduced the relative area occupied by

lipid rafts, whereas REM had no effects and CHOL increased it

(Figure 1c columns and Table S1). These findings support that

Veklury® formulations, independent of their remdesivir content,

induce significant alterations in membrane structure and lipid raft

integrity, similarly to cholesterol-depleting CDs and contrary to cho-

lesterol loading.

F IGURE 2 Methyl-β cyclodextrin (MβCD)-induced reductions in ACE2 binding of Wuhan-Hu-1 strain of SARS-CoV-2 (WT) and Delta SARS-
CoV-2 spike receptor-binding domains (RBDs) negatively correlate with the applied RBD concentrations. HEK/ACE2 + TMPRSS2 cells were
treated with different concentrations of MβCD ranging between 0.25 and 10 mM. Fluorescence intensities of cells were measured using flow
cytometry for 5 min continuously starting immediately after the addition of GFP-conjugated WT (a) or Delta (b) SARS-CoV-2 spike RBDs applied
at various concentrations between 0.1 and 5 μg�ml�1, or 0.05 and 2.5 μg�ml�1, respectively. Moving averages of time-correlated fluorescence
intensities of at least 50,000 cells of normal morphology were determined with a window size of 10 s and subsequently normalized to the
average of intensities obtained in the last time window of untreated control samples. Mean ± SD values were calculated from data of six
independent samples per treatment condition and plotted as a function of time (starting �20 s after RBD addition). The extents of inhibition of
WT (a) and Delta (b) RBD binding at the end of the measurement time in response to various MβCD concentrations were calculated and plotted
as mean ± SD as a function of the applied RBD concentration in the right panels. Asterisks indicate significant differences of samples treated with
the lowest versus highest RBD concentrations at each applied CD concentration (*P < 0.05; two-way ANOVA followed by Tukey's HSD test). See
details of statistical analysis in Table S2.
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3.2 | Veklury® (remdesivir) formulations decrease
ACE2 binding of Wuhan-Hu-1 strain (WT) and Delta
SARS-CoV-2 spike receptor-binding domains (RBDs)
correlating with their SBECD content

To investigate whether CD-induced alterations in membrane struc-

ture influence the first step in the interaction of SARS-CoV-2 with

cells, we studied the cellular binding of WT and Delta SARS-CoV-2

spike RBDs conjugated with GFP. First, using confocal microscopy,

we demonstrated that these RBDs bind to the membrane of

HEK/ACE2 + TMPRSS2 cells after 5 min of incubation. On the con-

trary, RBDs fail to interact with HEK cells that do not express ACE2

(Figure S1A–C). Next, we followed the time dependence of RBD

binding using a time-correlated flow cytometry method (Batta

et al., 2021) by measuring the fluorescence intensity of individual

cells with a normal morphology immediately after RBD addition for

up to 5 min. Although this method did not provide information about

the first �20 s of incubation due to technical limitations, it precisely

and reproducibly characterized the following 5 min of RBD binding.

These experiments demonstrated that a considerable amount of RBD

is bound to the cells even after short incubation, which depended on

incubation time, the RBD concentration and the type of RBD

because, consistent with previously published results (Wang

et al., 2022; Yang et al., 2021), binding of the Delta variant was supe-

rior to that of the WT at a given RBD concentration (Figure S1D).

MβCD, the CD with the highest efficiency to induce membrane

structure alterations, significantly inhibited cellular binding of both

WT and Delta RBDs in a concentration-dependent manner and the

extents of MβCD-induced reductions showed negative correlation

with the amount of applied RBD in both examined variants (Figure 2

and Table S2). In particular, 10-mM MβCD hindered WT RBD binding

by 10%–12% at the highest applied RBD concentration and the

inhibitory effect increased to 27%–28% at the lowest examined RBD

concentration. Binding of the WT RBD was consistently more sensi-

tive to MβCD-induced inhibition than that of the Delta variant. These

findings have two important consequences: (i) because the experi-

mentally applied RBD/spike concentrations are higher than those

reached in vivo, effects induced by MβCD are expected to be much

larger at medically relevant RBD/spike concentrations (see calcula-

tions in Section 4 for further details); and (ii) it is advisable to exam-

ine RBD binding at as low RBD concentrations as permitted by

methodological limitations. Therefore, we carried out subsequent

experiments at the lowest possible RBD/trimer concentrations with

still adequate signal-to-noise ratios. These results suggested that the

cholesterol-complexing MβCD efficiently decreases RBD binding of

both variants to the cell surface.

To compare the ability of Veklury® formulations and medically

more relevant CDs, such as SBECD and HPβCD, to that of MβCD

to inhibit cellular binding of WT (0.2 μg�ml�1) and Delta

(0.1 μg�ml�1) RBDs, we quantified cell-bound fluorescence signals in

HEK/ACE2 + TMPRSS2 cells after 4-min incubation in the presence

of RBDs using flow cytometry applying a dilution series of CD con-

centrations between 0.078 and 20 mM. MβCD concentration-

dependently lowered binding of both WT and Delta RBDs with the

effects slightly larger in the former with maximal reductions of 35%

and 23%, respectively (Figure 3a left panels and Table S3). HPβCD

treatment resulted in similar changes, albeit of smaller magnitude,

and consistent with the previous experiments, SBECD, Veklury® P

and Veklury® S significantly decreased binding of both WT and

Delta RBDs with a maximal inhibition observed at 20 mM ranging

between 17%–21% and 13%–16% for WT and Delta RBDs, respec-

tively. CD-induced effects showed statistical significance above

0.625–1.25 mM, whereas no significant difference was obtained

between SBECD, Veklury® P and Veklury® S at identical CD con-

centrations. Consistent with our hypothesis that the SBECD content

of the Veklury® formulations is the active component in this aspect,

REM alone did not result in significant effects on RBD binding even

at 1200-μM concentration. An alternative presentation of data,

where the effects of Veklury® P and Veklury® S were compared at

identical remdesivir concentrations (Figure 3a right panels), showed

that Veklury® S was significantly more effective compared to Vekl-

ury® P in inhibiting the binding of both RBD variants. This phenom-

enon can be the consequence of the higher relative SBECD content

of Veklury® S. If this assumption was true, then supplementing

Veklury® P with SBECD should increase its potency in modulating

RBD binding. To this end, we performed RBD binding assays using

Veklury® P supplemented with SBECD in a 1:1 (w/w) ratio, which

brings the SBECD concentration of the mixture to that of Veklury®

S and found that the effects of the mixture were quantitatively

identical to those caused by Veklury® S using either RBD variants.

On the other hand, CHOL elevated binding of both WT and Delta

RBDs in a concentration-dependent manner with maximal effects of

7%–8% at the highest applied dose of 800 μM and changes being

significant above 100 and 200 μM, respectively, corroborating the

cholesterol dependence of RBD binding to ACE2.

Because ACE2- and TMPRSS2-overexpressing HEK cell lines,

most widely used in in vitro SARS-CoV-2 studies, are characterized by

supraphysiological ACE2 and TMPRSS2 levels, the measurements

were repeated in Calu-3 cells with lower level of endogenous ACE2

expression, thereby presenting a medically more relevant model sys-

tem. Accordingly, we observed lower degree of membrane binding of

SARS-CoV-2 RBDs (Figure S2). In general, as shown in Figure 3b and

Table S3, the changes in RBD binding induced by the treatments

strongly correlated with those observed in HEK/ACE2 + TMPRSS2

cells and were even of higher magnitude, although much higher RBD

concentrations were required for the measurements in Calu-3 (1.0

and 0.5 μg�ml�1 for WT and Delta variants, respectively). All of the

examined CDs including MβCD, HPβCD and SBECD, both Veklury® P

and Veklury® S, and the Veklury® P:SBECD mixture effectively and

dose-dependently blocked WT RBD binding with maximal reductions

of 41%–50% and inhibition being statistically significant above

0.625–1.25 mM (Figure 3b left panels). Again, REM failed to change

WT RBD binding significantly, whereas CHOL elevated it (maximal

effect of 30% at 800 μM and significant changes above 200 μM)

(Figure 3b right panels). We observed no statistically significant differ-

ences between alterations in response to SBECD, Veklury®
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P, Veklury® S and Veklury® P:SBECD at identical CD concentrations

(Figure 3b left panels), whereas at a given applied remdesivir concen-

tration, Veklury® S and Veklury® P:SBECD were more effective than

Veklury® P (Figure 3b right panels). Strongly consistent changes were

found when examining Delta RBD, as MβCD, HPβCD, SBECD, Vekl-

ury® P, Veklury® S and Veklury® P:SBECD decreased RBD binding

F IGURE 3 Veklury® (remdesivir) formulations and cyclodextrin (CDs) reduce the cellular binding of Wuhan-Hu-1 strain of SARS-CoV-2 (WT)
and Delta SARS-CoV-2 spike receptor-binding domain (RBDs) in a cholesterol-dependent manner. HEK/ACE2 + TMPRSS2 (a) or Calu-3 (b) cells
were treated with a dilution series of MβCD, HPβCD, SBECD, Veklury® P (powder), Veklury® S (solution) or a 1:1 (w/w) mixture of Veklury® P
and SBECD at CD concentrations ranging between 0.078 and 20 mM, remdesivir (REM) between 75 and 1200 μM or cholesterol (CHOL)
between 12.5 and 800 μM. HEK/ACE2 + TMPRSS2 cells were incubated in the presence of 0.2-μg�ml�1 WT or 0.1-μg�ml�1 Delta SARS-CoV-2
spike RBD–GFP, whereas Calu-3 cells were labelled with 1-μg�ml�1 WT or 0.5-μg�ml�1 Delta RBD–GFP for 4 min. The emitted fluorescence
intensities of individual cells were subsequently measured using flow cytometry and the mean intensity was calculated from data of at least
10,000 cells of normal morphology per sample. The average values of six independent measurements (±SD) were calculated, normalized to the
mean value determined in untreated control samples and plotted as a function of the applied concentrations of CD (in the left panels) and CHOL
or REM (in the right panels). Asterisks indicate significant differences of samples treated with the highest applied concentrations compared to the
control samples (*P < 0.05; two-way ANOVA followed by Tukey's HSD test). See details of statistical analysis in Table S3.
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(maximal effects of 38%–45%, significant changes above 0.625–

1.25 mM), whereas REM induced no changes and CHOL increased it

(maximal effect of 25%, significant changes above 200 μM). Again, no

differences were observed between SBECD, Veklury® P, Veklury® S

and Veklury® P:SBECD at a given CD concentration and the effects

of Veklury® S and Veklury® P:SBECD were superior to those of Vekl-

ury® P at identical remdesivir concentrations. In general, the effects

were larger for WT RBD compared to Delta. These results strongly

support that Veklury® formulations can reduce ACE2 binding of both

WT and Delta RBDs via their cholesterol-extracting effects, which

is independent of remdesivir. Furthermore, Veklury® S was more

effective than Veklury® P due to its higher SBECD content.

3.3 | Both Veklury® (remdesivir) formulations and
CDs reduce cell surface expression of ACE2 and its
colocalization with lipid rafts and TMPRSS2

To investigate possible mechanisms contributing to inhibition of

SARS-CoV-2 spike RBD binding to the cell membrane, first, we

examined possible changes in the cell surface expression of ACE2

because previous studies suggested that reduced membrane choles-

terol levels in response to MβCD or statin treatment result in lower

ACE2 levels in the cell membrane (Teixeira et al., 2022; Wang

et al., 2021). Consistent with these studies, we observed

concentration-dependent reductions of ACE2 levels in the cell mem-

brane after treating HEK/ACE2 + TMPRSS2 cells with MβCD,

HPβCD, SBECD, Veklury® P and Veklury® S. The dose-dependent

changes were already significant at the lowest examined concentra-

tion of 1-mM CD and increased up to a 23%–42% reduction in

ACE2 expression at the highest applied dose of 10-mM CD

(Figure 4a and Table S4). On the other hand, REM did not change

ACE2 level significantly, whereas 200-μM CHOL increased it by

16%. These data support that the amount of membrane cholesterol

positively correlates with the extent of ACE2 localization on the cell

surface and, therefore, the efficiency of binding of the SARS-CoV-2

spike RBD to target cells.

Lipid raft microdomains of the cell membrane are characterized

by a unique composition with high levels of cholesterol and the pref-

erential accumulation of certain transmembrane proteins. Therefore,

CDs having the ability to extract cholesterol from the cell membrane

can induce lipid raft disruption and consequent changes in the distri-

bution of various cell surface receptors (Kovacs et al., 2022; Palacios-

Rápalo et al., 2021; Sezgin et al., 2017; Wang et al., 2021; Zakany

et al., 2020; Zidovetzki & Levitan, 2007). To test the hypothesis that

Veklury® formulations and cholesterol-complexing CDs can affect lat-

eral distribution of ACE2 and TMPRSS2, we evaluated their ability to

modify the lipid raft partitioning of ACE2 and TMPRSS2 in the plasma

membrane of HEK/ACE2 + TMPRSS2 cells. Using confocal micros-

copy and quantitative image analysis, we determined the Pearson cor-

relation coefficients between the intensities of fluorophores

visualizing lipid rafts, ACE2 and TMPRSS2, which quantify the extents

of colocalization of the labelled objects. In control cells, the strongly

positive correlation coefficients between lipid rafts and ACE2 or

TMPRSS2 suggested that these two proteins are preferentially local-

ized in lipid rafts (Figure 4b,c and Table S4). Similarly, a positive corre-

lation was found between ACE2 and TMPRSS2, suggesting that these

proteins tend to localize in the vicinity of each other, and this proxim-

ity can contribute to the generation of platforms with multiple viral

entry points organized by lipid rafts (Figure 4d and Table S4). The sta-

tistical significance of the observed colocalizations is supported by the

fact that the calculated coefficients were far outside the 95% confi-

dence intervals determined when assuming the absence of correlation

(Figure 4b–d, grey shaded areas). When examining colocalization

parameters after CD treatments, we observed CD-induced changes

that strongly correlated with alterations induced in lipid raft integrity

(Figure 1c) because all CDs as well as both Veklury® formulations sig-

nificantly lowered Pearson coefficients between lipid raft, ACE2 and

TMPRSS2 signals in a concentration-dependent manner. MβCD

induced changes of the largest magnitude, whereas HPβCD, SBECD,

Veklury® P and Veklury® S exerted alterations of similar extent, as no

significant differences were observed between these samples at any

examined concentration. On the other hand, REM did not change any

of the coefficients significantly, whereas CHOL treatment resulted in

significantly higher colocalizations. These results strongly support our

hypothesis that lipid raft disruption induced by Veklury® formulations

and cholesterol-complexing CDs is accompanied by a modified lateral

distribution of ACE2 and TMPRSS2 characterized by decreased raft

partitioning of these proteins. Furthermore, the lower ACE2–

TMPRSS2 colocalization suggests that their decreased vicinity in the

cell membrane could lead to a reduced efficiency of the

TMPRSS2-mediated cellular entry pathway in response to these

treatments.

3.4 | Veklury® (remdesivir) formulations and
cholesterol-complexing CDs decrease cellular uptake
of WT and Delta SARS-CoV-2 spike trimers

In addition to the cellular entry pathway mediated by cell surface pro-

teases, SARS-CoV-2 can enter cells via endocytosis and subsequent

trimer cleavage by cathepsins in endosomal compartments (Bayati

et al., 2021; Jackson et al., 2022; Li et al., 2021; Ou et al., 2020).

Because endocytic mechanisms including raft- and clathrin-mediated

endocytosis generally depend on membrane cholesterol levels (Ripa

et al., 2021), Veklury® formulations and cholesterol-complexing CDs

can alter the efficiency of these processes as well. To examine this

eventuality, we incubated cells for 4 h in the presence of WT or Delta

trimers (0.5 and 0.25 μg�ml�1, respectively) conjugated with Alexa

Fluor 488 and examined them with a confocal microscope. First, we

demonstrated that trimers are selectively bound to HEK/ACE2

+ TMPRSS2 cells and internalized by the end of the incubation

whereas binding and internalization were absent when WT HEK cells

lacking the ACE2 and TMPRSS2 were used (Figure S3). For quantita-

tive analysis of trimer uptake, we recorded Z-stack images containing

15–20 slices from cells treated with Veklury® formulations, CDs, REM
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or CHOL and incubated in the presence of WT or Delta trimers. The

cell membrane was visualized using F66 for determination of the

Alexa Fluor 488 signal originating from internalized trimers

(Figure 5a). After identifying cell membrane and intracellular pixels

using a 3D watershed algorithm based on F66 images (Figure 5b), we

determined the average Alexa Fluor 488 intensity characterizing the

amount of internalized trimers using data of intracellular pixels for

each cell. In these experiments, MβCD concentration-dependently

decreased the uptake of both WT and Delta trimers, reaching 52%

and 58% at the highest examined dose of 5 mM, respectively, when

compared to controls (Figure 5c and Table S5). Similarly, HPβCD,

SBECD, Veklury® P and Veklury® S also concentration-dependently

inhibited internalization of both variants, with maximal reductions to

66%–68% and 69%–74% at 5 mM, respectively, for WT and Delta tri-

mers. All of the observed CD-induced changes were found statistically

significant at both 1 and 5 mM for all compounds, whereas no signifi-

cant differences were observed between SBECD, Veklury® P and

Veklury® S at any given CD concentration. On the contrary, REM did

not modify the uptake of any variants, whereas CHOL significantly

stimulated it by 21%–23%.

We repeated the measurements in Calu-3 cells (with 2.5-μg�ml�1

WT and 1.25-μg�ml�1 Delta trimers) and observed results in a good

agreement with those in HEK/ACE2 + TMPRSS2 (Figure 5d and

Table S5). Notably, all CDs and both Veklury® formulations effectively

and dose-dependently inhibited internalization of both trimers with

significant effects at both 1 and 5 mM. In general, reductions of inter-

nalization were higher in Calu-3 cells (at 5-mM CD, trimer uptake was

reduced to 46%–58% for WT and 53%–67% for Delta) than in

HEK/ACE2 + TMPRSS2 (for WT, significant differences were found

between the two cell types after all examined CDs, whereas for Delta,

in the cases of HPβCD and Veklury® P; P < 0.05). Again, no significant

differences were found between SBECD, Veklury® P and Veklury® S.

REM failed to modify WT or Delta trimer uptake, whereas CHOL

resulted in significant increases to 117% and 111%, respectively.

These results convincingly suggest that Veklury® formulations and

cholesterol-complexing CDs inhibit internalization of both WT and

Delta trimers and, therefore, can modify endocytosis-dependent cellu-

lar entry pathways of SARS-CoV-2.

3.5 | Veklury® (remdesivir) formulations and
SBECD retain their ability to inhibit ACE2 binding and
cellular internalization of the Omicron variant

To test if Veklury® formulations can also interfere with membrane

binding and cellular internalization of newly emerging SARS-CoV-2

variants in an SBECD content-dependent manner, we performed the

same experiments shown in Figures 3 and 5 using fluorophore-

conjugated Omicron Ba1 RBDs and trimers, and applied Veklury® P,

Veklury® S and SBECD at CD concentrations of 1, 5 and 10 mM.

When examining cell surface binding of GFP-conjugated Omicron

RBD (0.2 μg�ml�1) in HEK/ACE2 + TMPRSS2 cells, we observed that

Veklury® P and Veklury® S, and also SBECD reduced Omicron RBD

binding in a CD concentration-dependent manner (Figure 6a left panel

and Table S6). The extents of inhibition were similar to those

observed previously with the other RBDs, with an inhibition of �15%

at the maximal applied CD concentration of 10 mM and significant

changes even at the lowest tested concentration of 1 mM. Similar to

the observations with the WT and Delta RBD variants, the magnitude

of inhibition of Omicron RBD binding (1 μg�ml�1) to Calu-3 cells

induced by the treatments was higher than in HEK/ACE2

+ TMPRSS2 cells with an inhibition of �35% after 10 mM (Figure 6a

right panel and Table S6). In both cell types, Veklury® P, Veklury® S

and SBECD exerted quantitatively indistinguishable effects indicating

that the action is related to the CD content of the treatments.

Next, we examined if Veklury® P, Veklury® S and SBECD applied

at 1- and 5-mM CD concentrations can interfere with the cellular

entry of Alexa Fluor 488-conjugated Omicron trimer. In these experi-

ments, we used the confocal microscope-based quantitative 3D

approach as described above (Figure 5 and the corresponding results).

In harmony with the results obtained for WT and Delta trimers in

HEK/ACE2 + TMPRSS2 cells, Veklury® P, Veklury® S and SBECD

concentration-dependently reduced the uptake of the Omicron trimer

(0.5 μg�ml�1) as well, with an �40% decrease at 5-mM CD (Figure 6b

left panel and Table S6). A similar, dose-dependent inhibition of Omi-

cron trimer (2.5 μg�ml�1) internalization was observed in Calu-3 cells

(Figure 6b right panel and Table S6). In both cell types, reductions

were statistically significant even at 1-mM CD. Changes induced by

F IGURE 4 Veklury® (remdesivir) formulations and cyclodextrins (CDs) decrease cell surface ACE2 expression and colocalization between lipid
rafts, ACE2 and TMPRSS2. (a) HEK/ACE2 + TMPRSS2 cells were treated with 1-, 5- or 10-mM MβCD, HPβCD, SBECD, Veklury® P (powder) or
Veklury® S (solution), 100-μM remdesivir (REM) or 200-μM cholesterol (CHOL), and the levels of cell surface ACE2 were examined using Alexa
Fluor 488-conjugated anti-ACE2 antibodies and flow cytometry. The mean intensity was calculated from data of at least 10,000 cells of normal
morphology per sample and subsequently normalized to the mean value determined in untreated control samples. The average values of six
independent measurements (±SD) were calculated and plotted in the figure in addition to mean values of individual samples. Control cells and
those treated as above were labelled with cholera toxin subunit B (CTX-B) and anti-ACE2 antibody (b), CTX-B and anti-TMPRSS2 antibody (c), or
anti-ACE2 and anti-TMPRSS2 antibodies (d), and the Pearson correlation coefficient values between fluorescence intensities of the two applied

fluorophores were determined from pixelwise data of individual cells and plotted as mean ± SD in addition to values of individual cells. The
number of cells obtained from five independent experiments and involved in the analysis was from left to right: 52, 44, 47, 42, 44, 45, 46, 46,
46, 48, 47, 44, 46, 43, 45, 48, 53 and 41 for CTX-B versus anti-ACE2; 40, 40, 46, 45, 44, 45, 40, 40, 44, 47, 41, 40, 41, 44, 42, 42, 46 and 40 for
CTX-B versus anti-TMPRSS2; and 40, 44, 41, 41, 45, 51, 44, 44, 47, 47, 47, 50, 51, 43, 46, 47, 40 and 40 for anti-ACE2 versus anti-TMPRSS2.
The 95% confidence interval of the coefficient assuming no correlation was determined for each image and its mean values were displayed as
grey dotted areas. Asterisks indicate significant differences compared to the control samples (*P < 0.05; one-way ANOVA followed by Tukey's
HSD test). See details of statistical analysis in Table S4.
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Veklury® P, Veklury® S and SBECD were statistically equivalent in

both cell types and CD concentrations. These results convincingly

suggest that Veklury® formulations, as a consequence of their SBECD

content, retain their ability to inhibit cholesterol-dependent

membrane-coupled events of infection in recent and potential future

SARS-CoV-2 variants.

4 | DISCUSSION

As a major finding of our experiments, we demonstrated previously

unexplored effects of Veklury® formulations to inhibit initial choles-

terol-dependent membrane-coupled events of cellular SARS-CoV-2

infection due to solely their sulfobutylether-β-cyclodextrin (SBECD)

content, which can contribute to the action of Veklury® independent

of remdesivir and potentially enhancing its antiviral effects. Initial

stages of virus–host cell interactions include the following: (i) binding

of the spike glycoprotein to ACE2 (Hoffmann et al., 2020; Jackson

et al., 2022; Zhou et al., 2020), (ii) its cleavage by TMPRSS2 on the cell

surface (Hoffmann et al., 2020; Jackson et al., 2022) or (iii), endocyto-

sis of virions followed by spike cleavage by cathepsins (Hoffmann

et al., 2020; Jackson et al., 2022; Ou et al., 2020). The SBECD compo-

nent present at high levels in both Veklury® formulations targets all of

these early events, which was revealed by showing reduced binding

of RBD (Figures 2 and 3) and diminished internalization of spike tri-

mers (Figure 5) after CD or Veklury® treatments. Inhibition of RBD

binding may be caused by CD-induced reduced cell surface expression

and raft localization of ACE2 (Figure 4a,b), whereas reduced trimer

internalization is likely the consequence of the cholesterol depen-

dence of endocytic uptake. Furthermore, the close vicinity of

TMPRSS2 and the viral spike, required for cleavage and brought about

by the raft-dependent colocalization between the TMPRSS2 and

ACE2, was also abolished by cholesterol extraction (Figure 4c,d).

Not only did Veklury® formulations and SBECD effectively inhibit

membrane binding and cellular entry of WT and Delta variants,

these treatments were similarly effective for the Omicron variant

also characterized by a cholesterol-dependent cellular uptake

(Figure 6). Although the applied methods do not allow insight into

later steps of infection, that is, protease cleavage of the spike,

membrane fusion, viral RNA replication and virion release, the spe-

cific and quantitative investigation of the crucial initial stages of

the infection cycle provides much needed information about this

less intensively studied aspect. The fact that Veklury® formula-

tions, just as cholesterol-complexing CDs, inhibited all the crucial initial

steps of virus–host cell interactions calls for a consideration of addi-

tional CD-induced actions in the in vivo antiviral effects of Veklury®

and the discrimination of the two formulations in light of their different

SBECD content.

Several lines of evidence suggest that reduced membrane choles-

terol levels in general and the SBECD component of Veklury® formu-

lations in particular, inhibit binding and uptake of SARS-CoV-2:-

a. SBECD, Veklury® P and Veklury® S actions are indistinguishable

at identical CD concentrations and REM alone did not induce any

alterations (Figures 3–5). Furthermore, quantitative flow cyto-

metric comparison of Veklury® P and Veklury® S effects at iden-

tical remdesivir concentrations demonstrated that Veklury® S is

superior to Veklury® P. The effects of Veklury® P were boosted

by SBECD supplementation because the 1:1 (w/w) Veklury®

P:SBECD mixture exerted an RBD binding inhibition quantitatively

identical to that in response to Veklury® S (Figure 3). These data

collectively argue that Veklury® S is superior to Veklury® P due to

its doubled SBECD content. The limited cell numbers (technical

limitation) and relatively large deviations in fluorescence intensities

of individual cells prevented us from performing such a comparison

in confocal microscopy. However, these findings altogether

strongly propose the favourable effects of Veklury® S over

Veklury® P on the examined parameters.

F IGURE 5 Veklury® (remdesivir) formulations and cyclodextrins (CDs) inhibit the internalization of WT and Delta SARS-CoV-2 spike
trimers in a cholesterol-dependent manner. HEK/ACE2 + TMPRSS2 or Calu-3 cells treated with 1- or 5-mM MβCD, HPβCD, SBECD,
Veklury® P (powder) or Veklury® S (solution), 100-μM remdesivir (REM) or 200-μM cholesterol (CHOL) for 1 h were subsequently incubated
for 4 h in the presence of WT or Delta SARS-CoV-2 spike trimers conjugated with Alexa Fluor 488 and labelled with N-[3-(40-dihexylamino-
3-hydroxy-flavonyl-6-oxy)-propyl]N,N-dimethyl-N-(3-sulfopropyl)-ammonium inner salt (F66). (a) A representative orthogonal view of a
confocal Z-stack of untreated control HEK/ACE2 + TMPRSS2 cells demonstrates notable internalization of trimers. (b) During image analysis,
pixels corresponding to plasma membrane and intracellular pixels were identified in F66 Z-stack images. Markers were placed inside cells
(green circles in the grayscale orthogonal view), and a MATLAB implementation of the 3D watershed algorithm identified the intracellular
space of cells and their membrane (coloured regions and red lines in the orthogonal view in the middle, respectively, and their overlay image
displayed on the right). The average fluorescence intensity values emitted by Alexa Fluor 488-labelled trimers were calculated using data of
intracellular pixels for individual HEK/ACE2 + TMPRSS2 (c, d) and Calu-3 cells (e, f) for WT and Delta spike trimers, respectively, which were
subsequently normalized to the median value determined in untreated control samples. The number of cells obtained from five independent

experiments and involved in the analysis was from left to right: 411, 471, 411, 362, 377, 411, 413, 379, 417, 424, 374, 398 and 365 for WT
trimer uptake in HEK/ACE2 + TMPRSS2; 409, 469, 411, 389, 452, 404, 407, 367, 398, 398, 383, 403 and 368 for Delta trimer uptake in
HEK/ACE2 + TMPRSS2; 266, 228, 217, 256, 198, 238, 183, 218, 161, 264, 154, 249 and 202 for WT trimer uptake in Calu-3; and 242, 168,
235, 184, 202, 216, 171, 208, 166, 215, 154, 264 and 166 for Delta trimer uptake in Calu-3. Data points indicated in the figure were
obtained from individual cells and plotted along with median values with quartiles. Grey shaded areas show ranges between 0.5 and
1. Asterisks indicate significant differences compared to the control samples (*P < 0.05; one-way ANOVA followed by Tukey's HSD test).
See details of statistical analysis in Table S5.
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b. All of the effects described above strongly correlated with the

extent of structural changes in the membrane and with lipid raft

disruption (Figure 1).

c. Cholesterol loading exhibited effects opposite to those of CDs

and Veklury® formulations. This is in good agreement with

in vitro and in vivo studies and clinical observations emphasizing

the intrinsic connection between SARS-CoV-2, cholesterol and

cholesterol-related cardiovascular diseases (Guo et al., 2020; Li

et al., 2021; Teixeira et al., 2022; Wang et al., 2021; Williamson,

Walker, et al., 2020). It is also suggested by numerous studies

that statins, inhibitors of the HMG-CoA reductase, and conse-

quent decreases in cholesterol levels could positively correlate

with better clinical outcomes in SARS-CoV-2 infection (Daniels

et al., 2020; Gupta et al., 2021). Consistently, CDs could serve as

an alternative therapeutic approach in the disease through cho-

lesterol extraction, as proposed earlier (Fecchi et al., 2020;

Garrido et al., 2020; Palacios-Rápalo et al., 2021; Sorice

et al., 2020; Zakany et al., 2022).

The CD and Veklury® concentrations applied in this study, rang-

ing between 0.078 and 20 mM, were chosen to be comparable in

magnitude to in vivo CD levels in therapeutic applications. In our

study, therapeutically relevant CDs and Veklury® formulations did not

induce biologically significant changes in cell viabilities even at the

largest studied concentrations (Figure S4 and Table S7). The lower

end of the concentration range corresponds to the SBECD levels

F IGURE 6 Veklury® (remdesivir) formulations effectively decrease ACE2 binding of Omicron SARS-CoV-2 spike receptor-binding domain
(RBD) and the cellular uptake of Omicron SARS-CoV-2 spike trimer due to their SBECD content. (a) HEK/ACE2 + TMPRSS2 (left panel) or Calu-3
cells (right panel) were treated with SBECD, Veklury® P (powder) or Veklury® S (solution) at CD concentrations of 1, 5 and 10 mM. Then, HEK/
ACE2 + TMPRSS2 cells were incubated in the presence of 0.2-μg�ml�1 Omicron SARS-CoV-2 spike RBD–GFP, whereas Calu-3 cells were
labelled with 1-μg�ml�1 Omicron RBD–GFP for 4 min. The emitted fluorescence intensities of individual cells were subsequently measured using
flow cytometry, and the mean intensity was calculated from data of at least 10,000 cells of normal morphology per sample. The average values of
six independent measurements (±SD) were calculated, normalized to the mean value determined in untreated control samples and plotted as a
function of the applied concentrations of CD. Asterisks indicate significant differences of samples treated with the highest applied concentrations

compared to the control samples (*P < 0.05; two-way ANOVA followed by Tukey's HSD test). See details of statistical analysis in Table S6.
(b) HEK/ACE2 + TMPRSS2 (left panel) or Calu-3 cells (right panel) treated with SBECD, Veklury® P or Veklury® S at CD concentrations of 1 and
5 mM for 1 h were subsequently incubated for 4 h in the presence of Omicron SARS-CoV-2 spike trimers conjugated with Alexa Fluor 488. The
average fluorescence intensity values emitted by Alexa Fluor 488-labelled trimers were calculated using data of intracellular pixels identified using
the membrane marker N-[3-(40-dihexylamino-3-hydroxy-flavonyl-6-oxy)-propyl]N,N-dimethyl-N-(3-sulfopropyl)-ammonium inner salt (F66) as
described in Figure 5 for individual cells, which were subsequently normalized to the median value determined in untreated control samples. The
number of cells obtained from five independent experiments and involved in the analysis was from left to right: 382, 348, 373, 396, 388, 402 and
393 for Omicron trimer uptake in HEK/ACE2 + TMPRSS2 and 308, 250, 256, 223, 222, 232 and 296 for Omicron trimer uptake in Calu-3. Data
points indicated in the figure were obtained from individual cells and plotted along with median values with quartiles. Grey shaded areas show
ranges between 0.5 and 1. Asterisks indicate significant differences compared to the control samples (*P < 0.05; one-way ANOVA followed by
Tukey's HSD test). See details of statistical analysis in Table S6.
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(�1–2 mM) when applying Veklury®, estimated from pharmacokinetic

studies using SBECD (Hoover et al., 2018; Stella & He, 2008). Larger

concentrations may also carry medical relevance considering that

much higher local concentrations of HPβCD can be observed when it

is administered intravenously at doses of 2500 mg�kg�1 for the treat-

ment of Niemann–Pick type C disease with relatively good tolerability

(Carradori et al., 2020; Davidson et al., 2019; Loftsson &

Brewster, 2010; Tanaka et al., 2015; Zakany et al., 2022). REM was

typically applied at 100 μM as in most cellular studies (Choy

et al., 2020; Wang et al., 2020), which is above those observed after

Veklury® treatment (Humeniuk et al., 2020; Sheahan et al., 2017;

Warren et al., 2016), whereas CHOL was mostly utilized at 200 μM

because it induces increases in membrane cholesterol levels compara-

ble to those observed in patients with hypercholesterolaemia (Somodi

et al., 2013; Zakany et al., 2021).

In in vitro SARS-CoV-2 research, most model systems apply

ACE2-overexpressing HEK cells treated with excessive amounts of

spike glycoproteins or viral particles, representing a rather artificial

situation of high amounts of interacting receptors and ligands.

When examining such conditions in HEK/ACE2 + TMPRSS2 cells,

we found relatively modest CD-induced inhibition of ACE2 binding

of spike RBDs at high RBD concentrations (Figure 2). However, this

effect showed negative correlation with the applied RBD concentra-

tion in these cells resulting in much larger reductions at lower RBD

levels. Furthermore, larger inhibition was observed in response to

CDs in Calu-3 cells with lower receptor expression level in both

RBD binding and trimer uptake measurements (Figures 3 and 5).

The number of RBD-bound ACE2 was found to be �3500 and

500 in HEK/ACE2 + TMPRSS2 and Calu-3 cells, respectively (Note

1 in the supporting information). As few as one to three SARS-

CoV-2 virions are assumed to transmit the infection to susceptible

persons (Martin & Koelle, 2021) and the number of infectious

virions released by infected cells is �10/day (Sender et al., 2021;

Vaidya et al., 2021). These considerations taken together with the

sparse distribution of spike proteins on the surface of intact SARS-

CoV-2, making multivalent binding of virions unfavourable (Ke

et al., 2020), argue that the number of RBD-bound ACE2 is unlikely

to be more than 10 on the surface of cells being infected in vivo

(Grebennikov et al., 2021). Although we could not model conditions

mimicking the pathophysiological situation of infection due to

signal-to-noise limitations of the applied methods, extrapolating the

trend observed with the high receptor–moderate ligand and low

receptor–high ligand models suggests that CD-induced effects and

differences between Veklury® P and Veklury® S can in fact be

much larger in vivo. These findings further emphasize the need for

application of more medically relevant experimental systems.

Although our study does not provide information about later steps

of infection, that is, protease cleavage of spike, membrane fusion,

viral RNA replication and virion release, this limitation can be con-

sidered as a strength as well because largely neglected initial

membrane-coupled events of infection were exclusively examined.

Furthermore, our study did not consider CD effects on later stages

of SARS-CoV-2 infection in vivo such as aggravated immune

response and cytokine storm, which eventually lead to severe com-

plications of the disease.

Our findings revealed additional mechanisms of Veklury® actions

in the course of SARS-CoV-2 infection. Besides its well-known effect

on viral RNA replication due to its remdesivir content, its SBECD

component present at high levels in both formulations targets multi-

ple early host cell membrane-related events. Because these initial

cholesterol-dependent steps are intrinsic properties of SARS-CoV-2,

the multi-level CD action described here can be effective against con-

tinuously emerging novel variants as well. In line with this assump-

tion, we found that CDs reduced ACE2 binding and cellular uptake of

Delta variant spike RBD and trimers characterized by higher mem-

brane binding affinity (Wang et al., 2022; Yang et al., 2021)

(Figure S1D), albeit with slightly lower efficiency (Figures 3 and 5). As

opposed to the WT and Delta variants utilizing principally the

TMPRSS2-mediated entry pathway, the recently emerged and cur-

rently predominant Omicron variant that contains a large number of

mutations in the spike resulting in lower efficacy of current vaccines

and altered cellular entry mechanisms displays reduced dependence

on TMPRSS2 and relies strongly on endocytosis and cathepsin-

mediated membrane fusion (Meng et al., 2022; Peacock et al., 2022;

Willett et al., 2022). Although we did not compare the extent to

which cholesterol depletion reduces the two different cellular entry

routes, the fact that the cellular entry of the Omicron variant

remained cholesterol-dependent suggests that both the cholesterol-

depleting SBECD component of Veklury® formulations and CDs

retain their ability to inhibit the initial membrane-coupled events of

the viral internalization process.

Although remdesivir formulated as Veklury® was the first

approved therapy for severe COVID-19, large-scale randomized clini-

cal trials failed to demonstrate unequivocally its beneficial effects

(Ader et al., 2022; Kaka et al., 2022; WHO Solidarity Trial

Consortium, 2021). Veklury® P and S were treated equivalently in all

of these clinical studies in spite of the doubled SBECD content of the

latter and, when documented, Veklury® P was preferentially used due

to easier storage. Meta-analytic comparison of the two formulations

was carried out only in regard to their renal and hepatic toxicity (Shah

et al., 2021) and not based on their efficacy in COVID-19. Given that

our results propose the active contribution of SBECD to Veklury®

actions, the lack of consideration of different CD levels in the formu-

lations can contribute to its contradictory reputation. Furthermore,

our experiments, in light of favourable previous experience with high

HPβCD and SBECD doses (Carradori et al., 2020; Davidson

et al., 2019; Hoover et al., 2018; Loftsson & Brewster, 2010; Stella &

He, 2008; Tanaka et al., 2015), raise the potential benefit of adjuvant

CD therapy in early phases of the disease when the symptoms are

mainly caused by cellular spreading influenced by the cholesterol-

dependent membrane-coupled events. Interestingly, molnupiravir, an

antiviral agent recently included in the WHO treatment guidelines in

non-severe COVID-19 patients with the highest risk of hospitaliza-

tion, is also complexed with HPβCD (WHO, 2022). Because lipid rafts

generally serve as entry points for a great variety of viruses including

other coronaviruses, herpes simplex virus, rotavirus, Ebola or human
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immunodeficiency virus (Fecchi et al., 2020; Ripa et al., 2021; Sorice

et al., 2020; Zakany et al., 2022), CD-induced cholesterol extraction

and consequent disruption of these microdomains can represent an

unexploited therapeutic approach.

In summary, we showed that Veklury® formulations can actively

influence early cholesterol-dependent membrane-coupled entry

events of SARS-CoV-2 infection, including reduced RBD binding and

cellular trimer uptake, through cholesterol extraction in a remdesivir-

independent manner, solely due to their SBECD vehicle. Therefore,

at identical remdesivir concentrations, the Veklury® S, having two-

fold relative SBECD content, inhibited RBD binding more effectively,

calling for its preferential use over the powder format in clinical

practice. These results imply that the effects can be even more pro-

nounced at lower RBD concentrations or cell surface ACE2 receptor

numbers, thereby potentially increasing the in vivo relevance of the

hitherto unexploited CD-dependent effects of Veklury®. Despite the

fact that the cell tropism, entry mechanism and disease severity are

variable in the different variants, the cellular uptake remained basi-

cally cholesterol dependent during the continuous evolution of the

SARS-CoV-2 virus; thus, the cholesterol-extracting CDs can still be

effective against the current and the potential future variants as

well. The experimental results may even translate to a potential

application of well-tolerable CDs as adjuvants in the therapy of

COVID-19.
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