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ARTICLE INFO ABSTRACT
Keywords: The COVID-19 pandemic, caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), remains a
SARS-CoV-2 variants of concern global public health crisis. The reduced efficacy of therapeutic monoclonal antibodies against emerging SARS-

Host-directed antiviral
Human V-ATPase
Human protein kinase C
Human TMPRSS2

CoV-2 variants of concern (VOCs), such as omicron BA.5 subvariants, has underlined the need to explore a
novel spectrum of antivirals that are effective against existing and evolving SARS-CoV-2 VOCs. To address the
need for novel therapeutic options, we applied cell-based high-content screening to a library of natural products
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(NPs) obtained from plants, fungi, bacteria, and marine sponges, which represent a considerable diversity of
chemical scaffolds. The antiviral effect of 373 NPs was evaluated using the mNeonGreen (mNG) reporter SARS-
CoV-2 virus in a lung epithelial cell line (Calu-3). The screening identified 26 NPs with half-maximal effective
concentrations (ECsp) below 50 pM against mNG-SARS-CoV-2; 16 of these had ECsg values below 10 pM and
three NPs (holyrine A, alotaketal C, and bafilomycin D) had ECs values in the nanomolar range. We demon-
strated the pan-SARS-CoV-2 activity of these three lead antivirals against SARS-CoV-2 highly transmissible
Omicron subvariants (BA.5, BA.2 and BA.1) and highly pathogenic Delta VOCs in human Calu-3 lung cells.
Notably, holyrine A, alotaketal C, and bafilomycin D, are potent nanomolar inhibitors of SARS-CoV-2 Omicron
subvariants BA.5 and BA.2. The pan-SARS-CoV-2 activity of alotaketal C [protein kinase C (PKC) activator] and
bafilomycin D (V-ATPase inhibitor) suggest that these two NPs are acting as host-directed antivirals (HDAs).
Future research should explore whether PKC regulation impacts human susceptibility to and the severity of
SARS-CoV-2 infection, and it should confirm the important role of human V-ATPase in the VOC lifecycle.
Interestingly, we observed a synergistic action of bafilomycin D and N-0385 (a highly potent inhibitor of human
TMPRSS2 protease) against Omicron subvariant BA.2 in human Calu-3 lung cells, which suggests that these two
highly potent HDAs are targeting two different mechanisms of SARS-CoV-2 entry. Overall, our study provides
insight into the potential of NPs with highly diverse chemical structures as valuable inspirational starting points
for developing pan-SARS-CoV-2 therapeutics and for unravelling potential host factors and pathways regulating

SARS-CoV-2 VOC infection including emerging omicron BA.5 subvariants.

1. Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
is responsible for the ongoing COVID-19 pandemic, a major worldwide
public health challenge (McKee and Stuckler, n.d.). As of November 26,
2022, more than 640 million SARS-CoV-2 infections and over 6.6
million deaths have been reported (“COVID-19 Dashboard by the Center
for Systems Science and Engineering (CSSE) at Johns Hopkins Univer-
sity,” n.d.; “United States—COVID-19 Overview—Johns Hopkins,”
2022). Control of viral spread has been facilitated by the widespread
distribution of several vaccines, along with public health measures
including mask wearing and social distancing. However, several vari-
ants, termed variants of concern (VOCs), have emerged that have
increased transmission capacity; these VOCs cause more severe disease
and evade vaccine-mediated and natural immunity (Callaway, 2021a;
“SARS-CoV-2 Variants of Concern | CDC,” n.d.). SARS-CoV-2 B.1.617.2
(Delta) is the most pathogenic VOC identified to date with widespread
infection and hospitalizations occurring in 2021, even in populations
with high vaccination rates (Hacisuleyman et al., 2021; Li et al., 2021;
“SARS-CoV-2 Variants of Concern | CDC,” n.d.). A heavily mutated VOC,
B.1.1.529 (Omicron) with dramatically reduced neutralization against
sera from vaccinated individuals, greater transmissibility, and increased
risk of reinfection, emerged at the end of 2021 and continues to evolve
and spread worldwide (Callaway, 2021b; Planas et al., 2021; Sievers
etal., 2022). This emphasizes the possibility that SARS-CoV-2 is likely to
remain a global health threat, and it stresses the need to develop novel
effective prophylactic and therapeutic solutions with broad activity
against SARS-CoV-2 VOCs (Indari et al., 2021; Meganck and Baric, 2021;
Shagufta and Ahmad, 2021).

Natural products (NPs) are a promising but undervalued resource for
new antivirals. Compounds derived from diverse sources can encompass
structural diversity that falls outside the scope of the chemical spaces
found in synthetic chemical compounds, and they have the potential to
act via mechanisms distinct from those of conventional therapies. NPs
targeting a variety of biological pathways have been highlighted for
their antiviral potential against a variety of viruses (Wang and Yang,
2020), and they may also be effective against SARS-CoV-2 infection
(Ashhurst et al., 2021; Mani et al., 2020).

To address the need for novel SARS-CoV-2 therapeutics, a cell-based
high-content screening (HCS) assay using mNeonGreen (mNG) reporter
SARS-CoV-2 virus (Xie et al., 2020) was performed with a diverse library
of 373 natural products. Twenty-six of these NPs were found to inhibit
SARS-CoV-2 infection in Calu-3 cells, with a <20% reduction in cell
viability and with half-maximal effective concentrations (ECsg) below
50 pM. We found three NPs isolated from marine organisms—holyrine A
(Williams et al., 1999), alotaketal C (Daoust et al., 2013), and

bafilomycin D (Carr et al., 2010)—with broad-spectrum activity against
SARS-CoV-2 VOCs.

2. Materials and methods
2.1. Cell lines, antibodies and chemicals

Calu-3 cells (ATCC® HTB-55™) and Vero E6 cells (ATCC® CRL-
158™) were cultivated according to ATCC recommendations. VeroE6/
TMPRSS2 cells (Jochmans et al., 2022) were cultivated according to
JCRB recommendations. Huh-7.5.1 cells were kindly provided by Dr.
Francis Chisari (Scripps Research Institute)(Moradpour et al., 2004).
The SARS-CoV-2 nucleocapsid antibody [HL344] (GTX635679) was
kindly provided by GeneTex; mouse anti-dsRNA antibody (J2) was
purchased from SCICONS English and Scientific Consulting (10010500);
secondary antibodies of goat anti-mouse IgG Alexa Fluor 488 (A-11001)
and goat anti-rabbit IgG Alexa Fluor 555 (A-21428) and Hoechst 33342
were obtained from Thermo Fisher Scientific. Prostratin (60857-08-1)
and G06983 (133053-19-7) were obtained from Sigma. Bryostatin
(2383), G66976 (2253), PEP005 (4054) and CRT 0066854 (5922) were
obtained from Tocris Bioscience. N-0385 was obtained from Drs.
Pierre-Luc Boudreault and Richard Leduc (Université de Sherbrooke,
QC, Canada) (Shapira et al., 2022).

2.2. SARS-CoV-2 viruses

All SARS-CoV-2 infections were carried out in Biosafety Level 3
(BSL3) facilities (either the University of British Columbia (UBC) Facility
for Infectious Disease and Epidemic Research (FINDER) or the Simon
Fraser University (SFU) BIO3 laboratory) following the Public Health
Agency of Canada and UBC FINDER or SFU BIO3 regulations (UBC BSL3
Permit #B20-0105 and SFU Permit #361-2021). The mNeonGreen
SARS-CoV-2 (2019-hCoV/USA-WA1/2020) (Xie et al., 2020) was made
by Dr. Shi’s laboratory (University of Texas Medical Branch, TX; USA.
SARS-CoV-2 VOC (B.1.617.2 Delta and BA.2) was kindly provided by Dr.
Mel Krajden (BC Centre for Disease Control, BC, Canada). SARS-CoV-2
Delta was first isolated in VeroE6/TMPRSS2 cells (passage 1) and then
passaged in Vero E6 cells (passage 2). Delta virus stocks used in the
experiments (passage 3) were propagated in Vero E6 cells (Ogando
et al., 2020). SARS-CoV-2 Omicron BA.1 (BC-SFU-OM®6) and BA.5 were
isolated by Dr. Masahiro Niikura (SFU) from a clinical specimen in
VeroE6/TMPRSS2 cells and confirmed as a BA.1 and BA.5 variants by
complete genome sequencing (sequence available in GISAID). Omicron
subvariants BA.1, BA.2 and BA.5 were amplified in VeroE6/TMPRSS2
cells and used in the experiments at passage 2.
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2.3. Natural products

Our natural product screening library contains 373 pure natural
products representing a large diversity of chemical scaffolds isolated
from a broad spectrum of plants, invertebrates, or microorganisms
collected in diverse terrestrial and marine habitats (Table S1). Terres-
trial plants and microorganisms were collected in Thailand, Brazil,
Canada, and Sri Lanka. Marine invertebrates and microorganisms were
collected in ocean waters off the coasts of Canada, Brazil, Italy, Papua
New Guinea, Indonesia, Dominica, and Sri Lanka. Most NPs in the
screening library were discovered and first reported in the literature by
the co-authors. Some of the pure natural products isolated by the co-
authors had been previously reported in the literature by other research
groups. The structures of all the NPs discovered by the coauthors were
elucidated by a detailed analysis of nuclear magnetic resonance (NMR)
spectroscopy, mass spectrometry (MS), and/or single-crystal X-ray
diffraction data. The chemical structure and purity of our three lead NPs
(Holyrine A, alotaketal C, and bafilomycin D) was confirmed by NMR
analyses (Fig. S1). Literature references detailing the discovery of the
lead 26 active compounds are provided (Table 1).

2.4. SARS-CoV-2 infections and fluorescent staining of intracellular viral
biomarkers

Huh-7.5.1 or Calu-3 cells were seeded at concentrations of 10* cells/
well in 96-well plates the day before infection. Cells were pretreated for
3 h with fixed (50 pM for screening) or diluted concentrations of com-
pounds (indicated in figure legends) followed by infection with
mNeonGreen (mNG) SARS-CoV-2, SARS-CoV-2 Delta, or an Omi-
cronsubvariant (BA.1, BA.2, and BA.5)for 48 h at a multiplicity of
infection (MOI) of 1 (Huh-7.5.1 cells) or MOI of 2 (Calu-3 cells). Cells
were then fixed with 4% formalin for 30 min to inactivate the virus. The
fixative was removed, and the cells were washed with PBS, per-
meabilized with 0.1% Triton X-100 for 10 min, and blocked with 1%
bovine serum albumin (BSA) for 1 h. To quantify nucleocapsid and
dsRNA in a subset of experiments, cells were immunostained with rabbit
primary antibody HL344 (SARS-CoV-2 nucleocapsid)mouse primary
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antibody J2 (dsRNA) at working dilutions of 1:1000 overnight at 4 °C.
Secondary antibodies were used at a 1:2000dilution and Hoechst was
used at 1.5 pg/mLfor 1 h at room temperature in the dark. After washing
with PBS, the plates were kept in the dark at 4 °C until imaging on a
high-content screening (HCS) platform (Celllnsight CX7 HCS, Thermo
Fisher Scientific) with a 10X objective orby Leica TCS SP8 laser scanning
confocal microscope equipped with HyD detectors, 405 nm laser, and a
white light laser, and operated with a Leica Application Suite X (LAS X)
software using a 63x/1.40 Oil objective (HC PL APO CS2).

2.5. Celllnsight CX7 high-content screening of SARS-CoV-2 infection

Monitoring of the total number of cells (based on nuclei staining) and
the number of virus-infected cells (based on mNG expression) was per-
formed using the Celllnsight CX7 HCS platform (Thermo Fisher Scien-
tific) as previously described (Olmstead et al., 2012; Shapira et al.,
2022). Briefly, nuclei are identified and counted using 350/461 nm
wavelength (Hoechst 33342); cell debris and other particles are
removed based on a size filter tool. A region of interest (ROI, or “circle”)
is then drawn around each host cell and validated against the bright field
image to correspond with host cell membranes. The ROI encompasses
the “spots” where mNG (485/521 nm wavelength) or another viral
marker (dsRNA (485/521 nm wavelength) and nucleocapsid (549/600
nm wavelength) are localized. Finally, the software (HCS Studio Cell
Analysis Software, version 4.0) identifies, counts, and measures the pixel
area and intensity of the “spots” within the “circle.” The fluorescence
measured within each cell (circle) is then added and quantified for each
well. The total circle-spot intensity of each well corresponds to intra-
cellular virus levels (Z’>0.6) and is normalized to noninfected cells and
infected cells treated with 0.1-1% DMSO. Nine fields were sampled from
each well.

2.6. Median effective dose (ECsg) curves

Intracellular dose response (ECsgvalues) for selected compounds
against mNG SARS-CoV-2 and SARS-CoV-2 VOCs was determined by
pretreating Calu-3 cells for 3 h with serially diluted compounds,

Table 1

Summary of lead NP candidates.
Name Origin % Inhibition ~ ECgo(uM) R? CCso(pM) SI References
bafilomycin D Canada 92 0.04 0.29 43 1064 (Carr et al., 2010)
alotaketal C Canada 91 0.11 0.79 >100 909 (Daoust et al., 2013)
holyrine A Canada 93 0.28 0.76 >100 357 (Williams et al., 1999)
acetyl hyrtiosal Italy 97 1.97 0.78 >100 51 (Indari et al., 2021, Daoust et al., 2013)
dipterocarpol Thailand 99 3.05 0.89 >100 33 (Chaipukdee et al., 2016)
knecorticosanone G Thailand 100 3.50 0.88 >100 29 (Chu et al., 2020)
piperbonin A Thailand 100 3.61 0.82 >100 28 (Dampalla et al., 2021)
asparacemosone B Thailand 83 4.04 0.72 >100 25 (Tao et al., 2021)
chevalone C Thailand 100 4.14 0.85 93 22 (Ranganath et al., 2022)
chevalone B Thailand 95 4.47 0.94 >100 22 (Ranganath et al., 2022)
giluterrin Brazil 88. 5.44 0.86 72 13 (Gandhi et al., 2022)
territrem B Thailand 100 6.64 0.90 >100 15 (Li et al., 2022; Huang et al., 2022; Chaipukdee et al.,

2016)

mollicellin B Thailand 100 6.79 0.93 >100 15 (Khumkomkhet et al., 2009)
terretonin A Thailand 82 7.31 0.94 >100 22 (Li et al., 2022; Chaipukdee et al., 2016)
crotonolide F Thailand 97 8.21 0.81 >100 12 (Linch et al., 2014; Shyr et al., 2021)
phellopterin Thailand 96 6.35 0.83 93 14 (Planas et al., 2021; Bao et al., 2018)
kaur-16-en-18-oic acid Thailand 100 15.06 0.66 >100 7 (Kawano et al., 2021; Li et al., 2021)
alpinumisoflavone Thailand 100 16.03 0.85 >100 6 (Stewart 200)
2-butylchrysin Thailand 95 17.99 0.82 >100 6 Huang et al., 2022
chrysin Thailand 99 18.80 0.93 >100 5 (Sayed et al., 2020; Schultz et al., 2022)
5-hydroxysophoranone Thailand 100 20.22 0.46  >100 5 (Moradpour et al., 2004)
asparacemosone A Thailand 95 20.65 0.78 >100 5 (Tao et al., 2021)
artahongkongene B Thailand 81 21.98 0.93 >100 5 (Li et al., 2022)
8-hydroxypinoresinol Thailand 82 24.35 0.93 >100 4 (Planas et al., 2021)
mangostinone Thailand 92 27.88 0.86 >100 4 (Ashhurst et al., 2021)
erysubin F Grey block: hits with ECso < 10 Thailand 100 45.60 0.77 >100 2 (Tang et al., 2015)

pM
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followed by virus infection for 48 h. Viral infection was detected by
mNG fluorescence (mNG SARS-CoV-2) or fluorescent imaging of viral
nucleocapsid and dsRNA (SARS-CoV-2 VOCs) as described above (Sec-
tion 2.5). ECsp experiments were repeated at least three times. Intra-
cellular fluorescent levels were interpolated to negative control (0.1-1%
DMSO, no infection) = 0 and positive control (0.1-1% DMSO, with
infection) = 100. The GraphPad Prism 9™ (GraphPad Software, Inc.)
nonlinear regression fit modeling variable slope was used to generate a
dose-response curve [Y = Bottom + (Top-Bottom)/(1 + 10"((LogIC50-
X)*HillSlope)], constrained to top = 100, bottom = 0.

2.7. Cytotoxicity assays

Calu-3 cells were seeded with 10* cells/well in 96-well plates. 24 h
after seeding, media was aspirated, and serially diluted compounds
(described above) were added for an additional 48 h incubation. Cellular
viability was assessed with PrestoBlueCell Viability Assay (Thermo
Fisher Scientific) according to the manufacturer’s instructions. Cells
were incubated with 5% PrestoBlue reagent for 2 h before they were
read on the SpectraMax Gemini XS spectrofluorometer (Molecular De-
vices, LLC) set at excitation and emission wavelengths of 555 and 585
nm, respectively. Cellular viability was expressed relative (%) to
vehicle-treated cells. Data are from at least three independent
experiments.

2.8. Drug combination

Calu-3 cells were seeded at concentrations of 10* cells/well in 96-
well plates the day before infection. Cells were pretreated for 3 h with
respective combinations of bafilomycin D and N-0385 followed by
infection with SARS-CoV-2 Omicron BA.2 as described above for 48 h at
a MOI of 2. The two-drug combination was tested using five-fold serial
dilutions of bafilomycin D and ten-fold serial dilutions of N-0385 <
ECso. The percent inhibition of viral infection for each dose-combination
was determined by fluorescent staining of SARS-CoV-2 nucleocapsid as
described above. Dose-response percent inhibition matrix of single and
combined treatment of bafilomycin D and N-0385 in SARS-CoV-2
infected Calu-3 cells, and 2-D and 3-D interaction landscapes were
calculated based on (i) the Loewe additive model, (ii) the zero interac-
tion potency (ZIP) model, (iii) the highest single agent (HSA) model, and
(iv) the Bliss model using SynergyFinder V.1 (Tang et al., 2015; Yadav
etal., 2015; Zheng et al., 2022). Synergy scores were calculated for each
condition and values above 10 were interpreted as a synergistic effect.

3. Results

3.1. Validation of mNG-SARS-CoV-2 as a molecular tool for high-content
antiviral drug screening in human cells

The mNG-SARS-CoV-2 reporter virus used in this study was previ-
ously described, where it was demonstrated that the mNG transgene is
stable and does not affect virus replication in Vero E6 cells (Xie et al.,
2020). Although Vero E6 cells are permissive to SARS-CoV-2, these cells
are non-human African green monkey kidney-derived cells and conse-
quently their potential applications to provide useful physiological in-
sights into the mechanism of action of new lead molecules in virally
infected human cells could be limited by species-specific host-virus in-
teractions (Shapira et al., 2022).

To validate mNG-SARS-CoV-2 as a screening tool in human cells, we
first determined the ECsy value of the pro-drug remdesivir (RDV), a
direct-acting antiviral (DAA), against mNG-SARS-CoV-2 infection using
human Huh-7.5.1 cells. As previously reported, human hepatoma-
derived Huh-7.5.1 cells are permissive to SARS-CoV-2 infection
(Cagno, 2020; Chu et al., 2020; Fig. S2A) and produce host enzymes that
permit a robust intracellular conversion of the pro-drug RDV to the
active nucleoside triphosphate, which is misintegrated into viral RNA by
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the viral RNA-dependent RNA polymerase (Dittmar et al., 2021; Tao
et al., 2021). Huh-7.5.1 cells were pretreated with serially diluted RDV
for 3 h before mNG-SARS-CoV-2 infection. Using fluorescence-based
microscopy, we observed a dose-dependent reduction of our two viral
biomarkers’ relative abundance (intracellular mNG and nucleocapsid)
in virally infected cells upon treatment with increasing concentration of
RDV (Fig. S2B). Relative quantification of fluorescently labeled infected
cells was performed using the Celllnsight CX7 HCS platform to deter-
mine ECsg values (half-maximal effective concentration; drug concen-
tration required to reduce infection by 50%). The ECs( values for RDV
using mNG and nucleocapsid staining in Huh-7.5.1 infected cells were
3.6 nM and 7.6 nM, respectively (Fig. S2C), which is consistent with
previously published values against the wild-type SARS-CoV-2 [ECsy =
2 nM (Huh-7.5 cells)(Dittmar et al., 2021)].

Human Calu-3 cells are naturally permissive lung epithelial cells that
represent a physiologically relevant cell-based system for antiviral drug
discovery directed at SARS-CoV-2 VOCs (Shapira et al., 2022). To
further validate mNG-SARS-CoV-2 as a screening tool in human cells, we
determined the ECsq value of GC376 against mNG-SARS-CoV-2 infection
using human Calu-3 lung cells. GC376 is a DAA that inhibits the
SARS-CoV-2 main protease (3CLpro) (Fu et al., 2020) and has been
demonstrated to have therapeutic efficacy in a mouse model of severe
COVID-19 infection(Dampalla et al., 2021). The Calu-3 cells were pre-
treated with serially diluted GC376 for 3 h before mNG-SARS-CoV-2
infection. Relative quantification of fluorescently labeled infected cells
using mNG as a viral biomarker was performed using the CellInsight CX7
HCS platform (Fig. S3A). The ECs( value determined for GC376 against
mNG-SARS-CoV-2 is 475 nM (Fig. S3B), which is consistent with pre-
viously published values against the wild-type SARS-CoV-2 [ECs¢ = 230
nM (Vero E6 cells), (Dampalla et al., 2021); ECs9 = 700 nM (Vero E6
cells) (Fu et al., 2020)]. These results confirm that mNG-SARS-CoV-2 is a
valuable molecular tool for high-content drug screening and for deter-
mination of drug efficacy against SARS-CoV-2 using human Calu-3 lung
cells.

3.2. Screening of natural products against mNG-SARS-CoV-2

A library of pure NPs representing a large diversity of chemical
scaffolds was assembled from extracts of plants, fungi, bacteria, and
marine sponges. To identify which NPs exhibit antiviral activity against
SARS-CoV-2 infection, we applied a high-throughput screening
approach using the mNG-SARS-CoV-2 reporter virus and the CellInsight
CX7 High Content Screening (HCS) platform (Fig. 1A). In this assay,
mNG fluorescence and nuclear staining are rapidly quantified and used
as a readout for viral infection and compound cytotoxicity, respectively
(Shapira et al., 2022). Pretreatment of the cells with NPs for 3 h was
followed by infection of Calu-3 cells with the mNG-SARS-CoV-2 reporter
virus at a multiplicity of infection (MOI) of 2 for 48 h. The cells were
then fixed and the images were processed for quantitative analysis to
evaluate the activity of the compounds. A total of 373 NPs at a con-
centration of 50 pM were screened using these assay conditions. The
suitability of the screening assay was measured using Z’ factor calcula-
tion (a measure of the dynamic range, defined as the difference between
the means of the negative and positive controls (Zhang et al., 1999)); the
values of each screening were found to be between 0.5 and 0.7, with an
average value of 0.6. Compounds showing 80% or greater inhibition of
SARS-CoV-2 infection with less than 20% of cell loss were defined as lead
candidates (Fig. 1B). Based on this criterion, 26 compounds were
selected for further validation.

3.3. Dose-response analysis of holyrine A, alotaketal C, and bafilomycin
D against mNG-SARS-CoV-2 VOCs in human Calu-3 lung cells

To validate and prioritize the most promising compounds according
to their anti-SARS-CoV-2 activity, the 26 lead compounds identified
from the primary screening were tested using a broad concentration
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range (100-0.00064 pM) against mNG-SARS-CoV-2 in Calu-3 cells. The
relative quantification of infected cells was used to calculate ECsg
values, which ranged from 38 nM to 45.6 uM (Fig. 2A and S4). The half-
maximal cytotoxic concentration (CCsg) values were also calculated and
determined to be > 100 uM for most of the lead compounds (Fig. 2A and
S4). The selectivity index (SI) for these 26 compounds, expressed as the
ratio of CCsg over ECsg is summarized in Table 1. Importantly, we
identified three compounds—holyrine A, alotaketal C, and bafilomycin
D (Carr et al., 2010; Daoust et al., 2013; Williams et al., 1999)—with
nanomolar activity and high SI values (ECso = 282 nM, 106 nM, and 38
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mNG-SARS-CoV-2 (Table 1 and Fig. 2B). A high SI is preferable if a drug
is to be viewed as having a favorable safety profile in human Calu-3 cells
(Muller and Milton, 2012). Representative images demonstrating the
reduction of mNG expression correlating with an increase in NP con-
centration are shown in Fig. S5.

3.4. Pan-SARS-CoV-2 activity of holyrine A, alotaketal C, and
bafilomycin D against SARS-CoV-2 VOCs in human Calu-3 lung cells

Variants of concern (VOCs) possess a demonstrated capacity for
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effectiveness (Callaway, 2021a; 2021b; “SARS-CoV-2 Variants of
Concern | CDC,” n.d.). SARS-CoV-2 B.1.617.2 (Delta) is the most severe
VOC and may be associated with an increased risk of hospitalization
whereas Omicron subvariants (e.g., BA.1, BA.2, BA.5) are linked to
greater transmissibility, reduced vaccine efficacy, and increased risk of
reinfection (Callaway, 2021a; Hagen, n.d.; Li et al., 2021; Planas et al.,
2021). We tested the impact of holyrine A, alotaketal C, and bafilomycin
D on Calu-3 cells pretreated with serially diluted compounds for 3 h
before SARS-CoV-2 Delta, Omicron BA.1, BA.2 and BA.5 infection.
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Fluorescent imaging of viral nucleocapsid and dsRNA confirmed viral
infection and demonstrated the spheroid-like cell morphology of Delta
infection that we previously reported (Shapira et al., 2022), where
infected cells appear in small, rounded clusters (Fig. 3A) in contrast to
larger monolayers of uninfected or SARS-CoV-2-Omicron-infected cells
(Fig. 3A). The three lead NPs showed a dose-dependent reduction of
SARS-CoV-2 Delta and Omicron infection (Fig. 3B-M); relative quanti-
fication of virally infected cells was used to calculate their ECs5¢ values.
For holyrine A, the ECsg values against SARS-CoV-2 Delta were 600 nM
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and 1.0 pM for nucleocapsid and dsRNA staining (Fig. 3B), respectively;
for SARS-CoV-2 Omicron BA.1, they were 1.7 uM and 1.6 pM, respec-
tively (Fig. 3E), for Omicron BA.2, they were 44 nM and 394 nM for
nucleocapsid and dsRNA, respectively (Fig. 3H), and for Omicron BA.5,
they were 80 nM and 120 nM for nucleocapsid and dsRNA, respectively
(Fig. 3K). For alotaketal C, the ECs values against SARS-CoV-2 Delta
were 4.9 pM and 3.9 pM for nucleocapsid and dsRNA staining, respec-
tively (Fig. 3C); for SARS-CoV-2 Omicron BA.1, they were 700 nM and
400 nM, respectively (Fig. 3F); for Omicron BA.2, they were 700 nM and
700 nM for nucleocapsid and dsRNA, respectively (Fig. 3I) and for
Omicron BA.5, they were 300 nM and 700 nM for nucleocapsid and
dsRNA, respectively (Fig. 3L). Finally, for bafilomycin D, the ECs values
against SARS-CoV-2 Delta were 2.0 nM and 50 nM for nucleocapsid and
dsRNA staining, respectively (Fig. 3D); for SARS-CoV-2 Omicron BA.1,
they were 13.4 nM and 67.3 nM, respectively (Fig. 3G); for Omicron
BA.2, they were 4.6 nM and 22 nM for nucleocapsid and dsRNA,
respectively (Fig. 3J) and for Omicron BA.5, they were 43.9 nM and
38.6 nM for nucleocapsid and dsRNA, respectively (Fig. 3M). Together,
these results underline the potential of holyrine A, alotaketal C, and
bafilomycin D as broad-spectrum inhibitors against SARS-CoV-2 VOCs.

3.5. Robust inhibition of SARS-CoV-2 omicron BA.1 infection by protein
kinase C (PKC) activators in human Calu-3 lung cells

We previously reported alotaketal C as an activator of protein kinase
C (PKC) that is more potent than the well-studied PKC activator pros-
tratin (Wang et al., 2016, 2022). To understand and validate the role of
PKC on SARS-CoV-2 infection and the effect of alotaketal C as an acti-
vator, we tested the impact of PEP 005 (Hampson et al., 2005; Kedei
et al., 2004), bryostatin-1 (Sun and Alkon, 2006), and prostratin (Wang
et al., 2016, 2022) natural products known as PKC activators and also
the PKC inhibitors G66983 (pan-inhibitor) (Wang et al., 2016, 2022),
G06976 (conventional inhibitor) (Koivunen et al., 2004), and
CRT0066854 (atypical inhibitor) (Kjer et al., 2013; Linch et al., 2014)
on Calu-3 cells pretreated with serially diluted compounds for 3 h before
SARS-CoV-2 BA.1 infection (Fig. 4A-F). The three PKC activators
(prostratin, bryostatin, and PEP 005) showed a dose-dependent reduc-
tion of SARS-CoV-2 Omicron BA.1 infection (Fig. 4A-C); relative

log [bryostatin] (nM)
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quantification of virally infected cells was used to calculate their ECsq
values. For prostratin, the ECsy values against SARS-CoV-2 Omicron
BA.1 were 11.6 pM and 5.0 pM for nucleocapsid and dsRNA staining,
respectively (Fig. 4A). For bryostatin, the ECsg values were 222 nM and
523 nM for nucleocapsid and dsRNA staining, respectively (Fig. 4B). For
PEP 005, they were 700 nM and 1.5 pM for nucleocapsid and dsRNA,
respectively (Fig. 4C). In contrast, the conventional PKC inhibitors
enhanced the SARS-CoV-2 Omicron BA.1 infection (Fig. 4D and E)
whereas the atypical PKC inhibitor (CRT00668854) showed a
dose-dependent reduction of viral infection. The ECso values against
SARS-CoV-2 Omicron BA.1 were 300 nM and 100 nM for nucleocapsid
and dsRNA staining, respectively (Fig. 4F).

3.6. Synergistic action of bafilomycin D with N-0385 against SARS-CoV-
2 omicron BA.2 in human Calu-3 lung cells

In order to investigate further the molecular mechanism of action of
bafilomycin D as a pan-SARS-CoV-2 antiviral, we investigated its po-
tential synergistic action when used in combination with N-0385, one of
the most potent SARS-CoV-2 pan-variant host-directed antivirals
discovered to date (Shapira et al., 2022). N-0385 is a highly potent in-
hibitor of human TMPRSS2 protease and blocks the
TMPRSS2-dependent proteolytical activation of the SARS-CoV-2 spike
protein required for viral fusion (Shapira et al., 2022). Calu-3 cells
infected with Omicron BA.2 were either treated with bafilomycin D or
N-0385 as a single treatment or in combination. The dose-response
percent inhibition matrix of single and combined treatment of bafilo-
mycin D and N-0385 in SARS-CoV-2 infected Calu-3 cells is presented in
Fig. 5A. The inhibitory effect of drug combination was higher than the
single treatment (Fig. 5A). To analyze the potential synergistic action of
bafilomycin D with N-0385 against SARS-CoV-2 omicron BA.2, we used
four different reference models (i.e., Loewe, ZIP, HSA, and Bliss). The
2-D (Fig. 5B) and 3-D (Fig. 5C) interaction landscapes between bafilo-
mycin D and N-0385 calculated based on the Loewe additive model
(Fig. 5B and C), the ZIP model (Fig. S7; left panel), the HSA model
(Fig. S7; middle panel), and the Bliss model (Fig. S7; right panel) show
synergy scores of 26.5, 20.9, 26.4, and 23, respectively. All the calcu-
lated synergy scores were above 10, which are interpreted here as a
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Fig. 4. Effect of protein kinase C (PKC) regulation on SARS-CoV-2 Omicron (BA.1) infection. A-F) Dose-response curves of Calu-3 cells pretreated for 3 h with
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the average values of two independent experiments.
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Fig. 5. Synergistic inhibition of SARS-CoV-2 Omicron (BA.2) infection by combined use of bafilomycin D and N-0385. Dose-response curves of inhibition of
single and combined treatment of bafilomycin D and N-0385 in SARS-CoV-2 infected Calu-3 cells were used for the analysis using the open-source web application
SynergyFinder. A) Dose-response matrix (percentage inhibition) of SARS-CoV-2 infection with combined treatment of bafilomycin D and N-0385. B) Synergy dis-
tribution of pairwise combination of bafilomycin D and N-0385 calculated based on Loewe additive model using SynergyFinder. C) Landscape visualization between
bafilomycin D and N-0385 calculated based on Loewe additive model using SynergyFinder. Surface is color-coded, red indicates synergistic interactions and green

indicates antagonistic interactions.

synergistic effect of bafilomycin D with N-0385 against SARS-CoV-2
omicron BA.2 in human Calu-3 lung cells. Our results are consistent
with the recent finding by Icho et al. (2022), which demonstrated a
synergistic effect between the repositioned drug Camostat mesylate
(TMPRRS?2 inhibitor) and bafilomycin Al, a classic V-ATPase inhibitor
against a pre-Omicron SARS-CoV-2 variant (Indari et al., 2021).

4. Discussion

The emergence of SARS-CoV-2 has led to an ongoing and evolving
global pandemic with serious health, social, and economic conse-
quences. Despite continuing worldwide vaccination campaigns, the
recurring appearance of new variants of concern is creating a tremen-
dous need for safe and effective therapeutics and prophylactics against
SARS-CoV-2 infection. Importantly, reports on newly emerged SARS-
CoV-2 Omicron BA.5 subvariants suggest that current antibody-
mediated protection offered by vaccines and monoclonal antibodies is
severely reduced compared to protection against SARS-CoV-2 Delta
(Callaway, 2021a; Planas et al., 2021). These findings were recently
confirmed and resulted in strong recommendations by WHO against the
use of two previously approved monoclonal antibodies (sotrovimab and
casirivimab-imdevimab) for patients with COVID-19 (“A living WHO
guideline on drugs for covid-19,” 2022; Takashita et al., 2022).

So far, the approved direct-acting antivirals (DAAs) (e.g., remdesivir
and paxlovid/nirmatrelvir) are proving effective at preventing hospi-
talization and mortality due to COVID-19 when given early. However,
SARS-CoV-2-approved DAAs are all used as monotherapies for which
SARS-CoV-2 may develop resistance (Gandhi et al., 2022). For example,
several mutations in SARS-CoV-2 viruses sequenced in the population
have been identified that may confer resistance to nirmatrelvir, and
rebound infection following treatment has been documented (Hu et al.,
2022; Jochmans et al., 2022; Ranganath et al., 2022). Moreover, recent
findings by Rockett et al. based on genomic surveillance have also
revealed co-infection with SARS-CoV-2 Omicron and Delta variants,
underlining the need for pan-SARS-CoV-2 antiviral drugs (Rockett et al.,
2022). These results underline the need for novel broad-spectrum
pan-SARS-CoV-2 therapeutics for developing combination therapy ap-
proaches to strengthen treatment capacity against evolving VOCs (Li
et al., 2022; Schultz et al., 2022; Shyr et al., 2021).

To address the need for novel therapeutic options for SARS-CoV-2
VOC infection, we applied cell-based high-content screening to a li-
brary of NPs with a considerable diversity of chemical scaffolds to
identify lead NPs with antiviral activity against fluorescent-tagged
mNG-SARS-CoV-2 in human Calu-3 lung cells. From a diverse library
of 373 NPs, 73 compounds were identified with >50% inhibition of
mNG-SARS-CoV-2 with less than 20% of cell loss, which may be further

investigated in future studies (Table S1). We further validated 26 com-
pounds with ECsy values below 50 pM. Sixteen compounds had ECsg
values < 10 pM and SI indices >10. Holyrine A, alotaketal C, and bafi-
lomycin D were highly potent with ECsg values in the nanomolar range,
and these were subsequently demonstrated to be potent lead antivirals
against ancestral SARS-CoV-2, Delta, and Omicron BA.1, BA.2 and BA.5.

Natural products are considered a rich resource for novel antiviral
drug development. NPs have the advantage of more favorable toxico-
logical profiles, fewer side effects, and a faster approval process in
comparison to chemically engineered drugs (Auth et al., 2021; Wang
and Yang, 2020). Along with plant-derived compounds, like Nigella
sativa with its inhibitory activity against the hepatitis C virus, several
marine products have also been reported to have antiviral activity
against different viruses (Barakat et al., 2013; Wang et al., 2014, 2016).
This includes NPs that have demonstrated efficacy against coronavi-
ruses, such as SARS-CoV-1 and MERS-CoV (Ashhurst et al., 2021; Mani
et al., 2020). NPs have been determined to inhibit viruses through
several mechanisms including inhibiting viral entry and/or viral DNA
and RNA synthesis, but they can also modulate cellular functions
required by different viruses, offering broad-spectrum antiviral activity
(Moghadamtousi et al., 2015; Musarra-Pizzo et al., 2021). Previously,
some of the NPs in our library (terretonin A, terretonin B, mollicellin B,
and phellopterin) were described as presenting anti-inflammatory (Wu
et al., 2019), anti-malarial (Chaipukdee et al., 2016; Khumkomkhet
et al., 2009), or anti-cancer activities (Bao et al., 2018).

Three antiviral NPs identified in our screening (holyrine A, alota-
ketal C, and bafilomycin D) showed nanomolar ECs( values of 282 nM,
106 nM, and 38 nM, respectively, against mNG-SARS-CoV-2 (Fig. 2B).

We demonstrated the pan-SARS-CoV-2 activity of these three lead
antivirals against SARS-CoV-2 highly transmissible Omicron subvariants
(BA.5, BA.2 and BA.1) and highly pathogenic Delta VOCs in human
Calu-3 lung cells (Fig. 3). Notably, holyrine A, alotaketal C, and bafi-
lomycin D, are potent nanomolar inhibitors of SARS-CoV-2 Omicron
subvariants BA.5 and BA.2 (Fig. 3H-M; Table 2). Interestingly, in
contrast to bafilomycin D, which presented nanomolar antiviral activity
for all SARS-CoV-2 variants tested, we observed discrepancies for the
ECs0 values determined across the variants for holyrine A and alotaketal
C (Table 2). For example, holyrine A is a more potent antiviral against
the BA.2 sublineages (Fig. 3H and K; Table 2) than against SARS-CoV-2
BA.1 and Delta (Fig. 3E and B; Table 2). Alotaketal C is a more potent
antiviral against highly transmissible Omicron subvariants (BA1, BA2,
and BA5) (Fig. 3F, I, 3L; Table 2) than against the highly pathogenic
Delta VOC (Fig. 3C; Table 2). Nevertheless, our results confirm the pan-
SARS-CoV-2 antiviral activity of holyrine A, alotaketal C, and bafilo-
mycin D against SARS-CoV-2 variants in lung epithelial cells.

Holyrine A comes from the indolocarbazole class of alkaloids isolated
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Table 2
SARS-CoV- 2 VOCs inhibition (ECsg) for the three lead NPs in Calu-3 cells.
Name Delta (ECsg) BA.1 (ECsp) BA.2 (ECsp) BA.5 (ECsg)

Nuc® dsRNA Nuc® dsRNA Nuc® dsRNA Nuc” dsRNA
holyrine A 600 nM 1.0 uM 1.7 yM 1.6 M 44 nM 394 nM 80 nM 120 nM
alotaketal C 4.9 yM 3.9 M 700 nM 400 nM 700 nM 700 nM 300 nM 700 nM
bafilomycin D 2.0 nM 50 nM 13.4 nM 67.3 nM 4.6 nM 22 nM 43.9 nM 38.6 nM

@ Nuc = Nucleocapsid.

from a marine actinomycete collected in Canada, and it is closely related
to holyrine B, which differs from holyrine A by the addition of an oxygen
atom (Williams et al., 1999). Holyrine B was recently described as a
potential SARS-CoV-2 3CLpro inhibitor based on virtual screening using
docking and molecular simulation (Sayed et al., 2020). However,
although holyrine A acted as a pan-SARS-CoV-2 antiviral in our study,
neither holyrine A nor B presented activity against 3CLpro in the
enzymatic assay (data not shown). These results suggest an alternative
mode of action for holyrine A in inhibiting SARS-CoV-2 infection.

Alotaketal C is a sesterterpenoid isolated from the marine sponge
Phorbas sp. Collected in Canada (Daoust et al., 2013). We previously
reported alotaketal C as an activator of protein kinase C (PKC) that is
more potent than the well-studied PKC activator prostratin (Wang et al.,
2016, 2022). Our preliminary results of the three natural products acting
as PKC activators (prostratin, bryostatin and PEP 005) also demon-
strated inhibition of SARS-CoV-2 BA.1 (Fig. 4A-C and S6), consistent
with PKC activation inhibiting SARS-CoV-2 infection. We also observed
a striking reverse phenomenon using the PKC inhibitors G66983
(Gschwendt et al., 1996) and G66976 where a dramatic increase in
susceptibility of cells to SARS-CoV-2 BA.1 was observed following
G06983 or Go6976 treatment (Fig. 4D-E and S6). However, the treat-
ment with an atypical PKC inhibitor showed inhibition of SARS-CoV-2
BA.1 (Fig. 4F and S6). These results strongly suggest that different iso-
forms of PKC can play a role in the regulation of cellular susceptibility to
SARS-CoV-2 infection.

Because many polymorphisms in various PKC genes have been
identified and because drugs targeting PKC are under investigation in
clinical trials for cancer and other diseases (Callender et al., 2018;
Kawano et al., 2021; Ma et al., 2010), future research should explore
whether PKC regulation impacts human susceptibility and the severity
of SARS-CoV-2 infection. A recent study reported that PKC inhibitors
block the replication of ancestral SARS-CoV-2 on A459/ACE2 expressing
cells (Huang et al, 2022). The biological effects of PKC are
wide-ranging, and even though most PKC isoenzymes are ubiquitous
and many cells can co-express different PKC isoforms, some of them are
expressed in a tissue-specific manner (Blazquez and Saiz, 2021). We
hypothesize that altered susceptibility may be due to these facts as noted
in published findings: PKC inhibition by multiple drugs reduced the
shedding of ACE2 from the surface of cells (Xiao et al., 2016); ACE2 is
the key receptor required for SARS-CoV-2 entry (Hoffmann et al.,
2020a); and increased shedding should reduce cell surface ACE2
abundance. Future studies should investigate whether PKC activation by
alotaketal C increases ACE2 shedding from human respiratory epithelial
cells.

Bafilomycin D is a member of the macrolide antibiotic family, which
has been isolated from a Streptomyces sp. obtained from marine sedi-
ments collected in Canada (Carr et al., 2010; Kretschmer et al., 1985).
bafilomycin A;, By, and D are inhibitors of vacuolar-type H (V)-
ATPases (Bowman et al., 1988). Studies have shown that bafilomycin A;
can inhibit both Delta and Omicron variants, independent of TMPRSS2
expression (Indari et al., 2021; Zhao et al., 2022). Interestingly, the use
of CRISPR knockout screens has shown that the interference with
V-ATPase expression results in the inhibition of SARS-CoV-2 infection
(Daniloski et al., 2021; Zhu et al., 2021). Our results confirm the
important biological roles of human V-ATPase in the SARS-CoV-2 life-
cycle (Indari et al., 2021) and demonstrate that bafilomycin D is a very
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potent nanomolar pan-SARS-CoV-2 lead antiviral with a high SI value
(SI = 1064: Table 1).

In order to investigate further the molecular mechanism of action of
bafilomycin D as a pan-SARS-CoV-2 antiviral, we also investigated its
potential synergistic action when used in combination with N-0385, a
highly potent pan-variant host-directed antiviral (Shapira et al., 2022).
We demonstrated a synergistic action of bafilomycin D (a human
V-ATPase inhibitor) and N-0385 (a highly potent inhibitor of human
TMPRSS2 protease) against SARS-CoV-2 Omicron BA.2. These results
suggest that the two highly potent host-directed antivirals, bafilomycin
D and N-0385, target two distinct mechanisms of viral entry that depend
on distinct host factors, human V-ATPase and human TMPRRS2 (Indari
et al., 2021; Kreutzberger et al., 2021). Further studies are needed to
confirm the detailed mechanisms of action of bafilomycin D as a
pan-SARS-CoV-2 antiviral agent. Importantly, our results demonstrate
that the combination of bafilomycin D and N-0385 provides an
extremely valuable inspirational starting point for developing urgently
needed SARS-CoV-2 multidrug regimen for circulating SARS-CoV-2
Omicron subvariants.

Together, our findings underline the importance of natural product
studies not only for identifying potential treatment strategies based on
host-directed antivirals but also for unravelling new findings about the
biology and pathogenesis of human emerging viruses.

5. Conclusion

In summary, we applied a cell-based fluorescent-screening assay to
identify promising anti-SARS-CoV-2 compounds from a diverse NP li-
brary. Three lead compounds (holyrine A, alotaketal C, and bafilomycin
D) demonstrated nanomolar antiviral potency against mNG-SARS-CoV-
2, and we confirmed they had low micromolar to nanomolar pan-SARS-
CoV-2 antiviral activity against four VOCs (Delta, Omicron BA.1, BA.2
and BA.5). Further studies may be required to determine the broad-
spectrum antiviral activity of the additional 47 NPs not investigated
here that demonstrated >50% inhibition at 50 pM using the mNG-SARS-
CoV-2, with <20% cell loss. Due to the unique biology of SARS-CoV-2
VOCs in terms of their transmission and pathogenesis, a number of
these NPs may present additional promising leads.

Overall, our study provides insight into the potential of NPs with
highly diverse chemical structures as valuable inspirational starting
points for developing pan-SARS-CoV-2 therapeutics. These therapeutics
could be used as part of multidrug regimens to counteract the increasing
antiviral drug resistance to the currently limited repertoire of mono-
therapies against SARS-CoV-2 infections (Li et al., 2022; Schultz et al.,
2022; Szemiel et al., 2021). In addition, our antiviral NPs provide new
patent-free academia-originated leads for further development as al-
ternatives to patent-protected pharmaceuticals.
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