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ARTICLE INFO ABSTRACT

Keywords: Background: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a highly transmissible coronavirus
SARS-CoV-2 that has caused over 6 million fatalities. SARS-CoV-2 variants with spike mutations are frequently endowed with
Fungal immunomodulatory proteins a strong capability to escape vaccine-elicited protection. Due to this characteristic, a broad-spectrum inhibitor
3?2] binding against SARS-CoV-2 infection is urgently demanded. Ganoderma microsporum immunomodulatory protein (GMI)
Cell fusion was previously reported to alleviate infection of SARS-CoV-2 through ACE2 downregulation whereas the impact

of GMI on virus itself was less understood. Our study aims to determine the effects of GMI on SARS-CoV-2
pseudovirus and the more detailed mechanisms of GMI inhibition against SARS-CoV-2 pseudovirus infection.
Methods: ACE2-overexpressing HEK293T cells (HEK293T/ACE2) and SARS-CoV-2 pseudoviruses carrying spike
variants were used to study the effects of GMI in vitro. Infectivity was evaluated by fluorescence microscopy and
flow cytometry. Fusion rate mediated by SARS-CoV-2 spike protein was examined with split fluorescent protein
/luciferase systems. The interactions of GMI with SARS-CoV-2 pseudovirus and ACE2 were investigated by
immunoprecipitation and immunoblotting.

Results: GMI broadly blocked SARS-CoV-2 infection in various cell lines. GMI effectively inhibited the infection of
pseudotyped viruses carrying different emerged spike variants, including Delta and Omicron strains, on
HEK293T/hACE2 cells. In cell-free virus infection, GMI dominantly impeded the binding of spike-bearing
pseudotyped viruses to ACE2-expressing cells. In cell-to-cell fusion model, GMI could efficiently inhibit spike-
mediated syncytium without the requirement of ACE2 downregulation.

Conclusions: GMI, an FDA-approved dietary ingredient, acts as a multifunctional broad-spectrum antiviral against
SARS-CoV-2 and could become a promising candidate for preventing or treating SARS-CoV-2 associated diseases.

Broad-spectrum antiviral against SARS-CoV-2

1. Introduction interplay between viral spike protein and angiotensin-converting
enzyme 2 (ACE2) protein expressed in the target cells [2-4]. The gen-

Coronavirus disease-19 (COVID-19), an infectious disease caused by eration of neutralizing antibodies against spike protein offers protection

a recently identified virus, namely severe acute respiratory syndrome effects by inhibiting spike protein-ACE2 interaction, which ultimately
coronavirus 2 (SARS-CoV-2), has rapidly become a global pandemic, leads to the blockage of SARS-CoV-2 infection [5]. Nevertheless, due to
resulting in over 558 million infections and 6 million deaths [1]. the high mutation rate of RNA genome and the high transmission level of

SARS-CoV-2 enters and infects host cells mainly through utilizing the the virus, many SARS-CoV-2 variants had been reported to be highly
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resistant to the protection of vaccination [5-9]. Indeed, many of these
SARS-CoV-2 strains with immune escape property had accumulated
tremendous mutations at their spike proteins and could elude antibodies
generated by vaccinating with spike protein derived from the original
wildtype strain [8-10]. However, the development of novel vaccines is
time-consuming and new viral mutations that lead to vaccine escape
could always happen. Consequently, it is crucial to develop other stra-
tegies against SARS-CoV-2 infection, such as antiviral drugs. Through
high-throughput screening, drug repurposing, and in silico prediction,
many studies have been conducted to identify potential candidates for
inhibiting SARS-CoV-2 infection [11-16]. Despite of the potential effects
on viral replication and translation, many of these candidates still lack in
vitro and in vivo experiments to validate their functions, and the
requirement of the long period of clinical trials for human usage [13,17,
18]. Currently, the approved antiviral drugs focus on blocking viral
replication by targeting viral protease or RNA-dependent-RNA poly-
merase (RdRp), such as Paxlovid and Molnupiravir [19-25]. However,
because of the highly mutated nature of RNA viruses, it is predicted that
drug-resistant variants could appear after the intensive usage of the
antiviral drugs that could only block a single step in the viral life cycle.
Likewise, new types of antiviral drugs, especially the ones that are
against viral life cycle besides genome replication, are always urgently
required. For instance, the antiviral drugs against RNA viruses, such as
Human immunodeficiency virus (HIV) and Hepatitis C virus (HCV),
were successfully made by combining different drugs against the viral
life cycle at different steps [26,27]. Several new antiviral strategies
highly focused on inhibiting viral entry through interfering with
spike-ACE2 interaction [28-33]. Nevertheless, many of these new stra-
tegies still require the strict examinations for efficacy and safety levels
before applying for human usage.

We had previously reported that GMI, a fungal immunomodulatory
protein from Ganoderma microsporum, could alleviate infection of SARS-
CoV-2 by inducing ACE2 degradation in vitro and in animal models [34].
The downregulation of ACE2 protein could reduce the binding between
spike-bearing viruses and the host cells. This finding suggests GMI as a
potential candidate for preventing SARS-CoV-2 infection since it is an
FDA-approved dietary ingredient with less safety concerns in compari-
son with the other new drugs regarding prevention purposes [35].
However, it should also be noticed that GMI could only reduce ACE2
protein level by half in the treated samples, and such reduction itself
seems impossible to entirely leads to the remarkable inhibition capa-
bility against SARS-CoV-2 infection [34]. The results in some ways imply
that GMI should have further antiviral strategies against SARS-CoV-2
infections beyond merely downregulating ACE2 protein level.

In this study, HEK293T cells overexpressing ACE2 and SARS-CoV-2
pseudoviruses carrying different spike protein mutations were used to
investigate the effects of GMI on SARS-CoV-2 pseudovirus in vitro and
the more detailed mechanisms of its inhibitory effects against viral
infection. We also focused on studying the effects of GMI on viral
infection via either cell-free virus or cell-cell fusion, as well as the in-
teractions between GMI and the pseudoviruses. Our results demon-
strated that GMI appeared with a broad-spectrum antiviral property
against SARS-CoV-2 pseudoviruses expressing different spike variants,
including Delta and Omicron strains. The significant effects of GMI were
contributed by both viral binding blockage and the inhibition against
cell-cell fusion. Without the requirement of downregulating ACE2
expression, GMI could directly impede viral binding and cell fusion by
its interaction with both the spike proteins of SARS-CoV-2 pseudoviruses
and ACE2 receptor in the target cells. Taken together, GMI could act as a
potential inhibitor for SARS-CoV-2 infection and possible pathological
consequences related to syncytia formation.
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2. Materials & methods
2.1. Cell lines

HEK293 cells are derived from human embryonic kidney cells
(ATCCL CRL-1573), and HEK293T is a derivative cell line of HEK293
cells containing the SV40 T-antigen (ATCC: CRL-3216). A549 cells are
human lung adenocarcinoma cells derived from a Caucasian lung cancer
patient (ATCC: CCL-185). Cells stably expressed with human ACE2
(hACE2), or Spike were acquired after being transduced with lentivi-
ruses carrying hACE2 or spike gene and selected with 10 pg/ml blasti-
cidin (Invitrogen) or 1.5 pg/ml puromycin (Invitrogen), respectively. All
cells were cultured in RPMI-1640 medium (Invitrogen) with 10% fetal
bovine serum (FBS, HyClone) supplemented with 100 U/ml penicillin
and streptomycin (Invitrogen) in a humidified cell culture incubator at
37 °C.

2.2. Reagents and antibodies

GMI (Cat: 767593) was purchased from MycoMagic Biotechnology
Co. (Taiwan) and prepared in phosphate-buffered saline PBS (1 mg/ml).
The details procedures for GMI generation and its protein structure have
been described previously [34]. Chlorcyclizine (CCZ; Cayman#19239),
dimethyl sulfoxide (DMSO; Sigma#D8418), carbobenzox-
y-L-leucyl-L-leucyl-1-leucinal (MG132; Cayman#13697), and bafilomy-
cin Al (Baf Al; Cayman#11038). Here a rabbit serum containing
polyclonal antibody against the SARS-CoV-2 spike protein (Academia
Sinica, Taiwan) was applied for all experiments. GMI-related immuno-
precipitation and immumoblotting were performed using a mouse
monoclonal antibody against the His-tagged-GMI (clone HIS.HS,
Thermo Scientific#MA1-21315). ACE2 polyclonal antibody (Pro-
teintech#21115-1-AP), Anti-rhodopsin 1D4 (Santa Cruz#sc-57432),
and mouse gamma globulin as control (ThermoFisher #31878) were
used for ACE2 immunoblotting and immunoprecipitation.

2.3. Plasmids and oligonucleotides

pLAS2, a lentiviral vector carrying a CMV promoter was received
from Academia Sinica, Taiwan. A green fluorescent protein (GFP) gene
or a firefly luciferase gene was therefore inserted after the CMV pro-
moter to create pLAS2-GFP or pLAS2-Luc plasmid. An expression
plasmid pcDNA3.1-SARS-CoV-2-Spike contains the wildtype (Wuhan
strain) SARS-CoV-2 spike protein with a C-terminal C9 tag (gift from
Fang Li; Addgene#145032). D614G or D614G plus N501Y (D614G/
N501Y) mutation at Spike gene were performed by polymerase chain
reaction (PCR) cloning [36]. The expression plasmid carrying spike gene
derived from Beta strain (Academia Sinica, Taiwan), Delta strain
(Addgene#179905) or Omicron strain (Addgene#179907) were used
[37]. In split GFP system, GFP1-10 plasmid was from Addgene
(#68715) while GFP11 plasmid was constructed by gene synthesis. In
split Firefly luciferase system, expressing plasmids carrying NFLuc416
and CFLuc398 were constructed in pcDNA3.1 vector. The lenti-ACE2
plasmid (Academia Sinica, Taiwan), and the lenti-Spike plasmid was
constructed into pLAS2 plasmid. Final products of PCR cloning would be
confirmed by Sanger sequencing. Sequences of all synthesized oligonu-
cleotides are shown in Supplementary Table 1.

2.4. Transfections

All transfection experiments were carried out with polyethylenimine
(PEI MAX; Polysciences#24765-1) following the manufacturer’s
instructions.

2.5. Cell viability assay

5 x 10° cells of the examined cells were seeded into 96-well culture
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Fig. 1. The inhibition efficacy of GMI and CCZ against SARS-CoV-2 spike-mediated infection in ACE2-expressing human cell lines. HEK293T/hACE2 and
A549/hACE2 cells were infected with SARS-CoV-2 pseudotyped virus carrying a luciferase gene with treatment of (A) GMI or (B) CCZ for 48 h. Luminescent signals
of the infected cells were measured 48 h post-infection and EC50 values were calculated using GraphPad Prism 5 software. The cytotoxicity of the cells treated with
(A) GMI or (B) CCZ were evaluated 48 h post-treatment through MTT assay and CC50 values were calculated. The data are shown as the means + SDs (error bars).

plate per well and incubated overnight to allow the cells to reattach.
GMI (0-2.4 pM) or CCZ (0-300 pM) were added into the cells as indi-
cated time points, and their survival rates were measured by using MTT
assay according to the manufacturer’s instructions.

2.6. Pseudovirions and cell infection

Spike pseudovirions were produced as previously reported [36].
Different volumes of pseudovirions were inoculated with 3000
HEK293T/hACE2 cells per well in 96-well plates. 2 days later, trans-
duction efficiency (percentage of GFP-positive cells) was analyzed by a
fluorescence microscope (Zeiss) and by flow cytometry (FACSCalibur).
For the evaluation of the transduction of luciferase-carry pseudoviruses,
the transduced cells were transferred into a 96-well white plate. The
relative light unit (RLU) was determined immediately after adding 15
pg/ml VivoGlo™ luciferin (Promega) into the cells by using a multimode
microplate reader (SPARK, Tecan Austria GmbH).

2.7. Binding assay

The pseudovirus samples, with or without different inhibitors, were
exposed to 20,000 HEK293T/hACE2 cells at 4 °C under constant rota-
tion. 60 min later, the cells were collected by centrifugation, washed
with ice-cold PBS for three times, and the viruses-bound cells were
collected for immunofluorescence staining and visualized by a fluores-
cence microscope (Zeiss). In some experiments, these viruses-bound
cells were collected for RNA extraction by using GENEzol™ TriRNA
Pure kit (Geneaid) and the extracted RNA was further reverse tran-
scribed in ¢cDNA by using random hexamers and RevertAid First Strand
cDNA synthesis kit (Thermo Scientific). Reverse transcription-
quantitative polymerase chain reaction (RT-qPCR) was performed
with ABI StepOnePlus™ System according to SYBR Green method. The
amount of RNA corresponding to beta-actin and lentiviral genome was
quantified and the binding ability in each sample was calculated
through the ratio between viral genome versus beta-actin. The primer
sequences applied for RT-qPCR are listed in Supplementary Table 1.

2.8. Fusion assay

In cell-cell fusion assay, HEK293T/spike (effector cells) in 6-well
plate were transfected with 1.5 pg each GFP1-10 and CFLuc398 plas-
mids whereas HEK293T/hACE2 (target cells) were transfected with 1.5
pg each GFP11 and NFLuc416 plasmids. 0.2 pg of mCherry expression
plasmid was also co-transfected as a control for transfection efficiency.
24 h later, transfected cells were trypsinized and a total of 5 x 10* cells/
well mixed at a 1:1 ratio was cultured in 96-well plate. Cell-cell fusion
was evaluated at indicated time points post co-culture by fluorescence
microscopy (GFP signals) and by Tecan luminometer (Luciferase activ-
ity). Regarding fusion assay of mutated spikes and different spike vari-
ants, similar procedures were performed but with HEK293 transfected
with expression plasmid carrying spike protein as effector cells. 2 ng of
different spike containing plasmids; 1 pg each GFP1-10 and CFLuc398
expressing plasmids, and 0.2 pg of mCherry were used for co-
transfection.

2.9. Immunoprecipitation assay

HEK293T cells were transfected with the plasmids encoding different
SARS-CoV-2 spikes as indicated. Media were aspirated and replaced
with fresh one 24 h later. At 72 h post-transfection, cells were treated
with 1.2 pM GMI at 37 °C for 2 h before a complete GMI removal with
three PBS washes. Cells were then lysed for 1 h under rotation at 4 °C in
200 pl of lysis buffer (2 mM EDTA, 137 mM NacCl, 20 mM Tris HCl pH
8.0, 1% Nonidet P-40). The lysates were purified with 21,000xg
centrifugation in 10 min before immunoprecipitation with Dynabeads
Protein G Immunoprecipitation kit (Invitrogen#10007D) according to
the manufacturer’s instructions. The immunoprecipitated samples were
incubated at 95 °C for 20 min in Laemmli buffer before Western blotting.

2.10. Immunoblotting

Cells were lysed on ice for 15 min with a self-prepared lysis buffer
(20 mM Tris-HCI pH 7.5, 0.1% SDS, 5 mM EDTA, 0.5% Nonidet P-40,
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Fig. 2. GMI impedes the SARS-CoV-2 spike pseudotyped virus from binding to ACE2-bearing cells and inhibits viral infection. (A) Schematic design of viral
binding assay. (B) HEK293T/hACE2 cells were exposed to spike pseudoviruses at 4 °C with GMI, CCZ, or polyclonal antiserum against SARS-CoV-2 (pAb) for 2 h. The
virus-bound cells were collected after intensively washing by PBS and subjected for RT-qPCR using primers specific to actin gene and pLAS2 vector. In parallel, a viral
binding assay was performed but here the bound spike pseudotyped viruses were visualized by (C) immunofluorescence staining with an antibody specific to the
spike protein. (D) A schematic design described an assay of adding GMI/CCZ at different time points. (E) Following experimental design in (D), HEK293T/hACE2
cells were at first exposed to Spike pseudotyped viruses carrying luciferase and with or without GMI at 4 °C for 2 h to allow viral binding. After washing the viruses-
bound cells with PBS to remove unbound viruses, the cells were incubated for 48 h at 37 °C for viral infection. Meanwhile, GMI were added at early (0-2.5h,
0.5-3 h), middle (1-3.5 h), or late (3-5.5 h and 5-7.5 h) time points post-infection. Two conditions that cells were continuously treated with GMI or PBS after being
seeded back to 37 °C were shown as “Always” and “No GMI”. The reported fusion inhibitor CCZ was added to the cells at early time point (0-2.5 h) as indicator for
fusion ability. The inhibition effect of spike antiserum was also examined as indicator for binding ability during binding assay. For whole experiment the con-
centration of each inhibitor was as following: GMI 0.6 pM; CCZ 37.5 pM; pAb 1:100 dilutions. The data are shown as the means + SDs (error bars). Student’s t test
was used, P < 0.05 indicates a statistically significant difference whereas P > 0.05 implies the opposite; * ** P < 0.001, * ** * P < 0.0001, ns P > 0.05. The scale bar
in the figures represents 100 um.

150 mM sodium chloride, 1% sodium deoxycholate and proteinase in- blotted membranes were incubated with the indicated first/second an-
hibitor (Roche)). Lysates were subjected for sonication and then tibodies. Visualization was performed with a chemiluminescent reagent
centrifugation before being denatured for 10 min at 95 °C in Laemmli (Pierce) and the signal intensity was evaluated with ImageJ software.

buffer. SDS-polyacrylamide gels were used to separate the proteins prior
to transferring onto polyvinylidene difluoride (PVDF) membranes (Bio-
Rad). After blocking in 3% milk in PBS with 0.05% Tween 20, the
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Fig. 3. Efficacy of GMI against SARS-CoV-2 variants. (A) SARS-CoV-2 Spike pseudotyped viruses carrying a GFP gene and packaged by SARS-CoV-2 Spike protein
from wildtype virus, spike with D614G or D614G/N501Y mutation and spike from Beta, Delta, and Omicron variants were generated and hence applied for
HEK293T/hACE2 infection with or without the treatment of 0.6 pM GMI. 48 h post-infection, the infectivity was visualized by using a fluorescence microscope. (B)
The inhibition against SARS-Cov-2 pseudovirus infection by using various concentrations of GMI; (C) EC50 of GMI against Spike pseudotyped virus carrying different
spike mutations/variants were shown. (D) HEK293T cells were transfected with a plasmid encoding the indicated spike protein. Cells were replenished with a fresh
medium at 24 h post-transfection. 72 h post-transfection, the cells were treated with 1.2 pM GMI at 37 °C degree for 2 h. After extensive washing with PBS, the cells
were collected, and the lysates were subjected to an immunoprecipitation assay. Here the total lysate and the immunoprecipitation results collected from cells
transfected with different spike mutations or variants were shown. (E) Spike pseudovirions were treated with 1.2 pM GMI at 4 °C for 2 h and then were pelleted down
by gradient centrifugation. The viruses were resuspended in culture medium and applied for binding assay in combination with immunofluorescence staining to
visualize the cell-bound viruses by a rabbit antiserum against spike protein together with a Cy5-conjugated secondary antibody (red color). The samples were also
double stained by using a mouse monoclonal antibody against His tag in combination with a Cy3-conjugated secondary antibody (yellow color). DAPI (blue color)
was applied for visualizing the cell nuclei. (F) An immunoprecipitation assay similar as (D) to investigate the interaction between ACE2 and GMI was conducted. The

scale bar in the (A) represents 100 um and in (E) represents 50 um.

2.11. Statistical analysis and software

The P values for significance testing between the control and the
sample were analyzed by unpaired Student’s t tests with the help of
GraphPad Prism 5. All experiments were conducted at least three times
and data were shown as mean + SD. P < 0.05 indicates a statistically
significant difference whereas P > 0.05 implies the opposite. In figures,
P values are noted as following: * P < 0.05, * * P < 0.01, * ** P < 0.001,
* %% % P <0.0001, ns P > 0.05.

3. Results

3.1. GMI exhibits favorable antiviral effects against spike pseudotyped
virus infection in different cell lines

We first explored the antiviral efficacy of GMI against lentiviral-
based spike pseudotyped viruses carrying the spike D614G/N501Y
mutation commonly observed in the current SARS-CoV-2 variants [10].
By using spike-pseudotyped viruses containing a luciferase gene to
expose with different cell lines, we found that GMI inhibited the
spike-pseudotyped virus infection with 50% effective concentration
(EC50) at 0.077 pM in HEK293T/hACE2 and 0.013 pM in A549/hACE2
(Fig. 1 A). Since the pseudotyped viruses examined here only infect the
cells without having further viral replication, the inhibition effects
offered by GMI should be due to either the reduction of viral binding or
the entry to ACE2-bearing cells thereafter. To simulate the vaccination
protection of current COVID-19 vaccines, we used a polyclonal anti-
serum against wildtype spike protein which could block viral binding
(Supplementary Fig. S1). CCZ, a reported chemical that could block
SARS-CoV-2 fusion [38], was also examined (Fig. 1B). Meanwhile, GMI
showed 50% cytotoxicity concentration (CC50) at more than 2 pM for
both cell types whereas CCZ had high cell cytotoxicity to HEK293T cells
with CC50 value at 42.03 pM, which was 3-fold less concentrated than
IC50 (Fig. 1). We did not observe the significant cytotoxicity of the cells
treated with antiserum against SARS-CoV-2 although it can only achieve
efficient inhibition while using higher than 25-fold dilution of the
original antiserum (Supplementary Fig. S1). The safety tests of genetic,
embryo-fetal, and oral toxicity tests in rats of GMI had also been recently
reported [39]. Overall, these data showed that GMI could become a good
candidate for inhibiting SARS-CoV-2 infection.

3.2. GMI blocks the spike-bearing virus binding to ACE2-expressing cells

To dissect whether GMI interferes with viral attachment, we per-
formed a binding assay by exposing HEK293T/hACE2 cells to spike-
pseudotyped virus with the presence of GMI as mentioned in methods
and the relative numbers of viruses bound to each cell were quantified
by RT-qPCR (Fig. 2 A). A fusion inhibitor, CCZ and a polyclonal anti-
spike antiserum were also included in the same tests. Our results
showed that both spike antibody and GMI can inhibit the spike-
pseudotyped viruses binding to HEK293T/hACE2 cells whereas CCZ
only had minor effects (Fig. 2B). The inhibitory effect of GMI on the

binding between spike-pseudotyped virus and the cells was also vali-
dated by immunostaining (Fig. 2 C). To further elucidate whether GMI
also influences viral entry, a time of addition/removal assay was per-
formed. In the same experiment, polyclonal anti-spike antiserum and
CCZ were also included. The binding assay between spike-pseudoviruses
and HEK293T/hACE2 cells was performed for 2h at 4 °C with or
without the indicated inhibitors. After removing the unbound viruses,
the virus-bound cells were moved from 4 °C to 37 °C for evaluating the
internationalization of the viruses into the cells. GMI was inoculated at
different time points for 2.5 h to decide the possible timing of viral entry
(Fig. 2D). In the same vein of the binding assay shown in Fig. 2 A,
treatment of GMI only at virus-cell binding step reduces 75% of the
infectivity thereafter (Fig. 2E). Surprisingly, we did not observe any
further inhibition effect of GMI on the viruses-bound cells regardless of
the addition of GMI treatment at the binding step. On the other hand,
early treatment of the fusion inhibitor CCZ could further inhibit viral
entry of the virus-bound cells even with or without GMI treatment
during binding (Fig. 2E). In summary, these results indicated that GMI
could be a promising candidate for the prevention of SARS-CoV-2
infection through inhibiting the spike-bearing virus binding to the
hACE2-expressing cells. It is also important to address that this inhibi-
tion seemed to not require the downregulation of ACE2 protein as re-
ported previously since whole viral binding procedures were performed
on ice [34].

3.3. GMI has broad-spectrum antiviral effects against SARS-CoV-2 spike
variants by direct binding to the spike protein

The emerging concern of COVID-19 pandemic is the rapid mutation
in spike protein from different SARS-CoV-2 variants and clearly these
variants are more infectious with less susceptibility to vaccine-mediated
immune protection [8-10, 40]. We therefore generated pseudotyped
lentivirus carrying a GFP gene and harboring SARS-CoV-2 spike protein
derived from different clinical strains or with mutations. Our results
indicated that GMI treatment at infection could efficiently inhibit the
infection of pseudotyped viruses carrying different spike proteins,
including the currently emerging Delta and Omicron strains (Fig. 3A-C).
Meanwhile, the pseudotyped viruses harboring different spike variants
showed susceptibility to GMI with EC50 values ranging from 0.0462 to
0.1609 pM. Interestingly, the previous pandemic Beta strain and the
currently pandemic strain Delta and Omicron required 2- to 3.5-fold
higher concentration of GMI than wildtype strain and the difference
seems corresponding to the reported transmission ability (Fig. 3B and
C). This could be explained by the increasing affinity with ACE2 and the
enhanced fusion ability to the target cells gained by the mutations of the
spike protein in these pandemic strains [40-44]. We therefore wish to
investigate whether GMI could directly bind to the spike protein or ACE2
protein to inhibit viral binding. Here we performed an immunoprecip-
itation assay and validated that GMI binds to all the tested spike proteins
with high efficiency (Fig. 3D). We also confirmed that GMI co-localized
with spike pseudotyped viruses through viral binding assay with
HEK293/hACE2 in combination with immunofluorescence staining
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Fig. 4. GMI inhibits spike-mediated syncytia formation even without ACE2 degradation. (A) Schematic design of cell-cell fusion assay (Created with Bio-
Render.com). HEK293T/Spike was transfected with GFP1-10 and CFLuc398 (effector cells) while HEK293T/ACE2 was transfected with GFP11 and NFLuc416 (target
cells) so that only fused cells will produce GFP and firefly luciferase signals. 24 h post-transfection, effector and target cells were mixed (1:1 ratio) and co-plated for
24 h before cell-cell fusion rate was documented by luminometer (B) and fluorescence microscopy (C-D). (B-C) Mixed cells were co-cultured with PBS (no treatment
control) or GMI, CCZ, polyclonal antibody at different concentrations (2-fold serial dilution, initial concentrations are as indicated). (D-E) 24 h post transfection,
target cells were pretreated with DMSO, MG132 (10 pM), BafAl (20 nM) for 30 min (D) Pretreated cells were co-cultured with transfected effector cells and
continuous treatment of DMSO, MG132 (10 pM), BafAl (20 nM) with/without the addition of 0.6 uM GMI. (E) Pretreated target cells alone were continuingly treated
with DMSO, MG132 (10 pM), BafAl (20 nM) with/without the addition of 0.6 pM GMI for 24 h before cells were collected for ACE2 Western blotting. The data are
shown as the means + SDs (error bars). Student’s t test was used, P < 0.05 indicates a statistically significant difference whereas P > 0.05 implies the opposite;
iP < 0.05, * * P < 0.01, * ** P < 0.001, ns P > 0.05. The scale bar in the figures represents 200 pm.

(Fig. 3E). We applied rabbit polyclonal anti-spike antiserum for all the
experiments since several monoclonal antibodies against spike protein
might not recognize all the spike variants. Indeed, we observed that the
rabbit antiserum we applied here had weaker affinity against spike
variants Beta, Delta, and Omicron, but this did not influence the
immunoprecipitation assay. Our data suggested that GMI could also
bind to ACE2 protein (Fig. 3 F). Overall, these results indicate that GMI
could block the infection of spike pseudotyped virus bearing different
spike variants by directly targeting the spike protein, which leads to the
inefficient viral binding to the host cells and ultimately results in the
inhibition of SARS-CoV-2 infection.

3.4. GMI has a broad-spectrum inhibiting ability against SARS-CoV-2
spike-mediated cell-cell fusion

Enveloped viruses can achieve viral transmission in cell culture
system and in the tissue via cell-free particles or directly by cell-cell
contact [45-50]. Importantly, the model of cell-to-cell transmission
through spike and ACE2 fusion had been reported with higher efficiency
for viral transmission in SARS-CoV-2-infected cells as well as with high
resistance to antibody-mediated protection [45]. Meanwhile,
ACE2-spike interaction can ultimately lead to strong cell syncytia and
severe pathological consequence in SARS-CoV-2 patients [50-53]. To
evaluate the effects of GMI on spike-medicated cell fusion, we estab-
lished a dual split GFP/firefly luciferase system that allows us to eval-
uate the fusion efficacy only after the fusion happens (Fig. 4 A). By using
the split GFP as monitor, our data showed that GMI can efficiently
impede ACE2-spike-mediated cell fusion at dose-dependent manner.
Strikingly, the possible fusion-blocking candidate, CCZ, showed the
weakest inhibition effect. CCZ at 75 pM induced major cell death.
Although CCZ at the concentration of 37.5 pM, which is closed to CC50,
could efficiently block cell-free virus infection, it only gained minor
reduction in cell-cell fusion (Fig. 1B). By using the split luciferase sys-
tem, our experimental model showed that GMI could achieve 50% in-
hibition of ACE2-spike-mediated fusion even at 0.075 pM corresponding
to the determined IC50 of the cell-free virus model (Figs. 4B, 4 C and
1 A). Meanwhile, we found that polyclonal anti-spike antiserum could
also inhibit cell fusion mediated by ACE2-spike interaction as reported
previously [45] although extremely high concentration was required
(Figs. 4B and 4 C). As the Spike antibody has high molecular weight
(more than 150 kDa), its neutralization effects against these cell-to-cell
fusion in tissues where cells are tightly attached to each other are still
controversial [45]. In contrast, GMI, which is a very small protein with
only 12 kDa in size, has much higher potency in penetrating into the
tissues. In comparison to the ability of these inhibitors toward cell-free
viruses (Fig. 1), our results showed that GMI exhibits superior inhibi-
tion effects against SARS-CoV-2 at both cell-free virus infection and
cell-cell fusion. We also confirmed that GMI could exhibit strong inhi-
bition effects on spike-ACE2-mediated cell fusion without the require-
ment of ACE2 degradation as previous report (Fig. 4D and E) [34].

The high mutation rates of SARS-CoV-2 would lead to the emergence
of mutations acquiring immune escape properties from neutralization
antibodies. Many of these spike variants also showed stronger potency in
causing cell-cell fusion regulated by the interaction between spike pro-
tein and ACE2. We here showed that GMI could efficiently impede cell-

cell fusion mediated by the spike protein derived from different SARS-
CoV-2 strains, even better than CCZ and polyclonal antibody (Fig. 5 A,
B and Q).

3.5. Combination treatment using GMI further enhances inhibition against
spike-mediated cell-cell fusion

In the subsequent experiment, we wished to further augment the
inhibitory effect of GMI against syncytia formation by combining GMI
with several existing cell-cell fusion inhibitors. Similar assay as depicted
in Fig. 4 A was applied using HEK293T/Spike as effector cells and
HEK293T/ACE2 as target cells so that only fused cells would emit GFP
and firefly luciferase signals. PBS was added during the 2-day co-plating
period as no treatment control while 37.5 pM CCZ, 100-fold diluted
spike polyclonal antibody and their combination with 0.6 pM GMI
treatment were also used in the same panel of experiment. Although
GMI treatment alone at 0.6 pM could already decrease fusion rate sub-
stantially, our results showed that this inhibition could be additionally
enhanced when combined with the investigated inhibitors (Fig. 6 A, B).
Moreover, this accumulated effect also implied that GMI might have a
different pathway to prevent syncytia formation compared to CCZ and
spike-antibody. Taken together, GMI should be considered as a potential
candidate to increase the treatment and prevention efficacy in combi-
nation therapy with other reagents.

4. Discussion

As the rapid mutations acquired by many SARS-CoV-2 variants
(especially the prevalent ones such as Omicron and its subvariants) have
been leading to mass resistance against currently available vaccines [5,
8,10,54]. Increasing concern and attention towards broad-spectrum
prevention and treatment strategies are being recorded. Since the
severity of COVID-19 is positively correlated to the viral load observed
in the infected patients, the antivirals that can lead to the inhibition of
viral binding, entry, replication, or release step, would be beneficial to
inhibit the pathological effects after viral infection and transmission [55,
56]. Currently, the Emergency Use Authorization antiviral drugs against
SARS-CoV-2, including Paxlovid and Molnupiravir are both inhibiting
SARS-CoV-2 specifically at viral replication step [19,21,22,24] whereas
the authorized new antivirals against SARS-CoV-2 at binding, entry, and
transmission are currently not accessible. Hence, the new antiviral
candidates should be urgently investigated, especially the antivirals
targeting beyond viral replication since the combinational drug therapy
against fast mutating RNA viruses could be a reasonable strategy to
prevent drug-resistant viruses. Nevertheless, it is frustrating that the
development of new drugs is time- and money-consuming and their
safety for individual usage requires further tests. Regarding the rapid
evolution of SARS-CoV-2, the fast but assuring safe antiviral candidates
should be prioritized.

On the other hand, several FDA-approved drugs had been repurposed
for combating COVID-19 with acceptable side effects in human [57-62];
however, only some of which were reported with beneficial effects in
hospitalized COVID-19 patients. For example, Remdesivir, a nucleoside
drug against a variety of viruses, helps to shorten the recovery time of
hospitalized COVID-19 patients [23]. Meanwhile, Baricitinib, a Janus
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Fig. 5. GMI strongly reduces syncytia formation between ACE2-bearing cells and cells overexpressing mutated or different variants’ spike proteins. (A)
Schematic design of cell-cell fusion assay (Created with BioRender.com). HEK293 was transfected with different spike plasmids, GFP1-10 and CFLuc398 (effector
cells) while HEK293T/ACE2 was transfected with GFP11 and NFLuc416 (target cells) so that only fused cells will produce GFP and firefly luciferase signals. 24 h post-
transfection, effector and target cells were mixed (1:1 ratio) and co-cultured with PBS (no treatment control) or with 0.6 pM GMI, 37.5 uM CCZ, 100-fold diluted
polyclonal antibody. Cell-cell fusion rate was documented by a luminometer at 12 h (B) and by a fluorescence microscopy at 24 h (C). Student’s t test was used,
P < 0.05 indicates a statistically significant difference whereas P > 0.05 implies the opposite; * P < 0.05, * * P < 0.01, * ** P < 0.001, ns P > 0.05. The scale bar in
the figures represents 200 pm.
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Fig. 6. Inhibitory effect of GMI against
spike-mediated cell-cell fusion is enhanced
when combined with other inhibitors.
HEK293T/Spike was transfected with GFP1-10
and CFLuc398 (effector cells) while HEK293T/
ACE2 was transfected with GFP11 and

NFLuc416 (target cells) so that only fused cells
* will produce GFP and firefly luciferase signals.

were mixed (1:1 ratio) and co-plated with the
indicated agents for 24 h before cell-cell fusion
rate was documented by (A) fluorescence mi-
croscopy and (B) luminometer. Student’s ¢ test
was used, P < 0.05 indicates a statistically sig-
nificant difference whereas P > 0.05 implies
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Kinase inhibitor could speed up viral clearance of COVID-19 patients by
reducing cytokine release [63]. Nevertheless, these drugs could only
provide moderate or minor clinical benefits and their side effects should
be considered; hence they are mainly applied in severe COVID-19 pa-
tients. Many of these repurposed drugs are mostly targeting viral repli-
cation or reducing cytokine storms whereas the available drug
candidates that can be applied for impeding viral entry step required
further investigation. Additionally, the neutralizing antibodies against
SARS-CoV-2 acquired after vaccination should be considered as the best
strategy for combating viral binding and entry steps. Moreover, the
rapid emergence of SARS-CoV-2 variants escaping from protection im-
plies the need for broad-spectrum antivirals that supplement the inef-
ficient effects of neutralizing antibody.

In our previous publication, GMI has been reported to trigger ACE2
degradation through proteasome and lysosome pathways [34]. How-
ever, in this study, we found that GMI blocked SARS-CoV-2 cell-to-cell
fusion independently to such pathways. Therefore, additionally possible
cell signaling related to the inhibitory effects of GMI against SARS-CoV-2
syncytia formation should be investigated. The relationship between
GMI and human body immunity is also noteworthy as it has been
mentioned in various articles. GMI could restrict MDSC expansion to
induce the proliferation of cytotoxic T cells [64]. In addition, GMI has
been shown to have similar protein sequence and structure in compar-
ison with Lingzhi 8 (LZ8) from Ganoderma microsporum . LZ-8 could
increase mouse splenic mononuclear cells, human peripheral blood
lymphocytes, PBMC, and the expression levels of IFN-y, IL-2, IL-1p,
TNF-a [65,66]. Hence, further experiments and in vivo model should be
performed to elucidate the impacts of GMI on COVID-19 patient
immunity.

5. Conclusions

Here our study validated that the fungal protein, GMI, behaves as a
broad-spectrum antiviral agent against SARS-CoV-2 carrying different
spike mutations. GMI is an FDA-approved dietary ingredient with vali-
dated low toxicity in genome stability, embryo development, and
biosafety in animals, and we discovered its antiviral effects against
SARS-CoV-2. In our previous study, we showed that GMI functions as a
potential antiviral candidate against SARS-CoV-2 infection through the
downregulation of ACE2 expression level in the host cells. Here, we
provide the detailed pathway of how GMI blocks SARS-CoV-2 infection
by not only direct blockage of viral binding, but also thereafter impeding
cell-to-cell-mediated fusion caused by ACE2-spike interaction, which
could lead to severe pathological effects. Importantly, we observed that
GMI inhibits SARS-CoV-2 infection and cell-cell fusion without the

10

! ! the opposite; *P <0.05, **P<0.01,
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R o o 'Lx the figures represents 200 pm.
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requirement of downregulating ACE2 expression level, which indicates
that GMI could be considered as a therapeutic candidate for SARS-CoV-2
infection.

Taken together, our results suggest that GMI is a promising candidate
to inhibit the infection by different SARS-CoV-2 variants as well as to
prevent the possible pathological consequences caused by syncytia for-
mation caused after infection.
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