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A B S T R A C T   

We previously discovered that triterpenoid saponin platycodin D inhibits the SARS-CoV-2 entry to the host cell. 
Herein, we synthesized various saponin derivatives and established a structure–activity relationship of saponin- 
based antiviral agents against SARS-CoV-2. We discovered that the C3-glucose, the C28-oligosaccharide moiety 
that consist of (→3)-β-D-Xyl-(1 → 4)-α-L-Rham-(1 → 2)-β-D-Ara-(1 → ) as the last three sugar units, and the C16- 
hydroxyl group were critical components of saponin-based coronavirus cell entry inhibitors. These findings 
enabled us to develop minimal saponin-based antiviral agents that are equipotent to the originally discovered 
platycodin D. We found that our saponin-based antiviral agents inhibited both the endosomal and trans
membrane protease serine 2-mediated cell surface viral entries. Cell fusion assay experiment revealed that our 
newly developed compounds inhibit the SARS-CoV-2 entry by blocking the fusion between the viral and host cell 
membranes. The effectiveness of the newly developed antiviral agents over various SARS-CoV-2 variants hints at 
the broad-spectrum antiviral efficacy of saponin-based therapeutics against future coronavirus variants.   

1. Introduction 

Recurring coronavirus-mediated diseases have threatened us over 
the last two decades. The 2002–2003 SARS (severe acute respiratory 
syndrome) outbreak resulted in the infection of over 8,400 people which 
led to over 900 deaths worldwide [1]. Middle East respiratory syndrome 
coronavirus (MERS-CoV) has caused the MERS outbreak and resulted in 
over 858 known deaths since 2012 [2]. More recently, SARS-CoV-2- 
mediated COVID-19 (coronavirus disease 2019) pandemic has brought 
about over 500 million patients and over 6.1 million deaths worldwide 
since its initial outbreak in 2019 [3]. Extrapolating from these 
coronavirus-mediated diseases, we cannot rule out recurrent future 
outbreaks of zoonotic diseases from other coronaviruses. Hence, the 
development of a broad-spectrum therapeutic strategy that is operative 
over a wide range of viral classes is imperative. 

Various stages in the virus life cycle can be targeted for the devel
opment of antiviral agents [4]. For example, agents that inhibit the 
SARS-CoV-2 replication have shown successes as exemplified by 

remdesivir (RNA-dependent RNA polymerase (RdRp) inhibitor) [5], 
nirmatrelvir (main protease (Mpro) inhibitor) [6], and molnupiravir 
(RdRp inhibitor) [7]. These initial drugs against SARS-CoV-2 operate 
inside the host cell by inhibiting the viral replication and hence have the 
potential to alter the host cell physiology which may result in side effects 
[8]. For example, molnupiravir showed host mutagenic effect in animal 
cell assays hinting at long-term genotoxic side effects [9]. Hence, iden
tification of alternative targets and concurrent drug development that is 
less cell-invasive may provide safer orthogonal therapeutic solutions 
that can complement current FDA-approved drugs. In that regard, we 
focused on the first stage of the SARS-CoV-2 life cycle, the viral entry, as 
the potential therapeutic intervention point [10,11]. 

The spike protein of SARS-CoV-2 is responsible for the target cell 
recognition and viral entry into the cell [12]. S1 domain is responsible 
for the attachment of the virus to the host cell and S2 domain mediates 
membranes fusion. The receptor binding domain (RBD) in the S1 
domain binds to the angiotensin-converting enzyme II (ACE2) for the 
initial cell recognition [13]. SARS-CoV-2 can then enter the cell via two 
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distinct pathways (Fig. 1). The first is the endosomal entry mechanism. 
Dynamin and clathrin mediate the internalization of endosomal vesicles 
that further maturate to endosomes and lysosomes. Acidification of the 
internal endosomes triggers the activation of cysteine protease cathepsin 
L for the proteolysis of S2′ cleavage site and exposure of the S2 domain 
for subsequent membrane fusion [14]. The second non-endosomal 
pathway is based on the cell surface entry mechanism. Upon binding 
of RBD to ACE2, the host cell protease, transmembrane protease serine 2 
(TMPRSS2) cleaves the S2′ site at the cell surface and liberates the S2 
domain for consequent membrane fusion [15,16]. Notably, chloroquine 
and hydroxychloroquine had emerged as potential drugs due to their 
ability to elevate the lysosomal pH and hence inactivate cathepsin L 
during endosomal viral entry [17,18]. On the other hand, TMPRSS2 
inhibitors such as camostat and nafamostat have been investigated as 
potential drugs for COVID-19 due to their ability to block the non- 
endosomal cell surface viral entry [19]. However, these drugs have 
shown limitations as they can block only one of two viral entry path
ways, respectively [19,20]. 

The last step of viral entry for both endosomal and non-endosomal 

pathways involves membranes fusion. After protease-mediated (either 
cathepsin L or TMPRSS2) S2′ cleavage (pre-fusion conformation), the 
exposed S2 domain undergoes extensive conformational changes and 
unfolded heptad repeat 1 (HR1) domain drives fusion peptide insertion 
into the host cell membrane (extended conformation) [21]. Folding back 
of HR2 places the fusion peptide and transmembrane segments at the 
same end of the molecule to proximity leading to the hemifusion state, 
and eventually resulting in the fusion pore [22]. Markedly, the S2 
domain is one of the most conserved motifs among various coronavi
ruses. Hence, S2 domain-mediated membrane fusion is an attractive 
intervention point for the development of broad-spectrum antiviral 
therapeutics [11]. 

Recently, we reported that platycodin D (1), a saponin-type natural 
product isolated from Platycodin grandiflorum, prevents both endosomal 
and cell-surface SARS-CoV-2 infection and proposed the inhibition of 
membrane fusion as a mechanism of action [23]. Molecular modeling of 
membrane-inserted platycodin D (1) in an explicit lipid bilayer model 
predicted the orientations of the partly embedded platycodin D (1) in 
which the hydrophobic triterpenoid backbone is located within the 

Fig. 1. Saponins as promising antiviral agents against SARS-CoV-2 that operate via inhibition of viral entry.  
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membrane in an analogous manner to cholesterol (Fig. 1B) [24], 
whereas hydrophilic sugar moiety sticks out of the lipid bilayer. The 
sugar moiety attached at C28 creates a protrusion on the surface of the 
membrane that might hinder the membrane fusion. Even though we 
could not provide direct evidence that platycodin D (1) blocks the S2 

protein-mediated membrane fusion, we unearthed the potential of 
saponin compounds as effective broad-spectrum antiviral agents. 
Building on these initial findings, we envisioned identifying structural 
features within saponin that are responsible for the molecular function 
and corroborating the mode of action, namely the inhibition of 

Scheme 1. Synthesis of oleanolic acid- and echinocystic acid-based saponin derivatives.  
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membrane fusion. We were particularly interested in elucidating the 
role of C3 and C28 sugar moieties and finding key oxidations in the 
triterpenoid backbone responsible for the therapeutic efficacy. Eventu
ally, we aimed to develop more potent antiviral agents than the origi
nally discovered platycodin D (1). Herein, we delineate our discoveries 
enabled by a total synthetic approach to saponin-derivatives that 
answered all these key questions. We show that our newly developed 
potent saponin-based anti-SARS-CoV-2 agents act by inhibiting the viral 
and host cell membranes fusion event. 

2. Results and discussion 

Inspired by seminal studies by the Gin group and Wang group who 
developed a minimal vaccine adjuvant based on saponin natural product 
QS-21 via chemical synthesis [25–27], we embarked on a chemical 
synthetic approach to design saponin-derivatives that can answer the 
aforementioned key questions related to the SAR of saponin-based 
coronavirus entry inhibitors. For the triterpenoid skeleton, we initially 
utilized commercially available oleanolic acid (2) [28]. We envisioned 
that the minimal oxidative decorations of 2 only at C3 and C28 would 
enable facile SAR studies related to the C3 and C28 glycosylations. To 
investigate the SAR of the sugar moiety, various platycodin D-inspired 
protected sugar donors ranging from monomeric saccharide 5 [29] to 
pentameric saccharide 7 were synthesized (See the supporting infor
mation for details). Synthesis of 10, devoid of C3 glucose moiety, was 
achieved via a synthetic sequence that consists of C3-selective protec
tion of oleanolic acid (2), C28 glycosidation with sugar donor 6, and 
global deprotection (Scheme 1). C3-glucosylated oleanolic acid-based 
saponin derivatives with different saccharide donors at C28 (11–15) 
could be synthesized via C28-selective allylative protection of 2, C3- 
glycosidation with glucose donor 4 [30], C28 allyl deprotection (and 
subsequent global deprotection in case of compound 11), C28- 
glycosidation, and final global deprotection. 

The first batch of compounds was tested on our previously developed 

SARS-CoV-2 S-pseudotyped lentiviruses (pSARS-CoV-2 with pHR-CMV- 
firefly luciferase, psPAX2 packing, and SARS-CoV-2 S plasmids) entry 
assay [23]. For the initial assay, H1299 cells expressing ACE2 (ACE2+, 
the assay system for the endosomal viral entry) were used. The cells 
were treated with saponin derivatives and the supernatant containing 
pSARS-CoV-2 virus particles. After 24 h of incubation, pSARS-CoV-2 
entry efficiency was quantified by measuring firefly luciferase activity. 
Our pSARS-CoV-2 cell entry assay revealed that the C3-glucose was 
essential for the cell entry inhibition exemplified by the lack of effi
ciency of compound 10 (IC50: > 10 µM) devoid of the C3 saccharide 
(Fig. 2A, entry 1). We also found that the length and composition of the 
C28 saccharide were critical for the antiviral activity of the saponin 
derivatives. 11 with no saccharide moiety at C28 and 12 with a single 
arabinose moiety at C28 did not show any notable inhibition of pSARS- 
CoV-2 cell entry (IC50: > 10 µM for both compounds, Fig. 2A, entries 3 
and 4). 13 with xylose-based disaccharide connected via a β-1,3-glyco
sidic bond at C28 and 15 with xylose-based tetrasaccharide connected 
via β-1,3-glycosidic bonds at C28 showed only moderate viral entry 
inhibition with IC50 of 7.59 and 8.84 µM, respectively (Fig. 2A, entries 5 
and 6). Markedly, saponin derivative 14 which was synthesized by 
linking glucose at C3 and tetrasaccharide 6 to C28 showed comparable 
viral entry inhibition (IC50: 1.33 µM, Fig. 2A, entry 6) to platycodin D 
(1). It is worthwhile to note that the last three sugar units of the C28 
tetrasaccharide in 14 ((→3)-β-D-Xyl-(1 → 4)-α-L-Rham-(1 → 2)-β-D-Ara- 
(1 → )) were identical to those in platycodin D (1). 

With an ultimate goal to develop a minimal saponin coronavirus 
membrane fusion inhibitor based on platycodin D (1), we next turned 
our attention to additional oxidations at the triterpenoid skeleton. 
Compared to the triterpenoid framework of oleanolic acid, platycodin D 
(1) has additional hydroxyl groups at C2, C16, C23, and C24. Hence, we 
sought to investigate the pharmaceutical importance of these hydroxyl 
groups. Practically, commercial availability of echinocystic acid (3) with 
an extra C16-hydroxyl group compared to oleanolic acid (2) led us to 
start the second phase synthetic campaign using it as the starting 

Fig. 2. Structure-activity relationship of saponin-based ACE2+ entry inhibitors against pSARS-CoV-2.  
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material. Using orthogonal protection/deprotection conditions for C3-, 
C16-hydroxyls and C28-carboxylate and their selective glycosylation, 
we synthesized echinocystic acid-based saponin derivatives 16–21 
(Scheme 1). pSARS-CoV-2 cell entry inhibition of these compounds was 
investigated using the aforementioned ACE2+ cells. Compound 16, 
devoid of the C3-sugar unit, did now show any viral entry inhibition 
activity consistent with results from compound 10, also lacking the C3- 
glucose moiety. Compounds 17 with the benzylated C3 hydroxyl group 
was designed to enhance the hydrophilicity around the C3 site and in
crease its energetic stability within the lipid bilayer (Fig. 1B). However, 
compound 17 did not show any notable bioactivity against viral entry. 
Compound 18, decorated with glycosylations at both C3 (derived with 
glucose donor 4) and C28 (derived with tetrasaccharide donor 6) and 
acetylation at C16, did not affect the pSARS-CoV-2 cell entry. To our 
delight, however, when we unmasked the C16 acetyl group, the result
ing compound 19 inhibited the cell infection by pSARS-CoV-2 with an 
IC50 of 0.64 µM. Importantly, 19 is natural product asterlingulatoside D 
originally isolated from the whole plant of Aster lingulatus, which has 
been traditionally used for the treatment of fever, cold, tonsillitis, snake 
bite, and bee sting [31]. After identifying compound 19 which is a more 
potent coronavirus entry inhibitor than platycodin D (1), we synthesized 
its derivative 20 with an additional xylose moiety at the C28 oligosac
charide group. Compound 20 showed a comparable IC50 of 0.65 µM 
against pSARS-CoV-2 cell entry. Saponin 21, designed to enhance 
metabolic stability by reducing the C28 ester moiety to an ether group 
did not show any inhibitory effect probably due to a drastic conforma
tional distortion [27]. 

Two hit compounds 19 and 20, the most potent inhibitors of pSARS- 
CoV-2 entry in ACE2+, were then tested using H1299 cells that over
express both ACE2 and TMPRSS2 (ACE2/TMRPSS2+). ACE2/ 
TMRPSS2+ was designed to probe the TMPRSS2-mediated cell surface 
entry of pSARS-CoV-2 (Fig. 1A). Pleasantly, both 19 and 20 inhibited the 
ACE2/TMRPSS2+ entry of pSARS-CoV-2 with IC50 of 0.65 and 0.61 µM, 
respectively (Fig. 3). These compounds showed ~ 2-fold higher antiviral 
efficiency than previously discovered platycodin D (IC50: 1.34 µM). 
These results revealed that 19 and 20 block both the endosomal and the 
TMPRSS2-mediated cell surface entry pathways of the coronavirus. 
Hence, we learned that compounds 19 and 20 are targeting a common 
step in the endosomal and the TMPRSS2- mediated cell surface entry 
pathways. Two possible events that are common to both entry pathways 
are: 1) the binding of the S protein to ACE2 and 2) the fusion between 
viral and host cell membranes. In our previous study, we showed that 
platycodin D (1) does not inhibit the interaction between the S protein 
and ACE2 [23]. Considering the structural relevance between platyco
din D (1) and 19/20, we speculated that 19 and 20 are blocking the 
coronavirus entry to the cell by inhibiting the fusion between viral and 
host cell membranes. 

To test our membrane fusion inhibition hypothesis, we established a 

cell fusion assay that consists of HEK293T cells overexpressing S protein 
(Spike-HEK293T) labeled with GFP and H1299 expressing ACE2/ 
TMPRSS2+ (ACE2/TMPRSS2+-H1299) labeled with mRuby as a means 
to observe direct cell-to-cell fusion between the two cell lines and its 
inhibition by our newly developed saponin-based compounds. Time- 
lapse microscopy revealed that Spike-HEK293T gradually moves close 
to ACE2/TMPRSS2+-H1299 and rapidly fuses with ACE2/TMPRSS2+- 
H1299 once the contact interaction is initiated. The fused cells displayed 
S proteins on their surface which caused subsequent fusions with 
neighboring ACE2/TMPRSS2+-H1299, eventually leading to multinu
cleated cells. Interestingly, when ACE2/TMPRSS2+-H1299 (labeled 
with mRuby) was pretreated with 19 and 20, respectively, and subse
quently allowed to react with Spike-HEK293T (labeled with GFP), the 
cell-to-cell fusion event was inhibited (Fig. 4C). Importantly, pre- 
treatment of ACE2/TMPRSS2+-H1299 with 11, a compound that did 
not show any inhibition effects in our pSARS-CoV-2 entry assay in 
ACE2+, did not affect the fusion event (Fig. 4C). 

For the quantitative determination of the heterologous cell fusion, 
Spike-HEK293T (1 × 104 cells) and ACE2/TMPRSS2+-H1299 (2 × 105 

cells) were allowed to react for 1 h and subsequently analyzed by flow 
cytometry (Fig. 4D). The results disclosed that most of GFP-positive 
Spike-HEK293T were fused with mRuby2-positive ACE2/TMPRSS2+- 
H1299, generating approximately 4% of double-positive hybrid cells. 
Control experiment with DMSO or compound 11 did not show any in
hibition of cell fusions (Fig. 4D). However, compounds 19 and 20 
significantly blocked the formation of hybrid cells, which was compa
rable to the control experiment in which we added GFP-positive 
HEK293T (no spike) to ACE2/TMPRSS2+-H1299. Hence, we learned 
that 19 and 20 are inhibiting the coronavirus entry into the host cells by 
blocking the S-mediated membrane fusion event. We finally studied the 
inhibitory effect of the newly synthesized saponin derivatives using viral 
infectious assay. Firstly, we tested the inhibitory effect of 19 and 20 
against the ancestral SARS-CoV-2 in the monkey-derived Vero cells 
which show abundant expression of ACE2 but lack of expression of 
TMPRSS2 [23]. Consistent with results from the pseudo-viruses, 19 and 
20 showed inhibition of SARS-CoV-2 infection with IC50 of 1.04 and 
1.42 µM, respectively (Fig. 5A). Notably, 19 and 20 showed more potent 
inhibition of SARS-CoV-2 entry to the Vero cells than chloroquine (IC50: 
5.56 µM) and remdesivir (IC50: 4.67 µM). The newly emerging SARS- 
CoV-2 variants carry mutations in genes that encode the S protein, 
leading to enhanced binding to ACE2. Because we showed that our 
saponin-based compounds block the membrane fusion which is a 
downstream event that occurs after the S-protein binding to ACE2, we 
hypothesized that our synthetic saponin derivatives would be effective 
against various SARS-CoV-2 variants regardless of their affinity to ACE2. 
Consistent with our hypothesis, compound 20 effectively inhibited the 
infection of Vero cells against various SARS-CoV-2 variants including 
alpha (B.1.1.7_UK, IC50: 1.59 µM), beta (B.1.351_South Africa, IC50: 

Fig. 3. pSARS-CoV-2 entry inhibition to ACE/TMPRSS2+ cells by platycodin D (1) and saponin derivatives 19 and 20.  
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1.47 µM), gamma (P.1_Brazil, IC50: 1.46 µM), delta (B.1.617.2_India, 
IC50: 1.67 µM), and omicron (B.1.1.529_multiple countries, IC50: 1.45 
µM) variants (Fig. 5B). These results hint at the broad-spectrum antiviral 
efficacy of saponin-based therapeutics against forthcoming coronavirus 
variants. We then studied the inhibition of viral entry by compound 20 
in A549-ACE2-TMPRSS2 cells that overexpress both ACE2 and 
TMPRSS2 using SARS-CoV-2-NLuc recombinant virus. Consistent with 

our biological activity data from the pSARS-CoV-2 system in ACE2/ 
TMPRSS2+, 20 effectively inhibited the viral entry with an IC50 of 2.01 
µM (Fig. 5C). These observations corroborated that our newly developed 
saponin-based antiviral agents block both the endosomal and the 
TMPRSS2-mediated cell surface viral entry pathways. 

Fig. 4. Compounds 19 and 20 block viral membrane fusion with the host cell membrane. (A) Schematic illustration of the SARS-CoV-2 S protein-mediated cell 
fusion. (B) Experimental timeline for cell fusion assay using time-lapse imaging. (C) Still images at different time points from time-lapse imaging of S-mediated cell 
fusion. (D) The fusion between Spike-HEK293T and ACE2/TMPRSS2+-H1299 was determined by counting the number of cells double-positive for GFP and mRuby by 
flow cytometry. H1299 cells expressing only GFP (no spike) were used for the control experiment. All compounds were used at the concentration of 10 µM. The data 
were representative of three independent experiments. 

Y. Jang et al.                                                                                                                                                                                                                                    



Bioorganic Chemistry 127 (2022) 105985

7

3. Conclusions 

To sum up, we established a structure–activity relationship of ole
anolic and echinocystic acid-based synthetic saponin derivatives against 

SARS-CoV-2. Our studies showed that the C3-glucose, the C28- 
polysaccharide that consists of (→3)-β-D-Xyl-(1 → 4)-α-L-Rham-(1 → 
2)-β-D-Ara-(1 → ), and the C16 free hydroxyl moieties were pivotal for 
the antiviral activity of saponin derivatives. These SAR studies identified 

Fig. 5. Inhibition of viral infection by compounds 19 and 20 against authentic SARS-CoV-2 viruses.  
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two echinocystic-based synthetic saponins 19 and 20 that exhibit 2-fold 
potency against pSARS-CoV-2′s cell entry into ACE/TMPRSS2+

compared to the originally identified hit compound platycodin D. Our 
cell fusion assay experiment revealed that newly identified synthetic 
saponins 19 and 20 inhibit the membrane fusion between the corona
virus and host cells, the common downstream event for both endosomal 
and TMPRSS2-based cell surface viral entry pathways into the cell. 
Importantly, our structurally minimal synthetic saponins inhibited the 
membrane fusion of various SARS-CoV-2 variants, consistent with the 
conserved nature of the S2 domain which is the key protein during 
membrane fusion. These observations hint at the broad-spectrum anti
viral efficacy of our saponin-based therapeutics that is not limited to 
SARS-CoV-2 but applicable to other impending coronaviruses. 

4. Experimental 

Materials and methods for biological assays, general procedure, 
materials, and instrumentations for the synthesis of chemical com
pounds are provided in the supporting information. Detailed synthetic 
procedure, physical data, and copies of 1H and 13C NMR spectra of newly 
synthesized compounds are also provided in the supplementary 
materials. 
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R. Leist, A. Schäfer, K.H. Dinnon III, L.J. Stevens, J.D. Chappell, X. Lu, T. 
M. Hughes, A.S. George, C.S. Hill, S.A. Montgomery, A.J. Brown, G.R. Bluemling, 
M.G. Natchus, M. Saindane, A.A. Kolykhalov, G. Painter, J. Harcourt, A. Tamin, N. 
J. Thornburg, R. Swanstrom, M.R. Denison, R.S. Baric, An orally bioavailable 
broad-spectrum antiviral inhibits SARS-CoV-2 in human airway epithelial cell 
cultures and multiple coronaviruses in mice, Sci. Transl. Med. 12 (2020) eabb5883, 
https://doi.org/10.1126/scitranslmed.abb5883. 

[8] M. Cully, A tale of two antiviral targets—and the COVID-19 drugs that bind them, 
Nat. Rev. Drug Discov. 21 (2022) 3–5, https://doi.org/10.1038/d41573-021- 
00202-8. 

[9] S. Zhou, C.S. Hill, S. Sarkar, L.V. Tse, B.M.D. Woodburn, R.F. Schinazi, T. 
P. Sheahan, R.S. Baric, M.T. Heise, R. Swanstrom, β-D-N4-hydroxycytidine Inhibits 
SARSCoV-2 Through Lethal Mutagenesis But Is Also Mutagenic To Mammalian 
Cells, J. Infect. Dis. 224 (2021) 415–419, https://doi.org/10.1093/infdis/jiab247. 

[10] S. Xiu, A. Dick, H. Ju, S. Mirzaie, F. Abdi, S. Cocklin, P. Zhan, X. Liu, Inhibitors of 
SARS-CoV‑2 Entry: Current and Future Opportunities. J. Med. Chem. 63 (2020) 
12256–12274. https://doi.org/ 10.1021/acs.jmedchem.0c00502. 

[11] R. D. de Vries, K. S. Schmitz, F. T. Bovier, C. Predella, J. Khao, D. Noack, B. L. 
Haagmans, S. Herfst, K. N. Stearns, J. Drew-Bear, S. Biswas, B. Rockx, G. McGill, N. 
V. Dorrello, S. H. Gellman, C. A. Alabi, R. L. de Swart, A. Moscona, M. Porotto, 
Intranasal fusion inhibitory lipopeptide prevents direct-contact SARS-CoV-2 
transmission in ferrets. Science 371 (2021) 1379–1382. https://doi.org/ 10.1126/ 
science.abf4896. 

[12] C.B. Jackson, M. Farzan, B. Chen, H. Choe, Mechanisms of SARS-CoV-2 entry into 
cells, Nat. Rev. Mol. Cell Biol. 23 (2022) 3–20, https://doi.org/10.1038/s41580- 
021-00418-x. 

[13] W. Li, M.J. Moore, N. Vasilieva, J. Sui, S.K. Wong, M.A. Berne, M. Somasundaran, 
J.L. Sullivan, K. Luzuriaga, T.C. Greenough, H. Choe, M. Farzan, Angiotensin- 
converting enzyme 2 is a functional receptor for the SARS coronavirus, Nature 426 
(2003) 450–454, https://doi.org/10.1038/nature02145. 

[14] A. Bayati, R. Kumar, V. Francis, P.S. McPherson, SARS-CoV-2 infects cells after 
viral entry via clathrin-mediated endocytosis, J. Biol. Chem. 296 (2021), 100306, 
https://doi.org/10.1016/j.jbc.2021.100306. 

[15] S. Matsuyama, N. Nagata, K. Shirato, M. Kawase, M. Takeda, F. Taguchi, Efficient 
Activation of the Severe Acute Respiratory Syndrome Coronavirus Spike Protein by 
the Transmembrane Protease TMPRSS2, J. Virol. 84 (2010) 12658–12664, https:// 
doi.org/10.1128/JVI.01542-10. 

[16] I. Glowacka, S. Bertram, M.A. Müller, P. Allen, E. Soilleux, S. Pfefferle, I. Steffen, T. 
S. Tsegaye, Y. He, K. Gnirss, D. Niemeyer, H. Schneider, C. Drosten, S. Pöhlmann, 
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