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Abstract

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), like other coronaviruses,

relies on a flexible array of entry mechanisms, driven by the spike (S) protein. Entry is dependent
on proteolytic priming, activation, and receptor binding; all of which can be variable, dependent
on context. Here we review the implications of the complexity of SARS-CoV-2 entry pathways

on entry assays that then drive our understanding of humoral immunity, therapeutic efficacy, and
tissue restriction. We focus especially on the proteolytic activation of SARS-CoV-2 spike and how
this constellation of proteases lends deeper insight to our understanding of arising variants and
their putative role transmission or variable pathogenicity /n vivo. In this review, we argue for better
universal standards to assay virus entry as well as suggest best practices for reporting viral passage
number, the cell line used, and proteases present, among other important considerations.
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Introduction

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) emerged in humans

in late 2019, being first identified as the causative agent of coronavirus disease 2019
(COVID-19) in early 2020 [1,2]. As the COVID-19 pandemic raged, scientists responded
with an unprecedented surge of biomedical research activity to better understand the
pathobiology of SARS-CoV-2, identify putative therapeutics, and develop vaccines [3].
Many of these efforts rely on understanding the mechanics of virus entry. Our search for

a correlate of immunity also relies on how we quantify neutralizing antibodies that block
virus entry. Many SARS-CoV-2 variants of concern/interest (VOC/VOI) have mutations
that affect the efficiency of virus entry or evade antibodies that would otherwise block
virus entry. Here, we bring to the forefront considerations for studying SARS-CoV-2 entry,
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specifically focusing on proteases, cleavage variants, and their implications for the field and
the assessment of putative therapeutics.

Considerations for SARS-CoV-2 Entry

Like other coronaviruses, SARS-CoV-2 entry is facilitated by the surface glycoprotein S,

a class | fusion protein. The protein is comprised of an N-terminal S1 and a C-terminal

S2 subunit. Notably, the S1 domain contains the receptor binding domain (RBD), which

is responsible for recognition and binding to the angiotensin-converting enzyme 2 (ACE2)
receptor on host cells [4-6]. The S2 domain contains the S2’ cleavage site, the fusion
peptide (FP) directly adjacent to S2’, the two heptad repeats (HR1 and HR2), the
transmembrane domain (TM), and the cytoplasmic tail (CT) [7] (Fig. 1A). S2 is primarily
responsible for membrane fusion between the virus and the host cell—a process that requires
proteolytic activation followed by significant receptor induced conformational changes [8-
10]. SARS-CoV-2 S also contains an insertion at S1/S2 that results in a multibasic cleavage
site, 681-PRRAR"S-686, making it unique among sarbecoviruses in betacoronavirus lineage
B (Fig. 1A/B).

SARS-CoV-2 S is proteolytically activated in two sequential steps: 1) cleavage at the S1/S2
site, then 2) subsequent cleavage at S2” (Fig. 1C) [11,12]. The purpose of the first of

these two cleavage events is to separate the component primarily responsible for receptor
binding (S1) and the component primarily containing the fusion machinery (S2), resulting
in a non-covalent association between S1 and the transmembrane-anchored S2. This first
cleavage event at S1/S2 is distant from the fusion peptide and distant from any significant
region of hydrophobic peptides—a characteristic making spike distinct from some other
class I fusion proteins such as hemagglutinin from influenza or gp160 from HIV where
the cleavage sites are directly adjacent to the fusion peptides. While S1/S2 cleavage does
not appear to reveal a fusion peptide motif, it does play the role of priming spike for S2’
cleavage. Cleavage at the S1/S2 site often occurs during spike processing within producer
cells and improves S2’ site accessibility and cleavage efficiency [13]. The second cleavage
event at S2’ is primarily then to reveal the fusion peptide. The timing of this cleavage

is likely regulated to prevent premature fusion protein triggering, enabling more efficient
productive membrane fusion.

The presence of these two distinct cleavage sites and the potential for two distinct cleavage
events to occur, facilitated by different proteases, means that faithful representation of the
biology of SARS-CoV-2 entry requires many moving pieces. S1/S2 cleavage is thought to
occur via furin-like proteases, cathepsins, and other host proteases [8,9,13-18] while S2’
cleavage can happen either in the extracellular space or at the cell surface by a wide variety
of serine proteases such as trypsin, neutrophil elastase (NE), and TMPRSS2 [19-21]. There
also exist a number of additional potential cleavage sites, some of which may play a role in
viral entry or even result in spike inactivation [18]. The system that regulates SARS-CoV-2
entry is further complicated by physiologically relevant protease inhibitors such as alpha-1
antitrypsin [22] that antagonizes many of the abovementioned proteases at their site of
action. We also see that in the absence of S1/S2 cleavage, S2” activation is still possible by
cathepsins like cathepsin L via the endocytic pathway [17]. In summary, SARS-CoV-2 can

Curr Opin Virol. Author manuscript; available in PMC 2022 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stevens et al.

Page 3

enter and fuse at the plasma membrane or in the endosomes, which are commonly referred
to as the early or late pathways, respectively. The former requires S1/S2 cleavage then S2’
cleavage by extracellular or cell surface serine proteases like trypsin, NE, or TMPRSS2,
while the latter is driven by endosomal proteases like cathepsin L (Fig. 1C) [19,23-25].

The tissue specific nature of proteases, inhibitors, and cellular receptors may also play
arole in the variable selective pressures faced by the virus, even within an individual

host. SARS-CoV-2 sequence mutations have been shown to occur /n vivo with differential
sequence selection in different tissue types of human post mortem samples. This raises the
possibility that tissue restriction or tissue-specific viral growth kinetics may be subject to
change over the course of infection as selective pressure is exerted on the virus [26].

The interplay between tissue-type and proteolytic activation has been shown to be important
in determining cell and tissue-specific viral tropism. For example, in the oral cavity, salivary
proteases may help provide favorable conditions for entry and replication [27]. There,
SARS-CoV-2 is activated by a number of tissue-specific proteases such as TMPRSS2,
TMPRSS4 and TMPRSS11D; as well as endosomal proteases like CTSB, CTSL, BSG,

and furin [28]. It is therefore fortunate that, given the high concentration of a wide range

of activating proteases, both vaccinated and convalescent patients display high levels of
antibodies in the saliva [29]. Single cell RNA expression experiments have shown that the
oral cavity is but one example of the ways in which a variety of host entry factors [28],
including tissue-specific proteases, help modulate cell tropism [30].

Through all this, we see that SARS-CoV-2 entry is driven, in part, by cell or tissue type
specific proteases, as well as proteases that can accumulate in the cognate extracellular
milieu [30-32]. Here, we discuss the interplay between proteolytic activation and genomic
sequence variation. We argue that the proper interpretation of SARS-CoV-2 entry assays in
various contexts need to take into account this complex interplay.

How SARS-CoV-2 Entry is Assessed

Entry assays are used to determine how well particular spike proteins mediate entry, as well
as to assess the breadth and potency of neutralizing antibody responses in convalescent or
vaccine sera. The latter is particularly important as we seek a correlate of immunity that
reflects the efficacy of a given vaccine.

Differential proteolytic activation of SARS-CoV-2 spike can lead to divergent entry
pathways (Fig. 1C) that impinge on the infectivity of a given virus stock and its sensitivity
to neutralizing antibodies. Understanding the parameters that govern SARS-CoV-2 entry is
of vital importance in interpreting the results of different virus entry and neutralizing assays.
Table 1 shows a representative selection of studies utilizing entry assays to look at vaccine
efficacy, screen for convalescent plasma, and investigate the impact of spike variants on

the neutralizing activity of post-vaccine sera. In each category, we chose the earliest major
study that was eventually published in a peer-reviewed journal, and included international
studies whenever possible. All of the studies describing vaccine efficacy use at least one
form of live virus neutralization assay. A few were complemented by a pseudotyped virus
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neutralization assay (Fig. 2 and Table 1). Notably, none of these studies utilized cell

lines containing TMPRSS2 nor did they supplement with trypsin or any other additional
proteases. Of the studies on convalescent plasma therapy, only one utilized a cell line
expressing TMPRSS2 (293T-ACE2-TMPRSS2) in the context of pseudotyped viruses [33]
while one other used trypsin in their microneutralization assays (Table 1, #11 and #13,
respectively) [34]. Strikingly, all the live virus neutralization assays indicated in Table 1
were performed in Vero cells, where entry occurs exclusively via the late pathway and is
dependent on endosomal proteases such as cathepsin L.

While only a small fraction of papers utilize exogenous proteases or membrane-bound
proteases like TMPRSS? as a part of their entry assays, there can be distinct advantages

to utilizing multiple assays in parallel, comparing entry in 293T-ACEZ2s, highly infectable
isogenic 293T-ACE2-TMPRSS2s, and Vero-TMPRSS2s [35,36]. By combining the insight
provided from the use of multiple relevant cell lines with the investigation of multiple
SARS-CoV-2 spike variants, studies may better resolve the variable efficacy of vaccine
sera against variants. Many emerging VOCs/VOlIs harbor mutations that might modulate
protease priming and entry efficiency. The full picture of antibody protection is not clear
without taking into account the variable proteolytic activation of spike that might occur
with certain variants under different assay conditions. All /n vitro assays of viral entry are
inherently imperfect models of human infection, and no one cell line or assay would suffice
to recapitulate the myriad cell types and tissues that SARS-CoV-2 can enter and replicate
in vivo. Nonetheless, it is important to have conversations about the difficult tradeoffs when
designing experiments that match the underlying research questions [37].

Implications

In the case of SARS-CoV-2 variants, the implications of capturing or not capturing the
wider picture of relevant proteolytic activation are more immediately obvious. One of

the first mutations to become dominant over the earliest Wuhan-Hu-1 genotype was the
D614G mutation [38,39] (Fig. 1B). The D614G mutation results in improved stabilization
of the spike trimer and increased spike density on the virion [38,40]. In addition, there is
evidence that D614G changes S conformation, resulting in better S1/S2 cleavage [41,42]

as well as greater neutralization sensitivity. In pseudovirus systems, G614 appears to be
more susceptible to neutralization by monoclonal antibodies and hyperimmune patient sera
[43]. The same has also been shown in hamsters, with those exposed to D614 having

higher neutralization titers against G614 than D614 [44]. The D614G mutation is often
discussed within the context of its effect on promoting the accessibility of the receptor
binding domain (RBD) [45]; the ‘RBD-up’ conformation potentially exposing vulnerable
epitopes for neutralization. However, the data on D614G’s effect on cleavage efficiency also
suggests a potential interplay between proteolytic activation and neutralization. Interestingly,
the D614G mutation introduces a potential NE cleavage site [46]. NE is a known activator
of SARS-CoV infection and can reach extremely high concentrations in the lung during
acute infection due to its release by infiltrating neutrophils, potentially exacerbating viral
infectivity at the peak of the immune response [31]. Given that alpha-1 antitrypsin is

both ubiquitous and a potent inhibitor of NE, the introduction of an elastase cleavage

site via D614G is proposed to enhance SARS-CoV-2 spread where alpha-1 antitrypsin
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concentrations are low [46]. Given the wide array of potential biological differences between
D614 and G614 viruses and the fact that G614 is now the prevailing dominant mutation
amongst current circulating strains, the continued use of the original D614 viral stocks is not
best practice.

There are also now numerous examples of convergent evolution in areas more proximal

to the cleavage sites in spike. Position 677 is just outside the furin binding pocket [47]

[28] (Fig. LA/B) and yet multiple lineages have independently developed mutations at the
site. Specifically, six independent lineages in the United States have been found containing
Q677H and one has been found with Q677P. When modeled, these mutations may lead to a
favorable kink that allows higher accessibility to the S1/S2 cleavage site [48].

Another position of interest is at 681, the proline immediately before the furin-like
multibasic cleavage site, 681-PRRAR"S-686 (Fig. LA/B). It is important to note that this
multibasic cleavage site is not the classical consensus furin cleavage site, RX[K/R]R",
where dibasic residues at the P1 and P2 positions are preferred. However, substitutions at
the P681 to more basic H or R residues might increase the efficiency of cleavage at this
S1/S2 junction even if these substitutions do not confer a canonical furin cleavage site [49].
The lineage B.1.617, first identified in India, arose containing P681R [50] and the lineage
B.1.1.7, first identified in the U.K., arose containing P681H [49]. P681 mutants are the
fastest rising mutants over the first three months of 2021 as measured by the percent of
sequences deposited to GISAID containing the mutation of interest [50]. It has been found
in the B.1.243 and B.1.222 clades, identified in New York State; A.VOI.V2 found in Angola
and Hawaii; and B.1.1.28 identified in the Philippines. MLV-based pseudotypes containing
spikes with the P681H substitution appear to be cleaved more efficiently than WT spike.

In vitro fluorogenic peptide cleavage assays suggest that P681H renders the S1/S2 junction
more susceptible to cleavage by furin at low pH, whereas trypsin mediated cleavage was
unaffected [49].

Interestingly, other human beta-coronaviruses do have perfect consensus furin cleavage sites
in their spike proteins (RRSRR in HCoV-OC43 and RRKRR in HCoV-HKUL1) that are
predicted to result in more efficient S1/S2 cleavage [50]. If more efficient furin cleavage per
se confers a selective advantage, one might expect selection for a perfect consensus furin
cleavage site in SARS-CoV-2. This has not been seen. One hypothesis is that improved
cleavability by furin may result in increased cell-cell fusion but not necessarily increased
transmissibility and viral fitness. Enhanced fusogenicity appears to compromise viral titers
as in the case of SARS-CoV [51,52].

Other mutations of potential importance have been found primarily through /in vitro
passaging experiments with replication-competent VSV containing the SARS-CoV-2 spike
(rVSV-CoV2-S). One mutation appears quite near the S2’ site, P812R (Fig. 1A/B). Its
emergence was discovered upon serial passaging and was associated with higher viral titers
as well as a lack of syncytia formation [53]. In addition, when rVSV-CoV2-S was used

in serial passaging experiments to explore the mutations that form during antibody escape
studies, R682Q (PQRAR) was among the most abundant found across nearly all conditions
[54] (Fig. LA/B). Importantly, both of these experiments took place in Vero E6 cells. In the
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latter study, R682Q was present in their starting inoculum and increased to similarly high
frequencies in the absence of any antibody selection, suggesting that the mutation was an
adaptation to cell culture conditions. Examples like these illustrate the potential importance
of utilizing systems incorporating multiple mechanisms of proteolytic activation. Vero E6
cells do not contain TMPRSS2, nor were other proteases like trypsin or NE integrated into
the experimental conditions of the vast majority of studies that use live virus or rVSV-CoV2-
S. This may affect what cell culture adaptations form and may also end up affecting the
downstream biology of the system in unintended ways.

The choice of cell type may have profound unintended downstream effects. For example,
mutations in the multibasic furin-like cleavage site, including large deletions at the S1/S2
site [55,56], commonly occur while passaging viruses /n vitroon TMPRSS2-deficient cells
such as Vero cells [19]. And losing these sites has a significant impact on the pathogenicity
of the virus, whether it be in hamsters [55,56] or other human cell lines [52] where proteases
like furin and TMPRSS2 are shown to be vital. Studying SARS-CoV-2 under conditions
where the effect of proteases is less relevant can cause one to miss driving factors in
variable pathogenicity, such as the impacts of human variation and genetic susceptibility
from mutations in TMPRSS2, furin, protease inhibitors like alpha-1 antitrypsin [57] and a
large number of others predicted to play a role [58-60].

Loss of S1/S2 cleavage efficiency also has been shown to result in less efficient inhibition by
COVID-19 positive patient sera and monoclonal antibodies [61]. Therefore, maintenance of
this site is not only important in the biology of proteolytic activation but plays a role in the
determination of neutralizing efficacy of antibodies. The latter is underscored by the class of
neutralizing antibodies directed against the NTD of the S1 subunit. Some of these antibodies
are pH sensitive, and lose their neutralization potential when entry occurs predominantly in
the endosomes as in Vero cells (Fig. 1C, late pathway) [62]. SARS-CoV-2 virions without
the multibasic cleavage site even show altered sensitivity to interferon and IFITM2 [55].

All of this occurs, in part, because S1/S2 cleavage is necessary for S2’ cleavage at the cell
surface via TMPRSS2 in Calu-3, but not for S2’ activation via cathepsin L in Vero E6
[18,58].

It is now clear that loss of the WT furin-like cleavage site occurs easily in cell culture

when viruses are passaged on TMPRSS2-deficient cells, and that maintenance of this WT
cleavage site is important for evaluating the neutralizing activities of antibodies. Alarmingly,
the majority of SARS-CoV-2 isolates currently available from BEI resources have one or
more mutations or deletions that affect the furin cleavage site. Table 2 lists the SARS-CoV-2
isolates from BEI resources and their associated NGS data which pinpoint the cognate furin
site mutations. We urge the field to be cognizant of these potential confounding factors. The
use of TMPRSS2-expressing cell lines like Calu-3 or Vero-TMPRSS2, incorporating trypsin
use, or performing experiments in relevant organoids [19,63] are all possible solutions to
maintaining WT cleavage site sequences when culturing out viruses and/or expanding viral
stocks. Our current review has shown that the biology of SARS-CoV-2 entry is highly
dependent on the interplay between cleavage site mutations and the proteases present.

It is vital to be cognizant of both these factors, especially when assessing patient sera

from myriad vaccines against multiple variants or when screening for monoclonal antibody
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efficacy where one cannot rule out a priorithe role that different proteases may play in the
entry and replication of a given virus isolate [61].

Conclusions

Proteolytic priming, activation, and receptor binding are critical modulators of SARS-CoV-2
entry. Multiple non-exclusive entry pathways that are dependent on the unique contexts of
SARS-CoV-2 sequence variability, the constellation of local proteases, and their regulators
such as alpha-1 antitrypsin highlights the complexity of assessing SARS-CoV-2 entry.

There are significant implications of this complexity on entry assays that will drive our
understanding of humoral immunity, therapeutic efficacy of entry inhibitors, and tissue
restriction. Few studies looking at therapeutics like vaccines and convalescent plasma
measure entry under multiple conditions; comparing different proteases, protease inhibitors,
and spike sequences. Many utilize cell lines, cell-cultured adapted viruses with no sequence
verification, and pseudovirus sequences that are known to have unintended effects on
cleavage efficiency, entry kinetics, and antibody efficacy.

We call for improved standards including 1) that entry inhibition assays include conditions
that utilize cells containing TMPRSS2 and/or include the use of proteases like trypsin,

2) that virus or pseudovirus rescue and passaging occur on cells containing TMPRSS2
and/or in the presence of proteases like trypsin, 3) that therapeutic efficacy be tested against
multiple relevant SARS-CoV-2 spike variants of interest and/or dominant variants at the
time, especially with respect to those with known effects on spike cleavage; whether with
live virus, replication-competent pseudovirus, or replication-incompetent pseudoviruses.

In Castillo-Olivares et al [64], they work to identify universal standards for correlate of
protection and importantly use 293T cells expressing both ACE2 and TMPRSS2 when
performing their SARS-CoV-2 pseudotype-based microneutralization assay and used \Vero-
ACE2/TMPRSS? cells for their electroporation-dependent neutralization assay and their
intracellular neutralization assay. We argue that the use of increasingly relevant cell types
and protease contexts could be especially powerful in concert with spike variants of interest
for identifying universal standards for correlates of protection and also for providing better
grounds on which to compare data generally across the ever-increasing body of SARS-
CoV-2 literature.
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Figure 1. SARS-CoV-2 entry is dependent on proteolytic cleavage of the spike glycoprotein
mediated through early or late entry pathways.

(A) Schematic diagram of spike glycoprotein highlighting S1/S2 and S2’ cleavage sites.
Uniport SARS-CoV-2 spike annotations were used and schematic was generated in
Biorender. (B) Structure of spike glycoprotein depicting cleavage locations and select
mutants. SARS-CoV-2 structure generated using SWISS-MODEL to depict the S1/S2
cleavage sites and annotated using Pymol. S1/S2 region is depicted in green and S2’ region
is in red. Spheres depict the location of select mutations discussed in the text: G614, Q677,
and P681. (C) Proteolytic activation of SARS-CoV-2 spike mediates early and late entry
pathways. Pathways 1 and 2 show early entry at the cell surface facilitated by exogenous
or cell surface proteases, respectively. Pathway 3 shows late entry facilitated by endosomal
proteases such as cathepsin L. Model generated using Biorender and adapted from Oguntuyo
and Stevens et al.
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Figure 2. Tools to assess SARS-CoV-2 entry inhibition.
SARS-CoV-2, VSV, lentivirus, virus like particle, and cell-cell fusion assay schematics from

Biorender. Two step ELISA schematic generated by Griffin Haas and competition ELISA
from Fig 1 of Tan CW et al. [65]
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SARS-CoV-2 isolates from BEI resources carrying mutations near the S1/S2 cleavage site.

All SARS-CoV-2 isolates available as of July 6!, 2021 from BEI resources that contain mutations near

the S1/S2 cleavage site. Data was compiled using the certificates of analysis provided by BEI resources.
Also included is a recombinant infectious clone derived from USA-WA1/2020 isolate found to contain two
mutations in the S1/S2 cleavage site. Yellow cells indicate substitutions and red cells indicate deletions. Not
included are the 17 other available isolates containing either no mutations at S1/S2 or containing mutations
canonical to their lineage (e.g. P681R in B.1.617 or P681H in B.1.17). Mutations noted are relative to
MN908947.3, the Wuhan-Hu-1 SARS-CoV-2 isolate.

Native Furin Site AA Seq

BEI Number | Name (SARS-CoV-2 isolate) Lineage Frequency

675- QTQTNSPRRARANS -686
NR-53945 Isolate hCoV-19/Scotland/CVR2224/2020 B.1.222 Mut: R682L 0.060
NR-52368 Isolate New York 1-P\V08001/2020 B.4 Mut: R682W 0.402
NR-52281 Isolate USA-WA1/2020 A Mut: R682L 0.159
NR-52282 Isolate Hong Kong/VVM20001061/2020 A Mut: R682Q 0.958
NR-52386 Isolate USA-CA4/2020 B Mut: R682L 0.817
NR-52387 Isolate USA-CA2/2020 B.2 Mut: R682L 0.587
NR-52439 Isolate Chile/Santiago_op4d1/2020 A2 Mut: R685H 0.989
NR-53514 Isolate New York-P\V08410/2020 B.1 Mut: R682W 0.439
NR-53516 Isolate New York-P\V09158/2020 B.1.3 Mut: R682Q 0.583
NR-53565 Isolate Canada/ON/V1D0-01/2020 B Mut: R685S 0.463

Mut: R682W 0.902
NR-54009 Isolate hCoV-19/South Africa/KRISPK005325/2020 B.1.351

Mut: Q677H 0.899

Mut: R682W 0.209
NR-52284 SARS-CoV-2, Isolate Italy-INMI1 Not Stated

679-686 del 0.611
NR-52359 SARS-CoV-2, Isolate England/02/2020 A 679-686 del 0.824
NR-52370 SARS-CoV-2, Isolate Germany/BavPat1/2020 B 679-684 del 0.565
NR-52381 SARS-CoV-2, Isolate USA-1L1/2020 B 675-679 del 0.613
NR-52382 SARS-CoV-2, Isolate USA-CA1/2020 A 675-679 del 0.613
NR-52383 SARS-CoV-2, Isolate USA-AZ1/2020 A 681-687 del 0.861
NR-52384 SARS-CoV-2, Isolate USA-WI11/2020 B 687-689 del 0.527
BEI Number | Name Lineage Result Frequency

SARS-CoV-2, Isolate USA-WA1/2020, Recombinant A ABGB4E 0.287
NR-54003 Infectious Clone with Nanoluciferase Gene (icSARS-
CoV-2-nLuc) A S686G 0.104
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