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Abstract

The polybasic furin cleavage site insertion with four amino acid motifs (PRRA) in

spike protein's S1/S2 junction site is important in determining viral infectivity,

transmission, and host range. However, there is no review so far explaining the

effect of the furin cleavage site of the spike protein on SARS‐CoV‐2 replication and

pathogenesis in the host and immune responses and vaccination. Therefore, here we

specifically focused on genomic evolution and properties of the cleavage site of

spike protein in the context of SARS‐CoV‐2 followed by its effect on viral entry,

replication, and pathogenesis. We also explored whether the spike protein furin

cleavage site affected the host immune responses and SARS‐CoV‐2 vaccination. This

review will help to provide novel insights into the effects of polybasic furin cleavage

site on the current COVID‐19 pandemic.
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1 | INTRODUCTION

The SARS‐CoV‐2 is a positive‐sense single‐stranded RNA virus, and

the genome is 79% and 50% identical with the previously identified

SARS‐CoV‐1 and MERS‐CoV.1–3 The spike (S) is one of the most

important structural proteins encoded by the coronavirus genome.4

The coronaviruses, including SARS‐CoV‐2, enter the host cell using

this S protein by interacting with receptor angiotensin‐converting

enzyme 2 (ACE2).5 The SARS‐CoV‐2 S protein consists of 1273

amino acids with a molecular weight of 180−200 kDa.6–8 The S

protein is structurally divided into S1 and S2 subunits and the S1

subunit contains a receptor‐binding domain (RBD) required to bind

with the ACE2 of the host cell membrane.6 An N‐terminal signal

peptide (amino acids 1−13) is located upstream of the S1 subunit

(14−685 residues). The S2 subunit (686−1273 residues) contained

fusion peptide, heptapeptide repeat sequences 1 and 2, transmem-

brane, and a cytoplasmic domain. The S protein's detailed structure

and functions have been reviewed previously.6,8

The furin cleavage site (FCS) of various protein precursors contains a

specific amino acids motif R‐X‐[K/R]‐R, which is proteolytically cleaved by

the proprotein convertase furin.9 However, this pattern cannot be fol-

lowed by all cases, and even furin cannot cleave all R‐X‐[K/R]‐R⇓ sites

(http://www.nuolan.net/).9 An FCS lacking basic residues "RRAR" motif is

also present in the S protein of other coronaviruses (MERS‐CoV, HCoV‐

OC43, and HCoV‐HKU1), which affect humans, but these could not be

efficiently cleaved (Figure 1A).10,11 The SARS‐CoV‐2 S protein carries

specific FCS basic residues motif "RRAR" though not exactly resembles

R‐X‐[K/R]‐R but is efficiently cleaved with a wide range of proteases
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including furin compared with the other coronaviruses.11,12 The SARS‐

CoV‐2 S protein FCS is also called polybasic cleavage site due to the

formation of the basic residues motif "RRAR".2,13 The cleavage phe-

nomenon is one of the important posttranslational modifications of var-

ious cellular and viral surface precursor proteins necessary for their

activation and associated with the interspecies viral transmission, viral

virulence, and pathogenicity.14–16 This review focused on the novel

polybasic FCS of SARS‐CoV‐2 in the context of genomic evolution, effect

on viral entry, replication, and pathogenesis, and host immune responses

and vaccination.

2 | GENOMIC EVOLUTION AND
PROPERTIES

SARS‐CoV‐2 S protein contains a salient feature compared to the

SARS‐CoV‐1.4,17 It has a functional polybasic FCS at the S1/S2

boundary of S protein through the insertion of 12 nucleotides (amino

acid residues motif "PRRA") that are not reported in the other cor-

onaviruses such as in SARS‐CoV‐1 and MERS‐CoV (Figure 1A).17,18

This novel insertion of FCS in the S protein may be linked to the

origin of SARS‐CoV‐2. A bioinformatic approach and phylogenetic

analysis revealed specific genomic fingerprints of Bat‐SARS‐like, bat

RatG13, Pangolin‐CoVs, and human SARS‐CoV‐2, suggesting the

same evolutionary origin from the bat.19 The genetic recombination

of the S gene between Pangolin‐CoV and RatG13 ancestors was also

hypothesized, but there has been no explanation for the insertion of

the PRRA motif in the S protein of SARS‐CoV‐2.19

Peacock et al.20 demonstrated that the cleavage site of SARS‐

CoV‐2 S protein acts as a determinant of transmission. This polybasic

FCS of S protein has been supposed to be responsible for the ex-

tremely high contagiousness and increased transmissibility of SARS‐

CoV‐2 compared to other coronaviruses.21–23 In addition, the SARS‐

CoV‐2 S protein cleavage site facilitated the transmission of the virus

into the cohoused ferret from the experimentally infected one.20

Peacock et al.20 generated the FCS‐deleted SARS‐CoV‐2 and

F IGURE 1 Polybasic furin cleavage site at
the S1/S2 boundary of S protein (A) and its
effects on viral entry, replication,
pathogenesis, immune responses, and
vaccination (B)
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checked their transmissibility in the ferret model. The result showed

that wild‐type (WT) SARS‐CoV‐2 viruses transmit faster than the

mutant virus lacking FCS.

Moreover, 50% of contact ferrets become infected in case of WT

viruses with no record of transmission from the ferret infected with

the FCS‐deleted SARS‐CoV‐2.20 Wong et al.24 identified the bat‐like

SARS‐CoV‐2 lacking FCS from the clinically infected patients. Their

identified upstream variant (mutations at the 5' upstream region of

the S1/S2 site) and ΔPRRA variant also infected the hamster.24 These

mutant viruses could infect the hamster, and in both cases, a very

negligible viral copy was detected.24 This result indicates that SARS‐

CoV‐2 lacking the novel FCS may transmit in humans with lesser

strength at both inter‐and intrahost levels than WT viruses.24 The

FCS at S1−S2 increases the dynamics (structural and functional

diversities) of the SARS‐CoV‐2 S and sensitizes S protein to fusion‐

activating proteolysis during virus‐cell entry.25,26 The SARS‐CoV‐2 S

protein is cleaved intracellularly before virion release by furin‐like

proteases due to the presence of spike protein FCS.21 The inactive

form of S protein becomes active to mediate the fusion between cell

surface and virus after being cleaved into S1 and S2 subunits by the

host cells proteases.6 The fusion is initiated after the exposure of S2,

which occurs either on the cell surface by the cellular enzyme type II

transmembrane serine protease (TMPRSS2) or in the late endolyso-

some by cathepsin L.5,21

3 | NATURAL MUTATIONS AT AND NEAR
FCS AND THEIR EFFECTS

Various investigations have reported mutations at and near the

FCS. The variant B.1.1.7 of SARS‐CoV‐2 contained P681H muta-

tion in the S1/S2 cleavage site of S. The S‐protein‐containing

P681H mutation was more efficiently cleaved by furin protease

without significantly affecting the SARS‐CoV‐2 entry or cell−cell

spread.27 Nagy et al.28 analyzed many SARS‐CoV‐2 genomes for

the mutations at and around the FCS of S protein. Several point

mutations such as P681H and A688V were reported in the FCS.

Partial (Δ680SPRRA684 and Δ685RSVA688) or complete deletion of

the entire FCS motif (Δ680SPRRARSVA688 and Δ680SPRRARS-

VAS689) were also detected. Structural modeling predicted that the

cleavage loop structure and furin binding activity had been sig-

nificantly altered by these kinds of point mutations, partial or

complete deletions at or near FCS.28,29 Cheng et al.30 analyzed the

cleavage properties of WT S protein and FCS‐mutated S protein

(RRAR↓ S to ARARS) by transfection in the VeroE6 cells. TheWT S

efficiently cleaved as it readily processed into the low molecular

weight protein bands revealed by Western blot results.

In contrast, the FCS‐defective mutant S protein (RRAR↓ S to

ARARS) remained predominantly intact with a little cleavage.30

Highly contagious Delta (B.1.617.2) variant compared to the previous

SARS‐CoV‐2 variants contained the P681R mutation at the S1/S2

cleavage site.31,32 The Delta variant containing P681R mutation

augmented the cleavage of S protein into S1 and S2, thereby

upregulating the viral replication in the in vitro respiratory models.

The result is further proved by reducing the viral replication of the

reverted mutation of P681R.32

4 | EFFECT ON VIRAL ENTRY

The S protein is cleaved during the viral packaging before release due

to the FCS. This proteolytic priming of the S during the packaging

enhances the efficiency of viral entry into the target cells, and this

phenomenon is absent in the SARS‐CoV‐1.33 Efficient proteolytic

cleavage of S protein in the human cells depends on the arginine

residues in the S1/S2 site, and several arginine residues ensure the

high cleavability of S protein.34 Deleting the cleavage site of S protein

abrogates the virus entry into the human lung cell line (Figure 1B).34

Mutation at the amino acid position 614 (D614G) of SARS‐CoV‐2 S

protein does not alter its affinity for ACE2 as the position lies outside

the RBD.35

Interestingly, pseudovirus with S protein containing amino acid G at

614 position (G614) enters more efficiently into the HEK293T cells ex-

pressing ACE2 (hACE2‐293T).36 In addition, pseudovirus with G614 in

the S protein decreases the S1 domain shedding and increases the S

protein density in the virions produced in hACE2‐293T and lung epithelial

cells.36 Another study showed that the acquisition of D614G mutation

increases the S protein furin cleavage, and the properties and con-

formation of RBD are also altered by the S1/S2 furin cleavage.37

The "C‐end rule" (CendR) motif [R/K]XX[R/K] is also resembled

by the SARS‐CoV‐2 S protein FCS amino acid sequence

(682RRAR685).38,39 Daly et al.39 demonstrated that membrane protein

neuropilin‐1 (NRP1) binds the S1 subunit of S protein through furin

cleavage motif "RRAR" (acted as CendR peptide), and these NRP‐1

and S1 subunit interactions enhance the SARS‐CoV‐2 infection in

HeLa cells. The olfactory and respiratory epithelium express an

abundant level of NRP1 that further correlates with the SARS‐CoV‐2

tissue tropism.40

5 | EFFECT ON VIRAL REPLICATION AND
PATHOGENESIS

An inefficient proteolytic cleavage site has been generated at the S1/

S2 site of S protein due to continuous passaging in Vero cells.41 The

polybasic S1/S2 cleavage site‐deficient S protein‐containing SARS‐

CoV‐2 cannot induce syncytium formation, suggesting the im-

portance of FCS for the fusion between two adjacent cells associated

with viral virulence and pathogenesis (Figure 1B).34 Syncytia forma-

tion could not be observed in the VeroE6 cells transfected with the

FCS defective (RRAR↓ S to ARARS) S protein, usually found in cells

expressing WT S protein.30 Additionally, the host cellular furin in-

hibitors decanoyl‐RVKR‐chloromethyl ketone (CMK) could block the

viral entry and abolish the cleavage phenomenon of S protein and

syncytia formation in the VeroE6 cells.30 The mutant SARS‐CoV‐2

showed an inability to use TMPRSS2‐dependent and fusion‐mediated
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entry pathways and reduced cell tropism.41 The FCS (ΔPRRA)‐

deficient recombinant SARS‐CoV‐2 showed reduced replication and

virus‐induced pathogenesis in the K18‐hACE2 mouse and hamster

model.42 The hACE2‐expressing transgenic C57BL/6 mice infected

with recombinant SARS‐CoV‐2‐containing cleavage site deleted S

protein and weight, and inspiration capacity of mice, viral burden, and

infiltration of immune cells were analyzed.42 The weight and in-

spiratory capacity were significantly reduced in the mice infected

withWT virus compared with cleavage‐site‐deficient SARS‐CoV‐2. In

addition, viral burden and infiltration of immune cells in the lungs

were significantly lower in the mice infected with cleavage‐site‐

deficient SARS‐CoV‐2 than in WT.42 Naturally, generation of the

polybasic FCS‐deficient mutant SARS‐CoV‐2 has been reported.20

Moreover, Peacock et al.20 demonstrated that the FCS promotes viral

replication in the respiratory tract in the ferret model.

6 | EFFECT ON HOST IMMUNE
RESPONSES AND VACCINATION

There are very limited investigations on the effect of the cleavage

site of SARS‐CoV‐2 S protein on the host's immune responses. De-

letion of polybasic furin cleavage motif "PRRA" rendered the sensi-

tivity to the IFN‐induced transmembrane proteins 2 (IFITM2) and

thereby restricted the SARS‐CoV‐2 entry a distinguished phenom-

enon from SARS‐CoV‐1.21 The IFITM2 is an IFITM family protein

expressed in the human lungs, heart, brain, and gut cells. The inter-

feron could also induce the IFITM2 expression. The SARS‐CoV‐2 S

protein interacts with endogenously expressed IFITM2 at the cell

surface, and the virus−cell fusion process is predominantly promoted

in the early endosome, indicating that the expression of endogenous

IFITM2 assists the SARS‐CoV‐2 infection of human lung cells at the

early steps of viral replication.43 Surprisingly, exogenous IFITM2

stably expressing in A549‐ACE2 cells inhibited the SARS‐CoV‐2 re-

plication at low multiplicity of infection.21 Therefore, the antiviral

effect of IFITM2 is mediated at the entry process of SARS‐CoV‐2,

which might be due to the localization of IFITM2 into the endosomes

or recruiting at the plasma membrane.21 A study conducted by

Johnson et al. investigated the immunity level of hamsters infected

and challenged by the cleavage site deleted SARS‐CoV‐2 and WT.

They found that the cleavage site deleted SARS‐CoV‐2 could pro-

duce neutralizing antibodies in serum protective against parental

SARS‐CoV‐2 rechallenge.42 Ad26 vector‐based vaccines were de-

veloped by manipulating the FCS of S protein (R682S, R685G) and/or

stabilized by inserting two prolines at amino acid residues K986P and

V987P.44 Transgene antigenicity was analyzed after transduced into

the cells by the DNA vaccines. The neutralizing antibodies and ACE2

showed the highest binding capacity with the FCS mutations and/or

double proline substitutions containing DNA constructs compared to

the WT S protein, as revealed by the binding assays. Mice were im-

munized with the developed vaccines and neutralizing antibodies

(Nabs), and the binding capacity of both was significantly higher in

the case of the vaccines containing FCS mutations (R682S, R685G)

and double proline mutations at amino acid residues K986P and

V987P V987P.44 However, all the mutant and WT vaccines induced

NAbs in mice and elicited IFN‐γ‐producing T cells. In addition, total

IgG specific to S protein was also enhanced in the mice immunized

with the vaccines containing FCS mutations (R682S, R685G) and

double proline insertion at amino acid residues K986P and V987P. A

high IgG2a/IgG1 ratio was observed in the FCS and proline mutated

vaccines compared to the WT S, indicating the Th1‐biased re-

sponse.44 Another subunit vaccine is generated by mutating S's FCS

(RRAR→QQAQ), which is further stabilized by inserting two prolines

at amino acid residues K986P and V987P.45 The vaccine is then

adjuvanted with saponin‐based Matrix‐M, and the detailed im-

munogenicity was analyzed in mice and baboons. Anti‐S IgG is eli-

cited significantly at higher levels both in mice and baboons, and the

antibodies were capable of blocking the hACE2 binding, neutralizing

the SARS‐CoV‐2, and protecting challenging infection. CD4+ folli-

cular helper T cells (Tfh), CD4+ and CD8+ T cells, and antigen‐specific

germinal center B cells in the spleen of the vaccinated mice have also

been elicited significantly.45 A recombinant S protein‐based vaccine

was generated by modifying FCS (RRAR→A) to elicit robust immune

responses in the vaccinated mice and protect the mice against in-

tranasal challenges with the SARS‐CoV‐2 (Figure 1B).46 However,

this study demonstrated that mice vaccinated by modified FCS and/

or double proline insertion at the amino acid residues K986P and

V987P induced higher anti‐RBD responses than the WT S protein

vaccine. The mice vaccinated with a modified FCS construct con-

taining double proline insertion at the amino acid residues K986P and

V987P had higher serum neutralization titers than those who re-

ceived the WT vaccine.46 Laczkó et al.47 designed three different

mRNA vaccines followed by their antibody binding activity and ability

to elicit immune responses. The FCS‐deleted full‐length S antigen

produced in the transfected cells showed higher binding capacity

with the anti‐RBD monoclonal antibody and a human ACE2‐Fc

(hACE2‐Fc) fusion protein than the former WT S protein and RBD.

The FCS‐deleted full‐length S protein mRNA vaccine can induce ro-

bust neutralizing antibodies without antibody‐dependent enhance-

ment of infection in vitro. The vaccine could also induce memory

B cell and strong type 1 CD4+ and CD8+ T‐cell responses.47 The

D614G mutation affected the S1 shedding and S protein amount in

the virions.36 Therefore, Zhang et al.36 assessed the neutralization

sensitivity of virions containing D614G S proteins to the plasma

obtained from convalescent patients. However, the plasma from the

convalescent patients was able to neutralize the virions containing

S proteins with D614 or G614 at a similar level.36

7 | CONCLUSION AND FUTURE
DIRECTION

The polybasic FCS of the SARS‐CoV‐2 S protein was responsible for

high contagiousness and increased transmissibility proved by several

studies. The S protein FCS also plays an important role in SARS‐CoV‐2

entry, replication, and pathogenesis. However, S protein FCS‐deleted
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SARS‐CoV‐2 vaccines can elicit host immune responses and generate

the protective level neutralizing antibodies. A few studies reported that

furin might be the probable target for the possible treatment of

SARS‐CoV‐2 infection. Therefore, a more detailed investigation needs

to be carried out with the polybasic FCS of SARS‐CoV‐2 spike protein in

the context of cell signaling pathways.
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