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GRAPHICAL ABSTRACT
PUBLIC SUMMARY

- Passaging of a protype SARS-CoV-2 in Vero cells generates a live-attenuated VAS5

- A 7 amino acids deletion of the S protein contributes to the attenuated phenotype

- VAS5 immunization prevents SARS-CoV-2 infection and transmission in Syrian hamsters

- The VAS5 S protein forms a locked prefusion conformation with enhanced immunogenicity
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The highly pathogenic and readily transmissible SARS-CoV-2 has caused a
global coronavirus pandemic, urgently requiring effective countermeasures
against its rapid expansion. All available vaccine platforms are being used
to generate safe and effective COVID-19 vaccines. Here, we generated a
live-attenuated candidate vaccine strain by serial passaging of a SARS-
CoV-2 clinical isolate in Vero cells. Deep sequencing revealed the dynamic
adaptation of SARS-CoV-2 in Vero cells, resulting in a stable clone with a dele-
tion of seven amino acids (N679SPRRAR685) at the S1/S2 junction of the S pro-
tein (named VAS5). VAS5 showed significant attenuation of replication in
multiple human cell lines, human airway epithelium organoids, and hACE2
mice. Viral fitness competition assays demonstrated that VAS5 showed spe-
cific tropism to Vero cells but decreased fitness in human cells compared
with the parental virus. More importantly, a single intranasal injection of
VAS5 elicited a high level of neutralizing antibodies and prevented SARS-
CoV-2 infection in mice as well as close-contact transmission in golden
Syrian hamsters. Structural and biochemical analysis revealed a stable
and locked prefusion conformation of the S trimer of VAS5, which most
resembles SARS-CoV-2-3Q-2P, an advanced vaccine immunogen (NVAX-
CoV2373). Further systematic antigenic profiling and immunogenicity valida-
tion confirmed that the VAS5 S trimer presents an enhanced antigenic mimic
of the wild-type S trimer. Our results not only provide a potent live-attenuated
vaccine candidate against COVID-19 but also clarify the molecular and struc-
tural basis for the highly attenuated and super immunogenic phenotype
of VAS5.

INTRODUCTION
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a new beta-

coronavirus that includes two highly pathogenic coronaviruses, SARS-CoV and
Middle East respiratory syndrome coronavirus (MERS-CoV).1–3 SARS-CoV-2
infection leads to coronavirus disease 2019 (COVID-19), characterized by a spec-
trum of etiological findings ranging from asymptomatic disease to mild upper
respiratory tract infection symptoms.4 More severe COVID-19 cases develop
acute respiratory distress syndrome and acute lung injury, leading to morbidity
and mortality caused by damage to the alveolar lumen.5,6 SARS-CoV-2 can be
transmitted by direct human-to-human respiratory droplet contact and aerosols,
and has high human-to-human transmissibility, with an estimated basic repro-
duction number (R0) ranging from 1.4 to 8.0.7–9 Due to being highly pathogenic
and readily transmissible, SARS-CoV-2 has caused a global COVID-19 pandemic
with more than 400 million confirmed cases and more than 5.7 million deaths
worldwide as of January 2022.

The spike (S) protein of SARS-CoV-2 is a homotrimeric membrane protein
responsible for virus entry into host cells. The S protein is composed of two
functional subunits, S1 and S2, which are involved in binding to human
angiotensin-converting enzyme 2 (hACE2) at the cell membrane and the
fusion between virus and cellular membranes, respectively.2,10,11 Upon virus
attachment to host receptors, the S protein undergoes a large conforma-
tional rearrangement to allow host proteases to cleave at one or more po-
sitions (termed the S1/S2 and S20 sites). Priming of the S protein by host
proteases is a crucial factor modulating the tropism and pathogenicity of
coronaviruses.12 The SARS-CoV-2 S protein harbors a unique insertion of
ll
a polybasic furin-like cleavage site (RRAR) positioned upstream of the S1/
S2 junction, which is absent in SARS-CoV and the highly related bat corona-
virus RaTG13.13–15 Similar cleavage sites have been associated with
increased pathogenicity in other viruses.16–18 Due to the near-ubiquitous
distribution of furin-like proteases, the acquisition of this cleavage site is
supposed to provide a gain-of-function to SARS-CoV-2 for efficient infection
and spreading in the human population.19

The function of this notable cleavage site in SARS-CoV-2 remains largely un-
known. In fact, insertion of a furin-like cleavage site at the S1/S2 site enhanced
cell-cell fusion of SARS-CoV.20 Hoffmann et al. reported that a highly cleavable
S1/S2 site is essential for S protein-mediated cell-cell fusion and entry into human
lung cells.21 Recently, SARS-CoV-2 variants with deletions at the S1/S2 site have
been detected in clinical samples.22–25 A set of previous findings also suggests
that these variants can be selected following passaging in Vero cells.23,24,26,27

However, the biological function and the structural basis for these specific dele-
tions remain unknown. In addition, a panel of vaccines, includingmRNA, viral vec-
tor-based, inactivated vaccines, and protein subunit vaccines, have been
approved for clinical usage.28–32 However, no live-attenuated vaccines against
SARS-CoV-2 have been approved for human use.
Herein, we report the generation of a live-attenuated strain of SARS-CoV-2

(termed VAS5) bearing a seven-amino-acid (aa) deletion upstream of the S1/
S2 junction in the S protein by serial passaging of a protype strain of SARS-
CoV-2 in Vero cells. The promising profiles of VAS5, including ideal safety, ge-
netic stability, immunogenicity, and protection efficacy in hamsters, support its
further development in human trials. More importantly, combining deep
sequencing and cryoelectron microscopy (cryo-EM) analysis, we reveal the mo-
lecular and structural basis for the highly attenuated and super immunogenic
phenotype of VAS5.
RESULTS
Serial passaging of SARS-CoV-2 in Vero cells leads to a specific deletion
in the S protein
During the preparation of working stocks of the inactivated SARS-CoV-2 vac-

cine in Vero cells,33 we detected a seven-aa deletion (N679SPRRAR685, D679-
685) upstream of the S1/S2 junction in the S protein by Sanger sequencing
(Figure 1A). To further profile the dynamic process of viral adaptation in
Vero cells, full-length genomes of viruses from passage 1 (P1) to P5 were
determined by deep sequencing. Large panels of variants with deletions of
different lengths and positions were detected among the different SARS-CoV-2
passages (Figure 1B). The D679-685 variant was first detected at P3 and rapidly
increased at P4, finally becoming the predominant variant at P5 (99.119%).
Notably, the P1 and P2 viruses contained few variants, and only a two-aa deletion
(Q675T676,D675-676) and a five-aa deletion (Q675TQTN679,D675-679) accounted
for 0.020% and 0.129%, respectively. Two variants with a six-aa deletion
(P681RRARS686, D681-686) or another seven-aa deletion (S680PRRARS686,
D680-686) emerged in the P3 virus and were maintained in the P4 virus but dis-
appeared in the P5 virus. Other variants carrying different deletions or substitu-
tions were also detected during passaging (Figures 1B and S1A). Sanger
sequencing of P5 further passaged in Vero cells confirmed its good genetic
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Figure 1. Profile of nucleotide and amino acid sequences located at the S1/S2 cleavage site of the S protein of variants during passaging of SARS-CoV-2 in Vero cells
(A) Schematic diagram of the passage history of Vero-adapted SARS-CoV-2. SARS-CoV-2 isolated from a COVID-19 patient was passaged in Vero cells five times. The virus at
passage 1 was named WT, and the virus at passage 5 with a deletion of seven-aa in the S protein was named VAS5. (B) Profiles of the nucleotide sequence and amino acid sequence
located at the S1/S2 cleavage site in the S protein of variants during passaging and adaptation in Vero cells.
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stability (Figure S1B). The P5 virus bearing the seven-aa deletion (D679-685) was
named VAS5 and subjected to further testing.

VAS5 shows reduced infectivity and fitness in human airway epithelium
organoids

To characterize the in vitro phenotypes of VAS5, a set of cells, including Vero,
Huh7, and Caco-2 cells, were infected with VAS5 or its parental virus (wild type
[WT]) and subjected to RT-qPCR and immunofluorescence staining. VAS5
showed replication capability similar toWT in Vero cells, while no increase in viral
RNAs or viral protein expression of VAS5 was detected in either Huh7 or Caco-2
cells (Figures 2A and 2B). In contrast, theWT virus replicatedwell in all three types
of cells. These results suggest that VAS5 lost its ability to infect human cells.

We then determined the infectivity of VAS5 in human trachea and lung epithe-
lium organoids cultured at the air-liquid interface in comparison with WT. A large
number of SARS-CoV-2 S protein-positive cells in both tracheal and lung organo-
ids were detected at 48 h following WT infection, while only a few positive cells
were detected in VAS5-infected organoids (Figures 2C and 2D). Similarly, the viral
RNA loads in theVAS5-infected organoidsweremuch lower than those in theWT-
infected organoids (Figures 2C and 2D).

Furthermore, to explore the potential mechanismof restricted replication in the
human airway epithelium, we performed a standard viral fitness competition
assay in both Vero cells and the human bronchus epithelium (Figure 2E). VAS5
increased to 80% of the total reads following 3 days of competition culture in
Vero cells (Figure 2F). In contrast, VAS5 decreased significantly to 5% of the total
reads following 3 days of competition in human tracheal epithelium organoids
(Figure 2G). These results demonstrate that, compared with WT, VAS5 acquired
a fitness advantage in Vero cells but had comparatively less replicative fitness in
the human airway epithelium.
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VAS5 is highly attenuated and immunogenic in mice
We further characterized the infection and pathogenic features of VAS5 in

hACE2mice. Groups of hACE2mice were intranasally (i.n.) inoculated with equal
doses of VAS5 andWT. As expected, WT inoculation resulted in robust viral RNA
replication in mouse lungs, as evidenced by RT-qPCR and in situ hybridization
(ISH) (Figures S2A and S2B), with notable lung damage characterized by amildly
thickened septa (Figure S2B). While the viral RNA loads in the lungs from VAS5-
infected mice were significantly lower (up to 10-fold reduction) than those from
the WT-infected mice (Figure S2A), only marginal RNAs were detected in lung
sections from VAS5-infected mice (Figure S2B). No lung pathological changes
were induced by the VAS5 challenge (Figure S2B). These results clearly demon-
strate that the in vivo replication and pathological outcome of VAS5 are highly
attenuated in hACE2 mice.
As VAS5 contained a seven-aa deletion in the S protein, we further sought

to determine whether VAS5 immunization conferred protection against SARS-
CoV-2. Inactivated VAS5 was prepared as previously described.33 Groups of fe-
male BALB/c mice were intramuscularly (i.m.) immunized at days 0 and 14 with
two doses of 1.25 mg or 2.5 mg of inactivated VAS5 or PBS. Forty days after
the initial immunization, mice were inoculated i.n. with a mouse-adapted
SARS-CoV-2 strain, MASCp6, as previously described.34 Viral RNA loads in the
lungs and tracheas were determined by RT-qPCR. As expected, significantly
decreased viral RNA was detected in the indicated tissues of inactivated
VAS5-immunized mice compared with that of the PBS group (Figure S2C).
The immunostaining assay showed an abundance of cells positive for SARS-
CoV-2 S protein expression in lung sections of mice in the PBS group, whereas
significantly fewer positive cells were detected in the lungs of VAS5-immunized
mice (Figure S2D). These data indicate good immune protection provided by
inactivated VAS5 against SARS-CoV-2 challenge in mice. Finally, we further
www.cell.com/the-innovation
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Figure 2. VAS5 virus exhibits less replicative fitness in human cell lines and human respiratory epithelial ALI culture (A) Growth curves of WT and VAS5 in Vero, Huh7, and Caco-2
cells. Viruses were inoculated into cells at an MOI of 0.01. Viral RNA was detected at the indicated times using RT-qPCR. (B) Immunofluorescence assay (IFA) of viral proteins ex-
pressed in the indicated cells following virus infection. Cells were infected with WT or VAS5 at an MOI of 0.01. Viral S proteins were detected at 48 hours post infection (h.p.i.) by IFA
using an S protein-specific antibody. Scale bar, 100 mm. (C) Human respiratory epithelial ALI cultures, including the bronchus and lung, were infected with WT or VAS5, and viral RNA in
the topical secretions was detected at 48 h.p.i. using RT-qPCR. Data are shown as the mean ± SEM (*p < 0.05). Scale bar, 200 mm. (D) High-content imaging of the bronchus and lung
infected with WT or VAS5 at 48 h.p.i. Data are shown as the mean ± SEM (*p < 0.05). Scale bar, 200 mm. (E) Schematic diagram of the fitness assay. (F and G) Fitness of WT and VAS5
in Vero cells (F) and the human respiratory epithelial ALI bronchus (G). Equal amounts of WT and VAS5 were pooled and inoculated into Vero cells or the bronchus. The viral genome
was determined at 3 days p.i. by deep sequencing. Data are shown as the mean ± SEM (**p < 0.01).
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investigated the immunogenicity of VAS5 and WT S trimers in rats. Wistar rats
were immunized twice via the intramuscular route with VAS5 or WT S trimers
(5 mg per dose) mixed with alum adjuvant or placebo (PBS + alum) at days
0 and 14 (n = 10) (Figure S2E). SARS-CoV-2-specific immunoglobulin (Ig)G anti-
body emerged at week 2 and rose up to an half maximal effective concentration
ll
(EC50) of �8,600,000 by week 3 in the VAS5 S trimer-vaccinated group, whose
titer was �2-fold higher than that of serum from the WT S trimer-immunized
group at week 2 (Figure S2E). These results, coupled with the structural and
immunogenic analysis, clearly support the further development of VAS5 as a
potent vaccine candidate.
The Innovation 3(2): 100221, March 29, 2022 3



Figure 3. Live-attenuated VAS5 virus provides protection against SARS-CoV-2 challenge in hamsters (A) Study design of the prevention of contact transmission of SARS-CoV-2 in
hamsters. Female hamsters were i.n. immunized with the indicated doses of live VAS5 or PBS. (B) Four weeks post-immunization, blood was collected for the detection of neutralizing
antibodies against the WT virus. (C) Forty-eight days post-immunization, the animals were i.n. challenged with MASCp6. Viral RNA in throat swabs was detected using RT–qPCR at
Days 3 and 5 post challenge. (D–F) The indicated tissues were also collected 5 days after challenge for detection of viral loads using RT-qPCR: (D) nasal turbinate; (E) trachea; (F) lung.
Data are shown as the mean ± SEM. Statistics were determined by multiple t tests. d.p.c., days post contact; d.p.i., days post infection; n.s., not significant; **p < 0.01; ****p < 0.0001).
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A single immunization with VAS5 prevents SARS-CoV-2 infection and
transmission in hamsters

The immunogenicity and protection of VAS5 were further determined in the
well-established golden Syrian model (Figure 3A).35,36 A single immunization
with either low or high doses of VAS5 induced high levels of neutralizing antibody
(geometric mean titer [GMT] = 776 and 927, respectively) against SARS-CoV-2
(Figure 3B). Then, three animals from the low-dose group were i.n. challenged
with MASCp6 on day 48 post-immunization. At day 3 post-challenge, viral RNA
loadswere significantly reduced in the throat swabs of VAS5-immunized animals
compared with those of PBS-immunized animals (Figure 3C). Strikingly, viral
RNAs were not detected in the throat swabs of all VAS5-immunized animals at
day 5 post-challenge, while two of three animals immunizedwith PBSmaintained
high levels of viral RNA (Figure 3C). At day 5 post-challenge, high levels of viral
RNAwere detected in the nasal turbinate, trachea, and lung of all PBS-immunized
animals (Figures 3D–3F), while only one of three VAS5-immunized animals sus-
tained low levels of viral RNA in the nasal turbinate and trachea (Figures 3D and
3E). Notably, viral RNA was completely cleared in the lungs of all VAS5-immu-
nized animals (Figure 3F).

Further we examined whether VAS5 immunization prevented close-contact
transmission of SARS-CoV-2 in the established hamster model.35 Three VAS5-
immunized hamsterswere i.n. challengedwithMASCp6. One day post-challenge,
each SARS-CoV-2-challenged hamster was transferred to a new cage, with each
cage containing one naive hamster as the close contact (Figure 4A). Viral RNA
present in throat swabs was determined using RT-qPCR at days 3 and 5 post
close contact. High levels of viral RNAwere detected in the throat swabs of native
hamsters in contact with challenged hamsters immunized with PBS at days 3
and 5 post contact (Figure 4B). At day 5 post contact, all three native hamsters
4 The Innovation 3(2): 100221, March 29, 2022
harbored extremely high levels of viral RNA in the indicated tissue samples (Fig-
ures 4C–4E). In contrast, very low levels of viral RNA were detected in throat
swabs of native hamsters in contact with challenged animals immunized with
VAS5 (Figure 4B), and no viable SARS-CoV-2 virus was isolated in the throat
swab. Strikingly, at day 5 post contact, no viral RNA was detectable in any of
the indicated tissue samples of these animals (Figures 4C–4E). These results
clearly demonstrate that a single i.n. immunization with live VAS5 not only pre-
vents SARS-CoV-2 infection but also prevents close-contact transmission in
hamsters.

Cryo-EM structure of the VAS5 S trimer glycoprotein
To understand the structural impact of the seven-aa deletion on the SARS-

CoV-2 spike architecture, we produced VAS5 S protein as a secreted trimer
in a mammalian expression system (Figure S3). Highly purified protein with
excellent homogenicity was used for cryo-EM data collection. Three-dimen-
sional classification revealed that the VAS5 S trimer adopts two distinct confor-
mational states, corresponding to a closed form with all three receptor binding
domains (RBDs) down and an open form with one RBD up for ACE2 binding
(Figure S4). We determined cryo-EM reconstructions of the two states at
3.6 Å and 4.2 Å, respectively (Figure S5). The structure of VAS5 S displays
the characteristic overall architecture observed for WT SARS-CoV-2 in the
closed and open conformations (Figure 5A). Comparison of the VAS5 S protein
structure with that of the D614G mutant indicated that the D614G mutation
samples the RBD-open conformation more frequently (nearly 95%) and en-
hances protease cleavage at the furin recognition site.37–39 In contrast, a
seven-aa deletion encompassing the furin cleavage site rendered approximately
90% of VAS5 S in the RBD-closed configuration, similar to structural
www.cell.com/the-innovation
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Figure 4. Live-attenuated VAS5 virus can prevent the transmission of SARS-CoV-2 in hamsters (A) Study design of the prevention of contact transmission of SARS-CoV-2 in
hamsters. Three immunized animals from the 104 PFU-dose group or the PBS group were i.n. challenged with MASCp6 (20,000 PFU/animal). One day post-challenge, each challenged
hamster was transferred to a new cage containing one naive hamster as the close contact (A). Viral RNA in throat swabs was detected using RT-qPCR at days 3 and 5 post close
contact. (B) The indicated tissues were also collected 5 days after close contact for detection of viral loads using RT-qPCR. (C–E) The indicated tissues were also collected 5 days after
challenge for detection of viral loads using RT-qPCR: (C) nasal turbinate; (D) trachea; (E) lung. Data are shown as themean ± SEM. Statistics were determined bymultiple t tests. d.p.c.,
days post contact; d.p.i., days post infection; n.s., not significant; **p < 0.01; ****p < 0.0001).
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observations of SARS-CoV-2-3Q-2P, an advanced vaccine candidate (NVAX-
CoV2373).40 Consistent with this more closed conformation, VAS5 showed
remarkably decreased infectivity and fitness in human respiratory epithelial cells
and was significantly attenuated in hACE2 mice.

Given that deletions at the S1/S2 junction and distal regions of the S protein
can lead to allosteric effects on RBD-open/down disposition, we scrutinized the
VAS5 S trimer structure. Deletion of seven-aa shortens the loop that is highly
disordered in the WT/variant structures; however, this did not appear to disrupt
the S conformation appreciably or perturb the key epitopes on the RBD/N-ter-
minal domain (NTD) (Figure 5B). Perhaps correlated with the expression sys-
tem used, the VAS5 S trimer did not harbor the hydrophobic pocket or linoleic
acid (LA). Previously, LA, a polyunsaturated fatty acid found in the RBD (Fig-
ure 5C), was suggested to play a role in potentially stabilizing the RBD-down
state by locking the conformation of the S trimer.41 Unexpectedly, the
VAS5 S trimer exhibited a much more compacted architecture in the region
formed by the three RBDs, representing a completely locked conformation (Fig-
ure 5D), akin to those mediated by LA binding.40,41 Consequently, the VAS5 S
trimer possessed dramatically increased intersubunit interactions spanning
up to 5,600 Å2 compared with the closed, but not locked, structure (PDB ID:
6VXX), which exhibited buried areas of 4,600 Å2 between subunits, resulting
in enhanced stability for the S trimer in the prefusion conformation (Figures
5E, S6, and S7). Furthermore, analysis of trypsin-mediated S fusogenic confor-
mational rearrangements evaluated by negatively stained EM demonstrated
that the VAS5 S trimer presented improved stability in maintaining its prefusion
conformation (Figure 5F). Collectively, the results of our structural and biochem-
ical studies reveal traits of VAS5 S, such as a highly stable prefusion configu-
ration without antigenic alterations, which are highly suitable for their potential
utility in formulating a vaccine.
ll
Biochemical and immunogenic analysis of the VAS5 S glycoprotein
Despite the locked conformation assumed by the vast majority of particles,

binding analysis of the VAS5 S trimer to hACE2 by both biolayer interferometry
(BLI) and ELISAs clearly showed binding of the protein to hACE2, indicative of
the fact that RBD is dynamic and accessible for receptor binding (Figures 6A
and 6B). Compared with the WT, the VAS5 S trimer exhibited slightly decreased
binding (Figure 6B). In line with this, a markedly reduced resonance unit signal
for the VAS5 S trimer was observedwhen comparedwith theWTS trimer under
the same concentrations, which is consistent with the previous inference that
the WT S trimer presents a higher percentage of open RBDs. There are two
pathways proposed for SARS-CoV-2 entry into cells: 1) direct viral fusion at
the plasma membrane that is mediated by the host type II transmembrane
serine protease TMPRSS2 (called the “early” entry pathway); and 2) hACE2-
dependent endocytic entry, which relies on the actions of the lysosomal prote-
ase cathepsin (called the “late” entry pathway).27,42–44 Although Vero cells
express very little TMPRSS2, they permit SARS-CoV-2 entry exclusively via
the cathepsin-dependent endosomal pathway. S protein cleavage in the vari-
ants withmutations/deletions at the S1/S2 cleavage site was largely prevented,
leading to a higher percentage of prefusion S trimers in VAS5. Despite slightly
decreased binding affinity to hACE2, VAS5 possessesmore prefusion S trimers
per virion for receptor binding, subsequently entering cells via the cathepsin-
dependent endosomal pathway, which might provide possible explanations
for the selection mechanisms of these deletions at the S1/S2 cleavage site.
Following structural characterization, the antigenicity of the VAS5 S trimer

was assessed and compared with the WT S trimer. Highly purified VAS5 and
WT S trimers were tested for neutralizing antibody (NAb) binding by ELISA (Fig-
ure 6C). A panel of 43 RBD- and 27 NTD-targeting NAbs that recognize all six
and four currently identified groups of epitopes on the RBD and NTD,
The Innovation 3(2): 100221, March 29, 2022 5



Figure 5. Cryo-EM structure of VAS5 glycoprotein (A) Orthogonal views of VAS5 S trimer with three RBDs in the closed state (upper) and one RBD in the open state (lower). All
structures are shown as surfaces with different colors for each Smonomer (cyan, pink, and yellow). Glycans are colored dark blue. (B) Superimposition of one monomer of the VAS5 S
trimer to the structure of a vaccine immunogen SARS-CoV-2-3Q-2P S trimer (PDB: 7JJI). The enlarged panels show the imposition of four different domains of S. RBD, NTD, S1, and S2
of VAS5 are colored cyan, pink, purple, and wheat, respectively. Themonomer of the SARS-CoV-2-3Q-2P S trimer is colored gray. (C) Details of the hydrophobic pocket of RBD. The RBD
of the VAS5 S protein is superimposed on the RBD, which harbors a hydrophobic pocket and LA (PDB: 6ZB5). Residues are shown as sticks. RBDs of VAS5 and 6ZB5 are colored cyan
and gray, respectively. LA is coloredmagenta. (D) RBDs in the closed state of VAS5 are superimposed on the previous structure (PDB: 6VXX) and highlighted with black solid lines. RBDs
of VAS5 are colored by the same color scheme as in (A), and the structure of 6VXX is colored gray. (E) Stabilities of the purified SARS-CoV-2 S trimer and VAS5 trimer at pH = 7.4 were
analyzed by thermofluor assay. We used SYPRO Orange to detect the hydrophobic residues. (F) The conformational state of the WT SARS-CoV-2 S trimer and VAS5 trimer was
analyzed using EM of negatively stained samples, and 1.6 mg/mL trypsin was used for the SARS-CoV-2 S trimer and VAS5 trimer. The prefusion and postfusion states are shown at the
bottom.
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respectively,45 including several clinically applied therapeutic NAbs or well-
studied NAbs.46–50 Among these RBD-targeting NAbs, two types of NAbs can
be classified: 1) only binding to the “up” RBD, and 2) binding to RBDs regardless
of their “up” and “down” conformations. The area under the curve (AUC) and
the EC50 values for each antibody were summarized in two heatmaps
6 The Innovation 3(2): 100221, March 29, 2022
corresponding to the VAS5 and WT S trimers, providing the complete
antigenic profiles for SARS-CoV-2 (Figures 6C and 6D). Overall, both S
trimers exhibited almost identical antigenic (largely similar) properties
with group-specific patterns. The antigenic characteristics of the VAS5 S
trimer, to some extent, mirror its immunogenicity with NVAX-CoV2373. This
www.cell.com/the-innovation
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Figure 6. Functional and immunogenic analysis of VAS5 glycoprotein (A) ELISA showing binding to ACE2 by the SARS-CoV-2 spike (red line) and VAS5 spike (blue line). (B) Affinity
detection of ACE2 with SARS-CoV-2 spike (red line) and VAS5 spike (blue line) by BLI sensorgram. (C) Heatmap representation of AUC values of the six classes of RBD-targeting mAbs
and NTD-targeting mAbs by ELISA against the SARS-CoV-2 S trimer and VAS5 S trimer, respectively, is shown with a color bar indicated on the right. The color gradient for the upper
panel indicates AUC values ranging from 10 (green) through 20 (yellow) to 30 (red). (D) Heatmap representation of EC50 of the six classes of RBD-targeting mAbs and NTD-targeting
mAbs by ELISAs against the SARS-CoV-2 S trimer and VAS5 S trimer, respectively, is shownwith a color bar indicated on the right. The color gradient for the upper panel indicates EC50
values ranging from 0 (green) to 0.1 (yellow) to 0.22 mg/mL (red).
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is not surprising, given that both of these S trimers share almost identical
structures.51

DISCUSSION
Effective vaccines for preventing SARS-CoV-2 infection and transmission are

urgently needed. Here, we generated and characterized in vitro and in vivo atten-
uation profiles of a Vero-adapted SARS-CoV-2, VAS5 with a seven-aa deletion
spanning the PRRA polybasic cleavage motif of the S protein after passaging
in Vero cells. Similar observations have been reported where multiple variants
bearing furin site deletions emerged in SARS-CoV-2 preparations using Vero E6
cells and in clinical samples.22,24,25 The frequent detection of these variants sug-
gests that this region is likely to be tolerant of deletions in vitro. Interestingly, the
seven-aa deletion conferred replication fitness to VAS5 in Vero cells compared
with the parental virus. Consistent with the findings from our study, a previous
report showed that a SARS-CoV-2 mutant with deletion of PRRA had augmented
replication and improved fitness in Vero E6 cells.52 Our observation, together with
previous studies, suggests that there are probably other alternative proteolytic
processing pathways in Vero cells that assist SARS-CoV-2 in continuing its life cy-
ll
cle even in the absenceof the S1/S2 cleavage site. Furthermore, our cryo-EMdata
showed that VAS5 possesses more prefusion S trimers per virion for receptor
binding,53 subsequently entering cells via the cathepsin-dependent endosomal
pathway, which might provide possible explanations for the selection mecha-
nisms of these deletions at the S1/S2 cleavage site. These observations also
underscore the importance of monitoring the genome sequence during the prep-
aration of viral stocks. Notably, our deep sequencing data revealed dynamic
population changes during passaging in Vero cells. The variants D681-686 and
D680-686, both of which contained the deletion of the key cleavage motif
PRRA, did not become the predominant viral population. Further studies on the
functional roles of these deletions in host adaptation are required.
Our data showed that replication of VAS5 was significantly attenuated in hu-

man cell lines, human respiratory epithelial air-liquid interface (ALI) culture, and
hACE2mice. Consistent with this finding, a panel of variants containing deletions
spanning the PRRA motif or a recombinant DPRRA mutant virus were shown to
be attenuated in small animal infectionmodels.54–56 Together, these studies sug-
gest that the polybasic cleavage motif is a virulence determinant in SARS-CoV-2.
The underlying mechanism of attenuation is probably that the efficient fusion
The Innovation 3(2): 100221, March 29, 2022 7
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 process of SARS-CoV-2 is interrupted in the absence of the fusion-like cleavage

site, resulting in the production of a large amount of noninfectious viral particles.
This speculation is supported by previous studies showing that the polybasic
furin-like cleavage site at the S1/S2 junction conferred efficient S-protein-medi-
ated cell-cell fusion and entry into human lung cells.21,44 Wrobel et al. also found
that cleavage at the furin cleavage site decreases the overall stability of the SARS-
CoV-2 S protein and facilitates the adoption of the open conformation required for
the S protein to bind to hACE2.57 In previousWT/stablymodified S cryo-EMstruc-
tures, approximately 50% of the S trimers were in the open conformation,11,15 in
contrast to our observation of�90% in the closed conformation. This resultmight
be caused by the deletion at the S1/S2 cleavage site, leading to allosteric effects
on RBD-open/down disposition. The more closed conformation of the VAS5 S
trimer may contribute to its remarkably decreased infectivity and fitness in vitro
and in vivo. Notably, all the attenuated variants or the recombinant mutant virus
carrymotif deletions of different lengths but exhibit different replication capacities
in human cell lines. Further studies are needed to clarify the biological signifi-
cance of amino acids around the cleavage motif in COVID-19.

Deletions in the S protein are supposed to alter the conformation of the spike
on the virion particle surface, resulting in a reduction in neutralizing antibodies
against circulating strains. A previous study reported that the loss of the furin
cleavage site resulted in a reduction in the capacity of COVID-19 serum neutral-
ization,54 suggesting that loss of the furin cleavage site left more intact spikemol-
ecules on the virion surface that would require more neutralizing antibodies. To
our surprise, both inactivated VAS5 and live-attenuated VAS5 still provided suffi-
cient protection against viral challenge inmice and hamsters. Consistent with our
findings, hamsters infected with SARS-CoV-2 bearing the deletion of the furin
cleavage site showed resistance to subsequent infection with the parental strain
or even the currently emerging SARS-CoV-2 variants.54–56 Despite no appreciable
alterations in the overall structure, our cryo-EM structure data showed that the
VAS5 S trimer exhibited a highly stable and fully locked prefusion conformation,
most similar to the structure of a vaccine immunogen SARS-CoV-2-3Q-2P S
trimer. In line with this, antigenic profiling by assessing reactions with currently
available NAbs further confirmed that the VAS5 S trimer presents an enhanced
close antigenicmimic of the native S trimer. Furthermore, in contrast to the obser-
vation of the D614G mutation sampling the RBD-open conformation more
frequently (nearly 95%), thereby enhancing protease cleavage at the furin recog-
nition site,37–39 the seven-aa deletion encompassing the furin cleavage site
rendered approximately 80% of VAS5 S trimer particles in the RBD-closed config-
uration, similar to structural observations of SARS-CoV-2-3Q-2P, an advanced
vaccine candidate (NVAX-CoV2373), with the closed form predominating.40,58

More importantly, two doses of i.m. immunization with inactivated VAS5 or a
single dose of i.n. immunization with live VAS5 infection confers protection in
either mice or hamsters. These results have significant implications. First,
VAS5 can be further developed as an inactivated vaccine to replace the original
version.33 The use of VAS5 will not only reduce the risk of infection during the
manufacturing process before inactivation but also increase the protection effi-
cacy due to the increased immunogenicity conferred by the improved antigen.
Second, VAS5 can be further developed as a live attenuated vaccine (LAV) that
only requires a single injection. LAV mimics natural infection, thus activating all
branches of the host immune system.Moreover, VAS5 contains themost protec-
tive T cell epitopes outside the S protein.59,60 Upon i.n. injectionwithVAS5, humor-
al and cellular immune responses, as well as mucosal immunity, could be stim-
ulated by this live-attenuated vaccine. Recently, mucosal IgA secretion has been
reported to enhance SARS-CoV-2 neutralization,61 and i.n. delivery of several
adenovirus-vectored vaccine candidates were shown to confer protection in
mice.62,63 Finally, an ideal COVID-19 vaccine is supposed to prevent SARS-CoV-
2 transmission. However, current vaccines have shown limited efficacy in pre-
venting transmission.64 Our study showed that a single i.n. immunization with
live VAS5 also prevents close-contact transmission in hamsters. These encour-
aging results warrant further validation in clinical trials.

There are several limitations in this study. First, because safety is themost con-
cerning issue for all LAV candidates, more safety data are warranted to fully eval-
uate the attenuation phenotypes of VAS5 in other available animal models. Sec-
ond, the cross-protection against the newly emerged Variants of Concern (VOC)
requires further validation. Finally, the magnitude and durability of the mucosal
immune response induced byVAS5 should be further evaluated in animalmodels
and clinical trials.
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Together, our study identified aVero-adaptedSARS-CoV-2 strainVAS5carrying
a specific deletion in the furin-like cleavage site, which displays replicative fitness
in Vero cells but attenuation phenotypes in human cells, organoids, and mice.
More importantly, VAS5 exhibits increased immunogenicity, and a single immu-
nization confers protection against SARS-CoV-2 infection and transmission in
mice and hamsters. Further clinical development as an alternative COVID-19 vac-
cine candidate is warranted in the future.
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