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Abstract

To assess the impact of the key non-synonymous amino acid substitutions in the RBD of the spike protein
of SARS-CoV-2 variant B.1.617.1 (dominant variant identified in the current India outbreak) on the infectivity
and neutralization activities of the immune sera, L452R and E484Q (L452R-E484Q variant), pseudotyped virus
was constructed (with the D614G background). The impact on binding with the neutralizing antibodies was
also assessed with an ELISA assay. Pseudotyped virus carrying a L452R-E484Q variant showed a comparable
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infectivity compared with D614G. However, there was a significant reduction in the neutralization activity of
the immune sera from non-human primates vaccinated with a recombinant receptor binding domain (RBD)
protein, convalescent patients, and healthy vaccinees vaccinated with an mRNA vaccine. In addition, there was
a reduction in binding of L452R-E484Q-D614G protein to the antibodies of the immune sera from vaccinated non-
human primates. These results highlight the interplay between infectivity and other biologic factors involved in
the natural evolution of SARS-CoV-2. Reduced neutralization activities against the L452R-E484Q variant will have
an impact on health authority planning and implications for the vaccination strategy/new vaccine development.
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Introduction

The infection caused by the novel coronavirus SARS-CoV-
2 has created a global pandemic since late 2019, and
as of 15 June 2021, there were more than 175 million
confirmed infections and more than 3.8 million deaths
worldwide (http://covid19.who.int). Recently, a SARS-
CoV-2 Variant of Interest (VOI) (https://www.who.int/
en/activities/tracking-SARS-CoV-2-variants/),1 B.1.617.1,
has emerged in India and infected millions of the popula-
tion in a short period of time. Molecular characterization
showed non-synonymous substitutions G142D, E154K,
L452R, E484Q, D614G, P681R, and Q1071H in the spike (S)
protein.2

In an earlier publication by Korber et al.,3 the non-
synonymous substitution in amino acid position 614
of the COVID-19 spike protein from D614 to G614 led
to formation of SG614, which is more stable than SD614,
and potentially more efficient transmission based on
pseudovirus assays.3,4 Fortunately, both D614 and G614
were neutralized by convalescent plasma with compara-
ble efficiencies.3,4 At present (June 2021), D614G is more
prevalent from a global perspective and associated with
higher calculated non-synonymous variations of 22.2
substitutions/year vs 13.5 substitutions per year in those
without D614G.5 Note that the B.1.617.1 strain has D614G
in the S protein.

The RBD of the spike protein is the motif engaged
to bind to the receptor angiotensin-converting enzyme
2 (ACE2) on host cells.6 Of the synonymous variations
observed in the B.1.617.1 strain, L452 and E484 are
located within RBD (Supplementary Fig. S1). The non-
synonymous variant L452R was previously observed in
other isolates including the CAL.20C (B.1.427/429) vari-
ant.7,8 The non-synonymous variant E484K was observed
in B.1.351 and P.1 variant,9 whereas E484Q was observed
in the B.1.617.3 lineage, and in India, and composed up
to 90% of the variant’s sequences.2

Each of the L452R and E484K variants alone were
shown to lead to a significant decrease in the neutral-
ization activities of immune sera.7,8,10 We have previ-
ously reported that L452R can enhance infectivity.8 It
remains critical for the scientific community to deter-
mine the implications of combined L452R with E484K or
E484Q on the infectivity and neutralization activity of
immune sera from convalescent patients. Therefore, we
have constructed pseudotyped viruses with and with-
out both L452R and E484Q in the backbone of the B.1.617

strain (with D614G) of the SARS-CoV-2 S protein to eval-
uate the effect of the L452R-E484Q variant on infectiv-
ity and changes in neutralization activities of immune
sera from non-human primates vaccinated with a RBD
protein vaccine, patients who recovered from COVID-19
infection, and vaccine recipients who received the com-
plete two doses of Pfizer-BioNTech mRNA vaccine.

Methods
Construction of the COVID-19 variant S protein
expression plasmids

The codon optimized full-length S protein gene was syn-
thesized and cloned into the pCAGGS vector (Genscript,
Nanjing, China). A site-directed mutagenesis approach
was employed to generate D614G and L452R-E484Q-
D614G mutants, with primer sequences detailed in Sup-
plementary Table S1. The PCR Mix and recombinant
enzyme used were high-fidelity DNA polymerase Mix
(P525, Vazyme) and Exnase II (C214, Vazyme). All plasmid
sequences were confirmed by Sanger’s method.

Human subjects

This study was approved by the Medical Ethics Commit-
tees of the Guangzhou Women and Children’s Hospital
and University Hospital of Macau University of Science
and Technology. The patients with COVID-19 enrolled
were diagnosed between January and March 2020 and
were managed at the designated hospitals in Wuhan
and surrounding cities in the Hubei Province,11,12 and
all COVID-19 diagnoses were confirmed by RT-PCR. The
demographic and clinical information was reported pre-
viously.11,12 Sera from vaccine recipients were obtained
from volunteers with an average of 23 days after they
have completed their two-dose vaccination in the Uni-
versity Hospital of the Macau University of Science and
Technology.

Sera from RBD-immunized non-human primates

All procedures involved in the non-human primate study
were reviewed and approved by the Institutional Ani-
mal Care and Use Committee of Institute of Sun Yat-
sen University. Six adult non-human primates Cynomol-
gus macaques (Macaca fascicularis) (5–9 years old) were
employed for the vaccine study, which were immunized
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with 20 μg RBD protein with Al(OH)3 (n = 6). The detailed
methods for vaccination, booster administration, and
other experimental details were identical to those pro-
vided in our recent report.6

Production and quantification of pseudotyped
viruses

5 × 106 293T cells in a 100 mm dish were co-transfected
with 12 μg pLOVE-luciferase-EGFP plasmid, 6 μg psPAX2
and 2 μg S or S variants plasmids using Lipofectamine
3000 (Invitrogen, L30000015) according to the manufac-
turer’s instructions. The medium for transfected cells
was replaced with 10 ml of fresh medium after 6–
8 hours, and the supernatant containing SARS-CoV-2
pseudotyped viruses was harvested and filtered through
a 0.45 μm filter 48 hours after transfection. RNA of
100 μl SARS-CoV-2 pseudotyped virus and the related
constructed pseudotyped viruses were extracted using
the MiniBEST Viral RNA/DNA Extraction Kit Ver.5.0
(TaKaRa, 9766). Reverse transcription was conducted
using the HiScript R© III All-in-one RT SuperMix Perfect for
qPCR (Vazyme). RT-PCR was performed using a TransLv
Lentivirus qPCR Titration Kit (TransGen, FV201).

Infectivity assay

The 293T-ACE2-TMPRSS2 cells (1 × 104/100 μl/well) were
seeded in 96-well plates. After quantification by RT-PCR,
the pseudotyped viruses were diluted to 80 000 particle
number in 100 μl DMEM medium, and 100 μl of the virus
suspension was added per well into the 96-well cell cul-
ture plates. After 12 hours of infection, the medium in
each well was replaced with 10 ml fresh culture medium.
Luciferase activity was assayed after another 48 hours of
incubation in a tissue culture chamber (5% CO2 at 37◦C).
Luciferase substrate was mixed with cell lysis buffer
(Promega, E6120) and was added to the plate (100 μl/well).
After two minutes, 100 μl of lysate was transferred to an
opaque 96-well plate and the luminescence signal was
detected using TECAN Infinite P500.

Neutralization assay

The effects of the sera and monoclonal antibodies
on entry inhibition by the pseudotyped viruses were
evaluated through measurement of a reduction in the
luciferase gene expression. The 293T-ACE2-TMPRSS2
cells (1 × 104/100 μl/well) were seeded in 96-well plates.
The samples were serially diluted (50-fold as the initial
dilution) for a total of eight gradients in 96-well plates.
The virus solution was subsequently added to the wells.
Six virus control wells (without antibody samples) and
six control wells (cells without virus or antibody samples)
were also included for each 96-well plate. The 96-well
plates were incubated at 37◦C for 1 hour. After incubat-
ing in a tissue incubator (5% CO2 at 37◦C) for 12 hours, the
medium was replaced with fresh medium, and 48 hours
later, luminescence was measured as described above.

The sample ED50 (median effective dose) was calculated
using the Reed-Muench method.13

ELISA

96-well ELISA plates were coated with SARS-CoV-2 Spike
RBD protein (Sino Bio. 40592-V08B), RBD (E484Q) (Sino
Bio. 40592-V08H81), RBD (L452R-E484Q) (Sino Bio. 40592-
V08H88). Non-specific absorption of the plates was
blocked with BSA and washed. Serum samples were
diluted starting from 1:2000 and performed with 1:2
serial dilutions using dilution buffer. Diluted samples
were added to the corresponding wells and incubated
for 1 hour at 37◦C, followed by washing. Antibodies were
detected with Goat anti-Monkey IgG H&L (conjugated
to alkaline phosphatase) where appropriate and diluted
1:1000 for a 30 minute incubation at room temperature.
After washing, alkaline phosphatase yellow (pNPP) liquid
substrate (Sigma, P7998-100ML) was added to each well
and incubated for 15–20 minutes before the reaction was
stopped using 3M NaOH. Optical density was measured
at 405 nm.

Quantification and statistical analysis

GraphPad Prism 8 was used for plotting and statistical
analysis; the values were expressed as means ± SEM. A
non-parametric test (Wilcoxon) was employed and a P
value of < 0.05 was considered to be significant (∗P < 0.05,
∗∗P < 0.01, ∗∗∗P < 0.005, ∗∗∗∗P < 0.001).

Results
Infectivity of the SARS-CoV-2 pseudotyped
viruses with the L452R-E484Q variant

Pseudotyped virus expressing wild-type SD614 was used
as the wild-type virus control. The D614G variant pseu-
dotyped virus was also constructed as another control.
Pseudotyped virus with the L452R/E484Q variant with the
D614G background was also constructed (Supplementary
Fig. S1).

D614G had a much higher infectivity than the wild-
type SG614 (4.9×, Fig. 1A). The addition of the L452R/E484Q
variants also showed a significant increase in infectiv-
ity compared with the wild-type S protein pseudotyped
virus, but slightly lower compared with the D614G vari-
ant (Fig. 1A).

Reduced immune reactivity to the SARS-CoV-2
L452R-E484Q-D614G variant with RBD-vaccinated
non-human primate sera

We then tested the impact of the variant amino
acid substitutions on the neutralization activity of
the immune sera obtained from non-human primates
immunized with a recombinant RBD protein vaccine
(conjugated to a His-tag). High anti-RBD antibody
levels can be routinely obtained in these vaccinated
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Figure 1. Infectivity of and effect on neutralizing activities of the immune sera for the L452R-E484Q variant with the D614G background. A.
Infectivity of the pseudotyped virus. The X-axis shows different COVID-19 S variants and the Y-axis shows relative luminescence units as
determined by the infectivity assay (compared with the cell culture control). B. Neutralization activities of the immune sera from non-human
primates vaccinated with an RBD protein vaccine (n = 6). C. Binding affinity (ED50) of RBD, RBD (E484Q), and RBD (L452R-E484Q) with immune
sera from non-human primates as determined by ELISA (n = 6). The average values of ED50 were labeled up to the dots. D. Neutralization
activities of the immune sera from COVID-19 infection convalescent patients against D614G and L452R-E484Q (in D614G background) variants
(n = 10). The average values of ED50 were labeled up to the dots. E. Neutralization activities of the immune sera from vaccinees (n = 8, Pfizer-
BioNTech) against D614G and L452R-E484Q (in D614G background) variants. The average values of ED50 were labeled up to the dots. F. Summary
of neutralization activities of the immune sera from the RBD-vaccinated monkeys (n = 6), COVID-19 convalescent patients (n = 10), and mRNA
vaccine recipients (n = 8) against D614G and L452R-E484Q-D614G COVID-19 S variants. For Fig. 1B–F, the X-axes show different COVID-19 S
variants and the Y-axes show ED50 or lg(ED50), where ED50 stands for 50% effective neutralization as determined by serial dilution. (∗P < 0.05,
∗∗P < 0.01, ∗∗∗P < 0.005, ∗∗∗∗P < 0.001).

monkeys as reflected in its ability to neutralize the infec-
tion from the pseudotyped virus.6 Figure 1B shows that
when compared with D614G pseudovirus, L452R-E484Q-
D614G pseudovirus showed marked reduced neutraliza-
tion activity by the immune sera from vaccinated non-
human primates, with a median of 2.8-fold.

To further characterize the role of L452R-E484Q in
binding of the neutralizing antibodies to the S protein
variant, the binding affinity of RBD, RBD (E484Q), and RBD
(L452R-E484Q) were tested by ELISA. We have previously
shown that the RBD variant L452R exhibited lower bind-
ing activity compared with the wild-type RBD.8 Figure 1C
shows that there was a reduction of binding affinity of
the immune sera to RBD (E484Q) and the covariant (L452-
E484Q) showed an even lower binding affinity (n = 6).

Neutralization activity of immune sera from
convalescent patients and mRNA vaccinated
subjects against the L452R-E484Q variant

The effects of L452R-E484Q variant (with D614G back-
ground) pseudotyped viruses on the viral neutralizing
activities of immune sera from patients who had recov-
ered from COVID-19 infection (n = 10) and from healthy
subjects who had been vaccinated with the Pfizer mRNA
vaccine (n = 8) were also evaluated. For convalescent
sera, there was a significant loss of neutralization activ-
ity with the L452R-E484Q variant compared with the
D614G background, with a median reduction of 1.9-fold
(Fig. 1D). For sera from vaccinees, there was also a sig-
nificant reduction of neutralization activity against the
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L452R-E484Q variant compared with the D614G back-
ground, with a median reduction of about 2.0-fold
(Fig. 1E).

Figure 1F shows a summary of the neutralization
activities of sera from the RBD-vaccinated monkeys,
COVID-19 convalescent patients, and COVID-19 vaccine
(mRNA based) recipients. Note that the mRNA showed a
higher average level of neutralizing activity than the con-
valescent patients (all < 4–6 weeks but the two groups
were not controlled for the timing of sera collection
versus the viral/vaccine immune challenge) and also
that the immune sera from all groups still showed neu-
tralizing activity, even at statistically significant lower
levels.

Discussion

This study highlighted a few significant points on this
important SARS-CoV-2 variant B.1.617.1., which is preva-
lent in the latest outbreak in India (May–June 2021).
First, although we have previously shown that L452R
variant can enhance viral infectivity,8 the L452R-E484Q
variant did not cause further increase in infectivity
with the background of D614G variant.3 Second, the
L452R-E484Q variant, located on the RBD, was shown
to induce a reduction in the neutralizing activity of
immune sera from the non-human vaccinated primates,
convalescent patients, and mRNA vaccine recipients.
Third, despite the reduction of neutralizing activity of the
immune sera, such activity could still be observed in the
immune sera from both the convalescent patients and
vaccinees.

Similar to the other three globally emerging major
SARS-CoV-2 variants of concern (VOC) (B.1.1.7, B.1.351,
and P.1) reported recently,14–16 B.1.617.1 variant, the
major VOC that contributed to the latest outbreak in
India, was found to have a number of non-synonymous
amino acid substitutions in the spike protein, with a cou-
ple of these within the RBD. L452R was previously found
to have an impact on enhancing viral infectivity; how-
ever, addition of the amino acid substitution E484Q did
not seem to further enhance this (in fact, the infectiv-
ity of the L452R reduced slightly). Assuming the the-
ory of survival fitness for the viral evolution, the evolu-
tion of E484Q in the latest outbreak suggests that there
are other viral factors (replication, structural fitness) and
virus-host interactions that provided the survival advan-
tage. One of the possible factors, in terms of reduction
of the host immune sera neutralization activity, was
observed with this L452R-E484Q variant in our study.
Another important mutation in B.1.617.1, P681R, may
facilitate furin-mediated spike cleavage, and enhance
and accelerate cell-cell fusion.17 The function of the S2
mutation Q1071H and up to three NTD substitutions
(T95I, G142D and E154K) is so far unclear. Very recently,
Liu et al. reported that the neutralizing titer of Pfizer-
BNT162b2 vaccine-elicited sera against B.1.617.1-spike
was reduced compared with D614G,18 and also there was

a report of reduced neutralization of B.1.617.1 by vac-
cine and convalescent serum,19 both findings in accor-
dance with our observations. We and others have previ-
ously shown that L452R could reduce the neutralization
activities of immune sera.7,8 In this report, we are also
adding E484Q as part of the “Immune escape” variants,
and in the case of B.1.617.1, the immune escape variant.
The more uncommon variant, E484K, was also recently
reported to have a similar profile.16,17 One can certainly
not exclude the possibility that there are other viral and
host factors involved in the viral evolution leading to the
B.1.617.1. strain. The observation of this immune escape
in the context of a major outbreak in India suggests the
possibility that a tilt of the viral-host interaction may
potentially cause a major outbreak, hence the viral, host,
and viral-host interaction factors should be closely and
rapidly monitored, so that the health authorities can
adjust to this pandemic in a speedy fashion.

It is important to note that based on our assay meth-
ods, the immune escape of the L452R-E484Q was not
complete and that all the immune sera still showed neu-
tralization activities. On one hand, one can argue that the
current vaccines are likely protecting against the Indian
variant. On the other hand, it is possible that the protec-
tion offered by the neutralizing antibodies in convales-
cent patients and vaccinees against the B.1.617.1 strain
may be shorter in duration compared with the wild-type
SARS-CoV-2. This will have public health impact with
regards to the duration of the protection in convalescent
patient and vaccinees as these people may also need to
protect themselves from being infected and serve as an
infection sources in an outbreak. Certainly, these find-
ings will have implications on the need and timing for
vaccine boosters and the needs for additional vaccines
targeting these variants.

One potential limitation is that this study was con-
ducted using pseudotyped viruses and the binding assay
was conducted in vitro based on ELISA. However, these
systems have been previously shown to correlate well
with the in vivo situation and the speedy generation of
data can certainly help the health authorities and also
vaccine developers to plan and prepare ahead of the
schedule.

Supplementary data

Supplementary data are available at PCMEDI Journal
online.

Author contributions

Z.Z., P.D., M.Y., A.P.X., J.Y.-N.L., G.L., and K.Z. collected and
analyzed the data. K.Z. conceived this research direction
and supervised the project. K.Z., Z.Z., G.L., and J.Y.-N.L.
wrote the manuscript. All authors discussed the results
and reviewed the manuscript.

https://academic.oup.com/pcmedi/article-lookup/doi/10.1093/pcmedi/pbab016#supplementary-data


154 Gen Li et al.

Acknowledgements

We would like to acknowledge research funding from the
Bioland Laboratory, and Guangzhou Women and Chil-
dren Medical Center.

Conflict of Interest Statement

As a Co-EIC of Precision Clinical Medicine, the correspond-
ing author Dr. Kang Zhang was blinded from reviewing
or making decisions on this manuscript.

References
1. Cantón R, De Lucas Ramos P, Garcı́a-Botella A, et al.

New variants of SARS-CoV-2. Rev Esp Quimioter 2021;
doi:10.37201/req/071.2021.

2. Cherian S, Potdar V, Jadhav S, et al. Convergent evolution
of SARS-CoV-2 spike mutations, L452R, E484Q and P681R, in
the second wave of COVID-19 in Maharashtra, India. bioRxiv
preprint 2021;9(7):1542. doi:10.1101/2021.04.22.440932.

3. Korber B, Fischer WM, Gnanakaran S, et al. Tracking
changes in SARS-CoV-2 spike: Evidence that D614G increases
infectivity of the COVID-19 virus. Cell 2020;182:812–27.
e19. doi: 10.1016/j.cell.2020.06.043.

4. Zhang L, Jackson CB, Mou H, et al. The D614G muta-
tion in the SARS-CoV-2 spike protein reduces S1 shed-
ding and increases infectivity. bioRxiv 2020;11(1):6013.
doi:10.1101/2020.06.12.148726.

5. Pandey U, Yee R, Shen L, et al. High prevalence of SARS-CoV-2
genetic variation and D614G mutation in pediatric patients
with COVID-19. Open Forum Infect Dis 2020;8(6):ofaa551.
doi:10.1093/ofid/ofaa551.

6. Yang J, Wang W, Chen Z, et al. A vaccine targeting the RBD of
the S protein of SARS-CoV-2 induces protective immunity.
Nature 2020;586:572–7. doi: 10.1038/s41586-020-2599-8.

7. Deng X, Garcia-Knight MA, Khalid MM, et al. Trans-
mission, infectivity, and neutralization of a spike
L452R SARS-CoV-2 variant. Cell 2021;184:3426–37.e8.
doi: 10.1016/j.cell.2021.04.025.

8. Zhoucheng Z, Peng D, Meixing Y, et al. Assessment of infec-
tivity and the impact on neutralizing activity of immune

sera of the COVID-19 variant, CAL.20C. Signal Transduct Target
Ther 2021;6(1):285. doi: https://doi.org/10.1038/s41392-021-
00695-0.

9. Hoffmann M, Arora P, Groß R, et al. SARS-CoV-2 variants
B.1.351 and P.1 escape from neutralizing antibodies. Cell
2021;184:2384–93.e12. doi: 10.1016/j.cell.2021.03.036.

10. Garcia-Beltran WF, Lam EC, Denis StK, et al. Multiple
SARS-CoV-2 variants escape neutralization by vaccine-
induced humoral immunity. Cell 2021;184:2372–83.e9. doi:
10.1016/j.cell.2021.03.013.

11. Zhang K, Tong W, Wang X, et al. Estimated prevalence and
viral transmissibility in subjects with asymptomatic SARS-
CoV-2 infections in Wuhan, China. Precis Clin Med 2020;3:301–
5. doi: https://doi.org/10.1093/pcmedi/pbaa032.

12. Xu X, Sun J, Nie S, et al. Seroprevalence of immunoglobulin
M and G antibodies against SARS-CoV-2 in China. Nat Med
2020;26:1193–5. doi: 10.1038/s41591-020-0949-6.

13. Nie J, Li Q, Wu J, et al. Quantification of SARS-CoV-2 neutraliz-
ing antibody by a pseudotyped virus-based assay. Nat Protoc
2020;15:3699–715. doi: 10.1038/s41596-020-0394-5.

14. Garcia-Beltran WF, Lam EC, Denis StK, et al. Multiple
SARS-CoV-2 variants escape neutralization by vaccine-
induced humoral immunity. Cell 2021;184(9):2372–2383.e9.
doi:10.1016/j.cell.2021.03.013.

15. Zhou D, Dejnirattisai W, Supasa P, et al. Evidence of
escape of SARS-CoV-2 variant B.1.351 from natural
and vaccine-induced sera. Cell 2021;184(9):2348–2361.e6.
doi:10.1016/j.cell.2021.02.037.

16. Supasa P, Zhou D, Dejnirattisai W, et al. Reduced neu-
tralization of SARS-CoV-2 B.1.1.7 variant by convales-
cent and vaccine sera. Cell 2021;184(8):2201–2211.e7.
doi:10.1016/j.cell.2021.02.033.

17. Akatsuki S, Hesham N, Keiya U, et al. SARS-CoV-2 spike P681R
mutation enhances and accelerates viral fusion. bioRxiv
preprint 2021; doi: https://doi.org/10.1101/2021.06.17.448820.

18. Liu J, Liu Y, Xia H, et al. BNT162b2-elicited neutraliza-
tion of B.1.617 and other SARS-CoV-2 variants. Nature 2021;
doi:10.1038/s41586-021-03693-y.

19. Liu C, Ginn HM, Dejnirattisai W, et al. Reduced neu-
tralization of SARS-CoV-2 B.1.617 by vaccine and
convalescent serum. Cell 2021;184(16):4220–4236.e13.
doi:10.1016/j.cell.2021.06.020.

https://doi.org/doi:10.37201/req/071.2021
https://doi.org/doi:10.1101/2021.04.22.440932
https://doi.org/doi: \ignorespaces 10.1016/j.cell.2020.06.043
https://doi.org/doi:10.1101/2020.06.12.148726
https://doi.org/doi:10.1093/ofid/ofaa551
https://doi.org/doi: \ignorespaces 10.1038/s41586-020-2599-8
https://doi.org/doi:\protect \unhbox \voidb@x \penalty \@M \ 10.1016/j.cell.2021.04.025
https://doi.org/doi:\protect \unhbox \voidb@x \penalty \@M \ https://doi.org/10.1038/s41392-021-00695-0
https://doi.org/doi: \ignorespaces 10.1016/j.cell.2021.03.036
https://doi.org/doi: \ignorespaces 10.1016/j.cell.2021.03.013
https://doi.org/doi:\protect \unhbox \voidb@x \penalty \@M \ https://doi.org/10.1093/pcmedi/pbaa032
https://doi.org/doi: \ignorespaces 10.1038/s41591-020-0949-6
https://doi.org/doi: \ignorespaces 10.1038/s41596-020-0394-5
https://doi.org/doi:10.1016/j.cell.2021.03.013
https://doi.org/doi:10.1016/j.cell.2021.02.037
https://doi.org/doi:10.1016/j.cell.2021.02.033
https://doi.org/doi:\protect \unhbox \voidb@x \penalty \@M \ https://doi.org/10.1101/2021.06.17.448820
https://doi.org/doi:10.1038/s41586-021-03693-y
https://doi.org/doi:10.1016/j.cell.2021.06.020

