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SUMMARY

The 501Y.V2 variants of SARS-CoV-2 containing npli mutations in Spike are now

dominant in South Africa and are rapidly spreadimgther countries. Here, experiments
with 18 pseudotyped viruses showed that the 501¥.&f2ants do not confer increased
infectivity in multiple cell types except for muenACE2-overexpressing cells, where a
substantial increase in infectivity was observedtally, the susceptibility of the

501Y.V2 variants to 12 of 17 neutralizing monoclomatibodies was substantially

diminished, and the neutralization ability of theras from convalescent patients and
immunized mice was also reduced for these varidrts. neutralization resistance was
mainly caused by E484K and N501Y mutations in #weptor-binding domain of Spike.

The enhanced infectivity in murine ACE2-overexpmeg<ells suggests the possibility of
spillover of the 501Y.V2 variants to mice. Moreovéie neutralization resistance we
detected for the 501Y.V2 variants suggests thenpialefor compromised efficacy of

monoclonal antibodies and vaccines.



46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

INTRODUCTION
As of early February 2021, SARS-CoV-2 had infectedre than 100 million people

worldwide and killed more than 2 million peopletfist//covid19.who.int). SARS-CoV-2

is a member of the coronavirus family, which carithe largest genome among
single-stranded RNA viruses. Although the replmaidependent RNA polymerase in
most RNA viruses has no proofreading activity, teonavirus genome encodes a 3'-5'
exonuclease (ExoN, nsp14) with proofreading agtithat can partially correct mutations
introduced during virus replication (Smith and DBsm, 2013). Accordingly,
coronaviruses mutate less frequently than other RMNAses. Even so, there are now
reports of multiple variants emerging around therlevoas the duration of the
SARS-CoV-2 pandemic extends (Hodcroft et al., 20d€hy, 2021; Korber et al., 2020;
Makoni, 2021; Tang et al., 2020; Tang et al., 2021)

Some mutations in the spike (S) protein of SARS-Qo%an increase the infectivity
of the virus. For example, the D614G mutation i@ $protein increases viral infectivity
in susceptible cells by 8-10-fold (Li et al., 20Zhang et al., 2020), and both the
infectivity and transmissibility of the D614G mutanrus are significantly elevated in a
hamster model (Hou et al., 2020; Plante et al.020Phis may at least partially explain
how the 614G virus spread so rapidly; 614G overthek614D virus within 3 months of
its emergence in February 2020 (Korber et al., 2020

Fortunately, this 614G mutation did not cause anii@ant change in viral
antigenicity that would allow its escape from imrawmesponses resulting from infection
with the original virus or from a vaccine (Weissn&ral., 2021). However, the selective

pressure from S-specific antibodies induced by SARS-2 infection could promote
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acquisition of additional mutation®.g., in its N-terminal domain (NTD) and/or its
receptor-binding domain (RBD)) that could lead $oape (Liu et al., 2020; Weisblum et
al., 2020). Indeed, studies have identified mudtiplaturally occurring mutations that
result in escape from multiple monoclonal antibediend convalescent sera (Li et al.,
2020; Thomson et al., 2021).

The Republic of South Africa currently has the gfhh numbers of
SARS-CoV-2-infected cases and COVID-19-related leain Africa. The initial
SARS-CoV-2 epidemic in South Africa primarily inveld the B.1 lineage identified in
Italy (Giandhari et al., 2020). The predominantiaats in South Africa appear to be
changing rapidly: in April, the first region-speciflineage, B.1.106, was detected in
nosocomial infections in South Africa. Upon sucédssontrol of nosocomial infection,
this viral lineage gradually disappeared (James.e®020). The first epidemic peak of
SARS-CoV-2 in South Africa occurred from June tt8enber, primarily driven by
three lineages: B.1.1.54, B.1.1.56, and C.1 (Tggetlal., 2020b). The only reported
difference in the S protein amino acid sequencesdsn these lineages and the Wuhan-1
strain is the D614G mutation (Tegally et al., 2020b

South Africa experienced a brief plateau followihg first wave of the epidemic.
However, the number of SARS-CoV-2 infections in thowAfrica has increased
exponentially since mid-October of 2020. In thighwaak, a new 501Y.V2 lineage (also
known as B.1.351) was identified; variants of tlmeage are genetically distinct from
those of the first wave. By early November, the bamof new cases infected with the

501Y.V2 variants exceeded the total infections Ibypfathe variants from the first wave
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of the epidemic. It has therefore been assumed5MhY.V2 variants have become the
predominant epidemic variants in South Africa (Tigget al., 2020a).

In the present study, we refer to the three mostglent variants of the 501Y.V2
lineages as 501Y.V2-1, 501Y.V2-2, and 501Y.V2-3.the early stages of the second
wave, 501Y.V2-1 was prevalent; it is identifiabhe five amino acid mutations in the S
protein (in addition to D614G), including D80A, D&%, E484K, N501Y, and A701V.
Subsequently, two further mutations arose in th@dsein, L18F, and K417N, resulting
in the emergence of variant 501Y.V2-2. The thirdiarat (501Y.V2-3) appeared based
on deletion of S protein residues (Del242-244) fles®iY.V2-2. Compared against the S
protein of the 614G virus shows that 501Y.V2-3'@iBtein contains 8 mutations: four
are located at the NTD (L18F, D80A, D215G, Del242R three are in the viral RBD
(K417N, E484K, N501Y), and one is in the S2 redlAid01V) (Tegally et al., 2020a).

In this communication, we investigated the biotadjisignificance—using assays
of infectivity and of antigenicity—of a set of 1®5Y.V2 lineage-related mutants. Our
approach was based on construction of 18 pseudbtypeses using the vesicular
stomatitis virus (VSV)-pseudovirus system, and weeegated a pseudotyped reference
614G variant as a control for the assays. We aadlyae infectivity of the pseudotyped
viruses for multiple SARS-CoV-2-susceptible celies and for a panel of HEK293T
cells expressing the ACE2 ortholog proteins frototal of 14 mammal species. We also
profiled the antigenicity of the pseudotyped vimus® monoclonal antibodies, to
SARS-CoV-2 convalescent sera, and to RBD immunizmal sera. We found that the

501Y.V2 variants showed no increased infectivity 8ARS-CoV-2-susceptible human
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cell lines; however, the 501Y.V2 variants were lsssceptible to the neutralizing

activity of antibodies compared to the 614G variant

RESULTS
Construction of the pseudotyped virusesrelated to 501Y.V2

To study the effects of 501Y.V2 related mutations generated a total of 18
pseudotyped viruses. The 501Y.V2 variants, derifreth B.1 (Tegally et al., 2020a),
have the D614G S protein mutation. Note that athefpseudotyped viruses in this study
were generated in the 614G background using sieztid mutagenesis, and 614G was
used as the reference pseudotyped virus for ouergmpntal infectivity assays with
diverse host cells and antigenicity assays withouar antibodies and sera. We first
constructed a set of 10 pseudotyped viruses cartiiim single-site mutations in 501Y.V2
variants in a 614G background (Figure 1A). Thengereerated the three main variants,
501Y.vV2-1, 501Y.V2-2, and 501Y.V2-3 (Figure 1B-1DIt. is now clear that the
SARS-CoV-2 RBD is an essential region for virusdomg to the cell receptor ACE2
(Barnes et al., 2020; Hoffmann et al., 2020; Lanlgt2020; Shang et al., 2020; Walls et
al., 2020); the RBD is also a dominant immune gq@tof the S protein (Baum et al.,
2020; Brouwer et al., 2020; Cao et al., 2020; Lalet2020; Shi et al., 2020; Wu et al.,
2020). 501Y.V2-3, which has three mutated amindsaan its RBD, is one of the most
complicated SARS-CoV-2 variants detected to dategélly et al., 2020a). To help
determine whether any epistatic and/or synergedftiects were conferred alongside the
emergence of these three mutations in the RBD, la@ e@onstructed a total of four

pseudotyped viruses carrying double or triple RBitations. We thusly obtained the 18
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pseudotyped viruses (including 614G variant) coNety representing the 501Y.V2
related mutations.
Infectivity of the 501Y.V2 related variants

We first investigated the potential infection-reldteffects of these mutations in
assays with three cell lines known to be susceptiblSARS-CoV-2 pseudotyped virus
infection (Li et al., 2020): Huh-7, Vero, and LLCK. Compared to the reference 614G
variant, no significant alteration in infectivityas observed in these cell lines for any of
the pseudotyped viruses with 501Y.V2 related maoteti (Figure 2A). We next
characterized the infectivity of these pseudotypiedses for cells expressing receptors
from a diverse group of mammal species. Specificalle used HEK293T cells
transfected with individual plasmids containing &@E2 genes from 14 species (all with
FLAG-tags). ACE2 expression was monitored usingvflytometry: the percentage of
ACE2-positive cells fell in a range of 37.1%-59.8%ong these 14 cells (Figure S1).

We then challenged these ACE2 receptor expressitg with our 18 pseudotyped
viruses. The infectivity of individual variant iraeh ACE2 expressing cells was assessed
relative to the reference 614G variant’'s infecyivitFor 13 out of the 14 tested
ACE2-expressing cells, no significant differencesrnifectivity were detected for any of
the pseudotyped viruses with 501Y.V2 related maoteti(Figure 2B). The exception here
was the significant differences in infectivity obged with the HEK293T cells expressing
murine ACE2. Three single-residue variants, K41EKMB4K, and N501Y—all located at
the RBD region—respectively displayed 7-fold, 3dfchnd 5-fold increases in infectivity
compared to the reference 614G variant (Figure RByeover, the pseudotyped viruses

carrying double (K417N+N501Y) and triple (K417N+E48+N501Y) mutations
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exhibited yet-higher increases in infectivity comgghto the single mutants (Figure 2B).
Note that the pseudotyped viruses representing thinee most prevalent variants
(501Y.V2-1, 501Y.V2-2, and 501Y.V2-3) each had afeld increase in infectivity in
the murine ACE2 expressing cells (Figure 2B).
Significantly decreased antigenicity of 501Y.V2 variants with monoclonal
neutralizing antibodies

To study the effects of 501Y.V2 related mutationsval antigenicity we tested our
18 pseudotyped viruses against a set of 17 neitrglmonoclonal antibodies targeting
the RBD. Strikingly, most of monoclonal antibodiesed in this study showed decreased
neutralizing activity to the pseudotyped virusesyiag mutations in the RBD compared
to the reference 614G variant (Figure 3, FigureS), By defining immune escape as a
4-fold decrease in neutralizing activity of a moooal antibody compared to the
reference 614G variant, we divided the 17 monodlangbodies into five groups based
on mutation sites. Briefly, escape from the 1571@Hand 1F9 antibodies was caused by
the K417N mutation; escape from 261-262, 9G11, PEB- and LKLH was caused by
the E484K mutation; escape from H00S022 and 10F8 waused by the N501Y
mutation; and escape from 10D12, 11D12, and 247 egased by both K417N and
N501Y (Figure 3). No alteration of neutralizatie@nsitivity was observed for 5 of the 17
monoclonal antibodies (2F7, P2C-1F11, HO14, 4E8,7B88).

We found that an increasing number of mutationssitethe RBD was correlated
with immune escape from a steadily increasing nurobenonoclonal antibodies (Figure
3), clearly suggesting a superposition effect. @ssly, monoclonal antibodies that do

not neutralize any of the three RBD site mutatia@se also ineffective in neutralizing
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the 501Y.V2 variants containing those mutations1Ya/2-1 was a relatively early
variant in the second wave of this epidemic (Tggetlal., 2020a); it carries the E484K
and N501Y mutations but not the K417N mutation. idlend that the antibody escape
spectrum of our pseudotyped virus 501Y.V2-1 wasmrissly the same as for the
614G+E484K+N501Y triple RBD mutation variants. Hawee and recalling that the
501Y.V2-2 pseudotyped virus carries two additiomaitations (L18F and K417N), it is
consistent that 501Y.V2-2's escape spectrum is midan 501Y.V2-1's spectrum for
this panel of neutralizing antibodies (Figure 3nafy, our finding that 501Y.V2-3's
escape spectrum for this RBD- -targeting antibodneb is identical to 501Y.V2-2’s
spectrum fit with our expectations, because thesepseudotyped variants contain the
same mutations in their RBDs (Figure S2).
Altered reactivity of 501Y.V2 pseudotyped viruses with polyclonal antibodies

We also obtained convalescent sera from 15 SARS-ZaVected patients with
high neutralizing antibody titers and obtained ¢hpmoled sera samples from a total of
nine mice immunized with the RBD to further invgste how these mutations affect
antigenicity. (Figure 4A). Neutralization assayshithe pseudotyped viruses showed that
mutations at a single site did not lead to sigaificalteration of the neutralization activity
of polyclonal antibodies; only the simultaneoussprece of the E484K and N501Y
mutations resulted in a significant decrease intraBmation (p<0.05) (Figure 4B).
Among the 501Y.V2 pseudotyped viruses, 501Y.V2-avetd the greatest decrease in
neutralization by polyclonal antibodies, displayiad.9-fold reduction compared to the

reference 614G variant (Figure 4B). Note that 5@/R¢1 lacks the K417N mutation, so



204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

it appears that for 501Y.V2-2 and for 501Y.V2-3 theesence of K417N apparently
increases susceptibility to neutralization by ptiyal antibodies.

To determine how the mutations in the 501Y.V2 vasamay affect neutralization
activity in the sera with differing levels of nealizing antibodies, we obtained
longitudinal sera from ten SARS-CoV-2-infected pats at 2, 5, and 8 months after
onset (Figure 5A). The pseudotyped viruses withY50U2 related RBD mutations and
the 614G control virus then were used in assays thigse 30 longitudinal sera samples.
We found that the E484K and N501Y mutations le@ tdecrease in neutralization and
that the combination of these two mutations redulte an apparently superimposed
resistance to neutralization (Figure 5B). Furtiteras again conspicuous that the K417N
mutation increased viral susceptibility to neugation.

Taking the reference 614G pseudotyped virus axampe: compared to assays for
the sera collected at 2 months, neutralizatiomstifer sera collected at 5- and 8-months
post-onset decreased by 2.2- and 2.5-fold, reyadgt{Figure 5C). We noted that the
trends for detected decreases varied consisterynvwsera of differing antibody titers:
the higher the antibody titer, the greater the céida in the neutralizing activity (Figure
5C). The most pronounced differences from the egfee 614G pseudotyped virus were
detected for 501Y.V2-3, which exhibited reducedtradization at antibody titers >1000,
500-1000, and <500 by an average of 5.3-, 3.1-,1a8udold, respectively. Some samples
with low antibody titers (median effect dose, & Dor 614G<100) were not able to

neutralize 501Y.V2-3 (ER<30).

DISCUSSION
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Mutation is a common phenomenon in the natural wian of viruses, and
SARS-CoV-2 is no exception. The emergence of eetyanf SARS-CoV-2 mutants has
become a major concern during the ongoing pandemdigtants may be more
transmittable, or may be able to evade neutralizimgnoclonal antibodies, or even
polyclonal antibodies induced by either infectionvaccination. That is, a shift in the
predominant variant(s) in various epidemics couddise potentially declines in the
protective effects of vaccines or neutralizing mdaooal antibodies that were developed
based on the original variant. We here construd®db01Y.V2-related pseudoviruses
using a VSV-based system, and systematically dduitie effects of mutations on virus
infectivity and antigenicity. We found that companeith the reference 614G variant, the
infectivity of the 501Y.V2 variants in human recaptells did not change significantly,
but did alter antigenicity. The neutralizing adiyvof multiple RBD-targeting monoclonal
antibodies decreased significantly, and polycloaatibodies (from RBD-immunized
mouse sera and from SARS-CoV-2 convalescent sé&sa)h@ad decreased neutralizing
activity against 501Y.V2 variants to certain degtee

Previous reports have shown that passage of SAR&20a mice can result in an
increase in infectivity towards mice and can casgenptoms similar to human
COVID-19, including interstitial pneumonia and srthmatory responses (Gu et al.,
2020). This enhanced adaptation to murine host&t Ieast partially attributable to the
occurrence of the N501Y mutation (Gu et al., 2020jth increasing numbers of
SARS-CoV-2 passages in mice, the virulence of timasvalso increases, eventually
leading to the generation of variants that can eaesath in mice (Sun et al., 2020). The

lethal variant is characterized by the superpasitb two RBD mutations, Q493H and
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K417N, in the N501Y mutant background. The supdtpos of each successive
mutation further enhances the S protein affinitymiarine ACE2, consequently leading to
increased virulence in mice (Sun et al., 2020). fMend that multiple pseudotyped
viruses harboring N501Y and K417N mutations (inchgd501Y.V2-2 and 501Y.V2-3)
were significantly more infective towards HEK293Ells expressing murine ACE2
compared to the reference 614G variant. At minimtirase findings suggest a risk that
the predominant variants of the 501Y.V2 lineageld¢de transmitted to mice, further
extending the SARS-CoV-2 host range.

Monoclonal antibodies P2C-1F11 and HO014 showed adugtion in their
neutralizing capacity against all three 501Y.V2yzk®yped viruses. The common feature
of these two antibodies is that they both havelaively high number of binding sites
within the RBD. The binding interface between PZJ1 and RBD involves 22 amino
acid residues (Ge et al., 2021). And the RBD bigdiarface for H014 is even larger; all
6 complementary determinants of the antibody (CDRLdnd CDRH1-3) are involved,
enabling this antibody to cross-neutralize SARS-@od SARS-CoV-2 (Lv et al., 2020).
By contrast, the RBD binding surface with P2B-2Riich cannot neutralize variants
carrying the E484K mutation, includes only 14 ressl (Ge et al., 2021). The high
binding affinity of P2C-1F11 (Ge et al., 2021) saggthe following: viral mutations are
less likely to compromise the potency of those notmmal antibodies which engage with
more residues in RBD.

Although H014 and P2C-1F11 neutralized all of tlR&¥%V2 variants we tested in
the present study, we previously showed that sotier anutations in the RBD region

lead to decreased neutralizing capability for PEL11(A475V) and HO014 (A435S and
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Y508H) (Li et al., 2020). Thus, given the negatafeect of continuous viral variation on
antibody potency, monoclonal antibodies used irki@ils for preventive or treatments of
SARS-CoV-2 would ideally incorporate a large birgdarea, high binding affinity, and a
wide variety of binding epitopes to ensure maximpossible efficacy in neutralization
while also retaining the broadest achievable spetagainst immune escape.

Interestingly, our data from assays with convalessera indicate that the K417N
mutation actually increases viral sensitivity taitralization. Consider that in the closed
conformation of the S protein, K417 forms hydrodpemds with the main chain of N370
in the neighboring S protomer (Figure 5D), resgltim stabilization; the closed
conformation structure does not readily bind to ZGRValls et al., 2020) and presents a
reduced overall area accessible to antibodies. K#&7N mutation increases the
probability of conversion to the open conformatidhus enhancing the S protein’s
binding capacity for ACE2 and increasing viral ictieity. This closed-to-open change in
the S protein’s conformation is also more likely égpose epitopes to neutralizing
antibodies, which would increase the likelihood/imlis neutralization by sera containing
polyclonal antibodies. Since both the E484 and NEgxidues are fully exposed, it is
reasonable to speculate that mutations to thess sitay weaken antibody binding
(Figure 5D), potentially thereby reducing the sewity of the virus to neutralizing
antibodies.

It is notable that residue 484 has mutated intaa@ety of different amino acids
under pressure of SARS-CoV-2 convalescent seragiLal., 2020)d.g., E484A, E484G,
E448D, and E484K), and mutation at this site carseammune resistance to different

convalescent sera (Liu et al., 2020). This varigbihdicates that 484E is located at a
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“dominant epitope region” of the S protein. All \ants of 501Y.V2 harbor the E484K
mutation, further supporting that this mutation etrneast partially explain the observed
decreased susceptibility to neutralization by cées@ent sera.

The 501Y.V2 variants showed no obvious changes infectivity
SARS-CoV-2-susceptible cell lines. However, RBD atiains led to significantly higher
viral infection in HEK293T cells expressing the mearortholog of ACE2 . Simultaneous
mutation of three amino acids in the RBD of the bQR variants decreased sensitivity
to neutralization by SARS-CoV-2 convalescent serd RBD-immunized sera, while
mutations outside of the RBD had minimal effectsvamal infectivity and antigenicity.
Moreover, our data support that the predominanty502 variants may compromise the
therapeutic efficacy of existing monoclonal antilesdor convalescence sera, or even
cause a decrease in the protective efficacy oftiagisraccines. Therefore, studies on
SARS-CoV-2 reinfection should also be conductedevaluate whether the immune
response established by an early viral infection peevent reinfection by the newer
mutant variants. It also remains unclear whether \tariants induce strong immune
responses. Close monitoring and functional geratalysis of these prevalent variants
could be informative for guiding prevention and tohmeasures for the SARS-CoV-2

pandemic.

Limitations of study
The application of pseudotyped virus to study tifedtivity and antigenicity of the virus
has been widely used in the field of virus resedFatrara and Temperton, 2018; Li et al.,

2018; Whitt, 2010), especially in the study of SAR8V-2 (Crawford et al., 2020; Lei et
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al., 2020; Li et al., 2020; Nie et al., 2020a, bh&idt et al., 2020; Weissman et al., 2021;
Zheng et al., 2020). Nevertheless, it should beddbat all the results of this study are
based on assays using pseudotyped viruses. Thheis, is as yet no verification of the
detected trend from experiments using the livesviftiis difficult to obtain live mutant
virus variants. In particular, it is not possibtedbtain certain strains we examined based
on isolating live virusese(g., virus strains with 501Y.V2-related single-mutasoor
some of the different combinations of RBD mutatsites). Another limitation of our
study is that we did not examine immune sera frowhviduals who had received
licensed or candidate vaccines. Exploring the ga@teror differential neutralization
effects for the 501Y.V2 variants with vaccine imrewera could extend our findings and

help in public health planning.
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Figurelegends
Figure 1. Illustration of 501Y.V2-related pseudotyped viruses. (A) All the

501Y.V2-related mutation sites, (B) 501Y.V2-1, (C) 501Y.V2-2, arip) 601Y.V2-3.

Figure 2. Infectivity analysis of mutant pseudotyped viruses. (A) Infection assays
with the 18 501Y.V2-related mutant pseudotyped sgriwith the three indicated cell
lines, all of which are known to be susceptiblSARS-CoV-2. (B) Infection assays for a
set of 14 HEK293T cell lines each expressing thdiceated mammalian ortholog of
ACE2. The infectivity of the reference 614G variamhs used as a contrdlg, the
infectivity of other 17 variants in each experimerg#s normalized to values detected for
the reference 614G variant). Data are the means+8E8sik independent experiments.
The dashed lines indicate the threshold valuesfad difference in infectivity. See also

Figure S1.

Figure 3. Analysis of antigenicity of 501Y.V2 variants using a pand of neutralizing
monoclonal antibodies. Heatmap representation of neutralization reactiosisig 17
neutralizing monoclonal antibodies—all known togttr epitopes in the RBD—against
18 501Y.V2-related mutant pseudotyped virusesraie of EGy value (for each of the
tested antibodies) detected for the reference 6datant to the EE value for each of
501Y.V2-related mutant pseudotyped viruses. Blué pmk represent decreased and
increased viral sensitivity to monoclonal antibodgutralization, respectively. Data

represent the means of three independent expesntee¢ also Figure S2 and S3.
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Figure 4. Analysis of antigenicity of 501Y.V2 variants using a panel of polyclonal
antibodies. (A) The reactivity of pseudotyped viruses with 3Q\I2-related mutations
was assayed against sera from convalescent sdrahigh-titer polyclonal neutralizing
antibodies (“CSC”) from SARS-CoV-2 infection patisnand against 3 pooled sera
samples (from 9 mice were immunized with RBD (“RBP’'The data (means of three
independent experiments) presented in the heatinay ¢he ratio of the EE value
detected for each of the 501Y.V2-related mutantugst/ped viruses to the value
detected for the reference 614G virus. Blue an#t pepresent decreased and increased
viral sensitivity to neutralization by sera, redpesly. (B) Summary and inferential
statistical analysis of the results for the pseyled viruses with 501Y.V2 related
mutations. The dashed line represents the meammsezaponse of the 614G virus.
One-way ANOVA and Holm-Sidak’s multiple comparis@sts were used to analyze the
differences between groups. A p-value of less th@b was considered to be significant.

*p<0.05, **p<0.01, ***p<0.001.

Figure 5. Testing of longitudinal convalescent sera samples obtained from
SARS-CoV-2 infected patientsat 2, 5, and 8 months post-onset. (A) Heatmap analysis

of the ratios of ER values of pseudotyped viruses with 501Y.V2 relatadations to
the reference 614G virus. Blue and pink represestrahsed and increased viral
sensitivity to neutralization by sera, respectiveBata represent the means of two
independent experiments. (B) Summary and inferkestaistical analysis of the results
of different mutants. The dashed line represemsrtban serum response of the reference

614G virus. One-way ANOVA and Holm-Sidak’s multiplemparisons test were used to
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analyze the differences between group$-#alue of less than 0.05 was considered to be
significant. *p<0.05, **p<0.01. (C) Analysis of theesults of reactions between
501Y.V2-related mutant pseudotyped viruses wittgitudinal sera from SARS-CoV-2
infection patients at 2, 5, and 8 months post on&dt Model of the S protein trimer
(PDB: 6VXX) with human ACE2 and neutralizing antibes (PDB: 7BZ5, 6XEY).
K417 forms hydrogen bonds with the main chain o78l# the neighboring S protomer

in the closed conformation of the S protein.
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Figure S1. The expression levels of the various mammalian ACE2 orthologs on the
surface of transfected HEK 293T cells, Related to Figure 2

The cell surface expression of the FLAG-tagged A®ERologs was assessed by flow
cytometry. The PE-A+ value in the upright cornepresents the percentage of

ACE2-expressing cells.

Figure S2. Reactivity of pseudotyped viruses with 501Y.V2 related mutations to 17
neutralized monoclonal antibodies, Related to Figure3

The data represent the ratio of thesE@alue for the reference 614G pseudotyped virus
to the pseudotyped viruses harboring 501Y.V2 rdlaeitations. Data represent the the
means of three independent experiments. The ddsigethdicates the threshold value of
a 4-fold difference in E&.

Figure S3. Neutralization curves of the 17 neutralized monoclonal antibodies against
the pseudotyped viruses with 501Y.V2 related mutations, Related to Figure3
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STARMETHODS

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resourcesraadents should be directed to and will
be fulfilled by the Lead Contact, Youchun Wang (gge@nifdc.org.cn).

Materials Availability

All unigue reagents generated in this study arelava from the Lead Contact with a
completed Materials Transfer Agreement.

Data and Code Availability

Source data for Figure 2A, 2B, 3, 4A, 4B, 5A, 5B, %52, and S3 in this paper are

available at https://data.mendeley.com/datasetSik@ry/draft?preview=1.

EXPERIMENTAL MODELSAND SUBJECT DETAILS

Cell lines

Huh-7 (Japanese Collection of Research BioresoU®€RB], 0403), Vero (ATCC,
CCL-81), LLC-MK2 (ATCC, CCL-7) and HEK293T (Amerinal'ype Culture Collection
[ATCC], CRL-3216) cells were cultured in Dulbecco®dified Eagle medium (DMEM,
high glucose; Hyclone, Logan, UT). All the cellsreecultured in media supplemented
with 100 U/mL of Penicillin-Streptomycin solutionG(BCO, Germany), 20 mM
N-2-hydroxyethyl piperazine-N-2-ethane sulfonicde(lHHEPES, GIBCO), and 10% fetal
bovine serum (FBS, Pansera ES, PAN-Biotech GmbHm@&ey) in a 5% C©
environment at 37°C. Trypsin-EDTA (0.25%, GIBCO) svased to detach cells for

subculturing every 2—-3 days.
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Human sera

Sera from 15 convalescent patients were collectexn fthe Chinese CDC of
Heilongjiang (CSC1, CSC2, CSC3, CSC4, CSC5, CS@&;C CSC8, CSC9, CSC10,
CSC11, CSC12, CSC13 and CSC14) and Liaoning (CS@Mhwjinces. A series of 30
convalescence serum samples (NH1.1, NH1.2, NH1ER.N NH2.2, NH2.3, NH3.1,

NH3.2, NH3.3, NH4.1, NH4.2, NH4.3, NH5.1, NH5.2, §R3, NH6.1, NH6.2, NH6.3,

NH7.1, NH7.2, NH7.3, NH8.1, NH8.2, NH8.3, NH9.1, B2, NH9.3, NH10.1, NH10.2

and NH10.3) were provided by the University of $oGhina. Written informed consent

was obtained from each individual for serum coltatt

Sera from RBD-immunized mice

The sera were obtained by immunizing nine SPF BALBice with the SARS-CoV-2
RBD protein. RBD protein (2Qug) was mixed with an equal amount of aluminum
adjuvant and injected subcutaneously through tred lend neck. Immunization was
performed once every other week (a total of thieeg). Blood samples were collected
14 days after the third immunization. Sera of thneiee were pooled and labeled as
RBD1, RBD2, and RBD3. The protocol of the animaldst was approved by the Ethical
Review Committee for Animal Welfare of The Natioraktitutes for Food and Drug

Control.

METHOD DETAILS

Plasmid construction
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The SARS-CoV-2 spike (GenBank: MN908947) expressilmsmid was optimized for
mammalian codon usage and was inserted into thergotic expression vector
pcDNA3.1 using the BamHlI and Xhol sites to obtain the plasmid
pcDNA3.1-SARS-CoV-2-spike (pcDNA3.1.S2).

A total of 14 ACE2 expressing plasmids were corséd, including human
(BAB40370.1), mink (QNC68911.1), dog (MT663955),t dMT663959), pangolin
(XP_017505746.1), pig (NP_001116542.1), mouse (ABN®.1), bat (KC881004.1),
cow (NP_001019673.2), rabbit (MT663961), ferret @88957), sheep
(XP_011961657.1), civet (AY881174.1), and monkeyr @d43960). Each gene of the 14
species was mammalian codon-optimized. The codtmed ACE2 fused with a
FLAG tag (GACTACAAGGACGATGACGATAAG) at the 3-termal end was
synthesized by General Biol. Inc, (Anhui, Chinajack synthesized sequence was
inserted into the eukaryotic expression vector ERP[-EGFP-CMV using th&amHI
andXhol sites to get ACE2 expression plasmids from thieint species.

Site-directed mutagenesis

Based on pcDNA3.1.S2, 18 mutant plasmids were oacted. The point mutation
method was conducted as described in our previmaly ¢Nie et al., 2020a, b). Briefly,
PCR amplification was performed using the SARS-C®¥pike D614G plasmid as a
template. The amplification system and conditionsrevdesigned according to the
manual of PrimeSTAR (Takara) reagents. The PCR ymtsdwere digested bBpni
(NEB) overnight and used to transfor coli. DH5a competent cells. The bacteria
seeded on the corresponding resistance platesim@rbated at 37°C overnight. Single

colonies were selected and then sequenced to wortfie integrity of the expected
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mutation. Specific mutation sites and correspongimgners(Sangon Biotech) are shown
in the Key Resources Table.

Preparation of the ACE2 overexpressing cells

ACE2 expressing cells from different species warpared as follows: taking the T75
flask as an example, HEK293T cells were transfewaii¢td 30 ug of ACE2 plasmid using
Lipofectamine 2000 (Invitrogen) transfection reagém obtain ACE2 overexpressing
cells. The culture medium was the same as that issetie HEK293T cells. After 24 h
culture in a 5% C@ environment at 37°C, the cell surface expressidénthe
FLAG-tagged ACE2 orthologs was assessed by flowrmegtry: 1x16cells/tube were
stained with fig/ml PE labeled anti-Flag antibody (Biolegend). Thmrescent signal
was examined using a BD FACS CantoTM Il Flow Cyttene

Preparation of pseudotyped viruses

The pseudotyped viruses of the SARS-CoV-2 variaatgl the point mutation
pseudotyped viruses were constructed using theaastreported in our previous study
(Nie et al.,, 2020a, b). Briefly, one day prior tarsfection for virus production,
HEK293T cells were digested and adjusted to a curaigon of 5-7x10 cells/mL in a
15ml culture medium and incubated overnight in acubator at 37°C with 5% GO
When cells reached 70%-90% confluence, the cuthedium was discarded and 15 mL
G*AG-VSYV virus (VSV G pseudotyped virus, Kerafast)wit concentration of 7.0x10
TCIDs¢/mL was used for infection. At the same time, @Dof the S protein expression
plasmid was transfected according to the instrastf Lipofectamine 3000 (Invitrogen),
and then the cells were cultured in an incubat@&7a8€C and 5% C@ After 4-6 hours, the

cell medium was discarded, and the cells were gewmtished two times with PBS+1%
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FBS. Next, 15 ml fresh complete DMEM was addech#® T75 cell culture flask, which
was placed in an incubator at 37°C with 5%,3@ 24 h. After that, the SARS-CoV-2
pseudotyped virus containing the culture supernatas harvested, filtered, aliquoted,
and frozen at -70°C for further use.

Quantification of pseudotyped virus particlesusing RT-PCR

RNA of SARS-CoV-2 pseudotyped virus and point motatpseudotyped virus was
extracted using the QlAamp Viral RNA Mini Kit (Qiag, Germany). The virus DNA
was obtained by reverse transcription using theef&ugipt Il First-Strand Synthesis
System for RT-PCR kit reagent (Invitrogen). RT-P@Rs performed using TB Green
Premix Ex Taq Il (Takara). The plasmid containihg P protein gene of the VSV virus
was used as the standard to calculate the virat namber. See the primers in the Key
Resources Table.

I nfection assays

After quantification by RT-PCR, the pseudotypedisiwas diluted to the same particle
number, and 10@l aliquots were added into 96-well cell culturetpka Cells of the
assayed cell lines were then digested with trypsith added into each well at 2<1®0

ul. Chemiluminescence monitoring was carried owtradt 24 h incubation with 5% GO
at 37°C. The supernatant was adjusted to {dlOf@r each sample. Luciferase substrate
was mixed with cell lysis buffer (Perkinelmer, Fremh, CA) and was added to the plate
(100 pl/well). Two minutes later, 15@l of lysate was transferred to opaque 96-well
plates. The luminescence signal was detected asigrkinElmer Ensight luminometer,
with data collected in terms of relative luminesmenunit (RLU) values. Each group

contained two replicates, and these experiments vegreated three times.
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Neutralization assays

The effects of the monoclonal antibodies and serathe entry inhibition of the
pseudotyped viruses was evaluated by detecting dinerease of luciferase gene
expression (Nie et al., 2020b). The samples waiallsediluted three times (30 folds as
the initial dilution) for a total of seven gradisrh the 96 well plates. The virus solution
was subsequently added to the wells. Seven virudraowells (without antibody
samples) and seven cell control wells (without sian antibody samples) were included
for each 96-well plate. The 96-well plates wereubeted at 37°C for 1 h. Huh7 cells
were then digested and added to each well (2%¥Q0pl). After incubation with 5% C@

at 37°C for 24 hours, luminescence was measuregsgibed above. The samplesC
(median effect concentration) was calculated usiiegReed-Muench method (Nie et al.,
2020b).

Structural modeling

We modeled the spike protein based on the Protaita Bank coordinate set 6VXX,
showing the first step of the S protein trimer &a&tion with one RBD domain in the up
position, bound to the hACE2 receptor (Walls et 2020). We used the Pymol program
(The PyMOL Molecular Graphics System, Version 2.23thrédinger, LLC.) for
visualization.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism 8 was used for plotting and stedistanalysis; the values were
expressed as means +SEM. One-way ANOVA and Holmal&dmultiple comparison
tests were used to analyze differences betweerpgrdu p-value of less than 0.05 was

considered to be significantP<0.05, ** P<0.01, *** P<0.005, **** P<0.001.
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Highlights:

® 501Y.V2 showed no higher infectivity in cells with hACE2 comparing to 614G
variant.

® 501Y.V2 showed increased infectivity in cells with mACE2 compared to 614G
variant.

® 501Y.V2 escaped neutralization by most of neutralizing monoclonal antibodies.

® 501Y.V2 significantly compromised the inhibitory effects of polyclonal antibodies.

Experiments with pseudotyped viruses show that the 501Y.V2 variant of SARS-CoV-2 exhibits
resistance to neutralization from monoclonal antibodies and sera from convalescent as well as
immunized individuals, predominantly due to the E484K and N501Y mutations in the

receptor-binding domain of the viral spike protein.
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