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High-titer neutralization of Mu and C.1.2 SARS-CoV-
2 variants by vaccine-elicited antibodies of
previously infected individuals
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In brief

Tada et al. show that infection with SARS-
CoV-2 followed by vaccination results in
broadly neutralizing antibody. The C.1.2
variant has a highly mutated spike and is
the most neutralization-resistant variant;
however, its affinity for ACE2 is
decreased. Thus, the virus cannot evolve
to escape humoral response without
becoming less fit.
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SUMMARY

Recently identified severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants Mu and C.1.2
have spike proteins with mutations that may confer resistance to natural and vaccine-elicited antibodies.
Analysis of neutralizing antibody titers in the sera of vaccinated individuals without previous history of infec-
tion and from convalescent individuals show partial resistance of the viruses. In contrast, sera from individ-
uals with a previous history of SARS-CoV-2 infection who were subsequently vaccinated neutralize variants
with titers 4- to 11-fold higher, providing a rationale for vaccination of individuals with previous infection. The
heavily mutated C.1.2 spike is the most antibody neutralization-resistant spike to date; however, the avidity of
C.1.2 spike protein for angiotensin-converting enzyme 2 (ACE2) is low. This finding suggests that the virus
evolved to escape the humoral response but has a decrease in fithess, suggesting that it may cause milder
disease or be less transmissible. It may be difficult for the spike protein to evolve to escape neutralizing

antibodies while maintaining high affinity for ACE2.

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
isolates have been classified by the World Health Organization
(WHO) as variants of concern (VOCs; Alpha [B.1.1.7], Beta
[B.1.351], Gamma [B.1.1.248], and Delta [B.1.617.2]) and vari-
ants of interest (VOIs) that include Lambda [C.37]) and newly
classified Mu (B.1.621) (WHO, 2021). In addition, a yet unclassi-
fied C.1.2 variant was identified in South Africa (Scheepers et al.,
2021) that appears to be increasing in prevalence and spreading
to neighboring countries, and a variant termed Delta+N501S was
identified in Japan, currently at low frequency. Mu (Mullen et al.,
2021a) and C.1.2 (Mullen et al., 2021b; Scheepers et al., 2021)
have mutations in the receptor binding domain (RBD) of the spike
protein that could contribute to increased transmissibility and
cause resistance to neutralization by convalescent sera and vac-
cine-elicited and therapeutic monoclonal antibodies (mAbs).

In this study, we measured the infectivity of viruses with the
Mu, C.1.2, and Delta+N501S spike proteins and determined their
susceptibility to neutralization by convalescent and vaccine-eli-
cited antibodies, both in previously infected and uninfected indi-
viduals. Viruses with the variant spikes were partially resistant to
neutralization. The C.1.2 variant, which is highly mutated, was
the most resistant. Sera from previously infected patients vacci-
nated with BNT162b2 had high neutralizing titer against all of the
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variants, providing a strong rationale for the vaccination of previ-
ously infected individuals. The resistance of the C.1.2 spike pro-
tein to neutralization was largely mediated by the Y449H muta-
tion in the RBD. However, the mutation resulted in a significant
decrease in avidity of the spike protein for angiotensin-convert-
ing enzyme 2 (ACE2). This encouraging finding suggests that
although the viral spike protein has managed to mutate to
escape neutralizing antibodies, this resulted in a fithness cost
that will limit its spread through the human population.

RESULTS

Prevalence and infectivity of Mu, C.1.2, and
Delta+N501S variants

As of October 2021, the prevalence of the Mu variant was highest
in the British Virgin Islands and Colombia, where its accounts for
64% and 55% of sequenced cases (Figure 1A). It is present at
low frequency in Central and South America. The virus has
also been found in the United States and Europe, although fre-
quencies have not yet been accurately determined. C.1.2 is pre-
sent with a prevalence rate of 6% in Swaziland and 1% in South
Africa, and small numbers of cases have been sequenced in as
many as 10 other countries (Figure 1A). In addition, a variant of
Delta was recently identified in a handful of cases, termed here
Delta+N501S, and has not yet been further characterized.
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The variants have unique mutations in the RBD and N-terminal
domain (NTD; Figures 1B and S1A). The Mu spike has RBD mu-
tations R346K, E484K, and N501Y; C.1.2 has Y449H, E484K,
and N501Y; and Delta+N501S has L452R and T478K (Figures
1B and S1A). To evaluate the function and sensitivity of the
variant spikes to antibody neutralization, we generated lentivi-
ruses pseudotyped with the Mu, C.1.2, and Delta+N501S spike
proteins and, in addition, a pseudotype with the C.1.2 RBD mu-
tations (Y449H, E484K, N501Y) and pseudotypes with the indi-
vidual RBD mutations of each variant spike. The variant spike
proteins were similarly expressed and proteolytically processed
in transfected cells and were incorporated into lentiviral virions at
a level similar to that of the parental D614G spike protein
(Figure S1B).

Analysis of the infectivity of viruses with the variant spike pro-
teins on ACE2.293T and ACE2.A549 cells showed a slight
decrease for the Beta spike compared with D614G (1.8-fold)
on ACE2.293T cells, while Delta, Delta+N501S, and Mu were
slightly increased (Figure 1C). The pattern of infectivity was
similar on ACE2.A549 cells, except that the infectivity differences
were greater, most likely because of the low level of ACE2 on
these cells. Analysis of the individual point mutations (Fig-
ure S1C) showed the individual Beta and Delta RBD mutations
(R346K, Y449H, E484K, N501Y, N501S) did not significantly in-
crease infectivity. A spike protein with the NTD C.1.2 mutations
(POL-C136F-A144-190S-D215G-A242-243) also had wild-type
infectivity, while a spike with the C.1.2 RBD mutations had a sig-
nificant increase in infectivity (1.9-fold). A spike containing the
CTD mutations (H655Y, N679K, T716l, T859) of C.1.2 was
decreased 15-fold. Similar infectivity ratios were obtained on
ACE2.A549 cells.

Neutralization of variants by convalescent and vaccine-
elicited antibodies

To determine the susceptibility of the viruses with the variant
spike proteins to antibody neutralization, we analyzed the
neutralizing titers of serum antibodies elicited by the
BNT162b2 and mRNA-1273 mRNA vaccines and the Ad26.-
COV2.S adenoviral vector-based vaccine on the variants. The
vaccine sera analyzed were collected from individuals at similar
time points after final injection (a mean of 90 days for BNT162b2,
80 for mRNA-1273, and 82 for Ad26.COV2.S; Table S1), and all
participants tested negative for antibodies against the SARS-
CoV-2 N protein, suggesting no history of SARS-CoV-2 infection
(Table S1). Convalescent sera neutralized D614G spike with a
mean titer of 334. Neutralization of Beta, Delta, Delta+, and Mu
variants showed a modest 3.7- to 4.7-fold decrease in neutral-
izing titer, while C.1.2 was more resistant to neutralization with
a 7.8-fold decrease (Figure 2A). BNT162b2 sera neutralized virus
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with the D614G spike with a mean titer of 862, a 2.6-fold increase
compared with convalescent sera. The neutralizing titers against
Beta, Delta, and Delta+N501S were decreased 4.8-, 3.4-, and
3.4-fold, respectively. Mu and C.1.2 were somewhat more resis-
tant with a 6.8- and 7.3-fold decrease in titer, respectively.
mRNA-1273-vaccinated sera showed a similar pattern of
neutralization, with C.1.2 being the most resistant (8.8-fold
decreased titer). Neutralizing antibody titers of sera from Ad26.-
COV2.S-immunized individuals neutralized D614G with an
average titer of 245 and showed a similar pattern of variant
neutralization. Titers against C.1.2 fell into a range below 50,
the minimum detectable by the assay (Figure 2B). Presentation
of the data grouped by variant shows decreased neutralizing
titers against the variants by sera of the Ad26.COV2.S-vacci-
nated individuals (Figure 2C). Analysis of the spike proteins
with individual variant mutations showed that the neutralization
resistance of Mu was caused by R346K and E484K, while
resistance of C.1.2 was caused by E484K, Y449H, and the
NTD (P9L-C136F-A144-190S-D215G-A242-243) (Figure 2D).

Analysis of neutralization by the sera of donors who had a his-
tory of COVID-19 pre-BNT162b2 vaccination showed an overall
higher neutralizing titer against all of the variants. The neutral-
izing titer of sera from uninfected donors against D614G was
1,087 on average (Figure 2E), with Beta, Delta, Delta+N501S,
Mu, and C.1.2 having a 1.8- to 14-fold decrease in titer. In
contrast, previously infected and then vaccinated donor sera
were significantly increased in titer against D614G (2.8-fold),
and the titers remained high for all of the variants (Figure 2E). Af-
ter two doses of vaccination, previously infected donors had a
10.6-fold increase in neutralizing titer against the Beta variant
compared with uninfected donors. Titers were increased 3.7-
fold for Delta and Delta+N501S. Overall, the neutralization titers
of sera from previously infected donors were 8.5- to 8.9-fold
greater against Mu and C.1.2 variants compared with uninfected
individuals (Table S2).

Decreased avidity of C.1.2 spike protein for ACE2

To measure the ACE2 avidity of the variant spikes, we estab-
lished an ACE2 avidity assay in which the variant spike proteins
were expressed in 293T cells and then incubated with a serially
diluted soluble ACE2:nanoluciferase fusion protein (sACE2-
NLuc) (Figure 3A). Similar cell surface spike protein expression
levels on the transfected 293T cells were confirmed by flow cy-
tometry (Figure 3B). The analysis showed increased ACE2 avid-
ity of the Beta, Delta, Delta+N501S, and Mu spikes (2.2-, 1.7-,
1.4-, and 1.7-fold, respectively), as indicated by a decrease in
the concentration required to achieve 50% occupancy of the
spike protein. In contrast, C.1.2 bound ACE2 with decreased
avidity, requiring 1.4-fold higher concentration of ACE2 for

Figure 1. Mu (B.1.621), C.1.2, and Delta+501S variant prevalence and spike protein mutations

(A) The global prevalence of Mu and C.1.2 variants is shown for countries with the highest prevalence or cases (extracted from https://outbreak.info/).

(B) Mutations in Mu, C.1.2, and Delta+N501S variant spikes are shown on the three-dimensional spike protein structure. A single RBD in each is shown in gray
(side view). The Protein Data Bank (PDB) file of spike protein (PDB: 7BNM) (Benton et al., 2021) was downloaded from the PDB. 3D view of protein was obtained

using PyMOL.

(C) The infectivity of Beta, Delta, Delta+N501S, Mu, and C.1.2 (-T716I) variant spikes pseudotyped lentiviruses on ACE2.293T and ACE2.A549 cells is shown. The
viruses were normalized for RT activity and measured in triplicate with error bars that indicate the standard deviation. *p < 0.05, **p < 0.01, **p < 0.001, ***p <

0.0001. The experiment was done three times with similar results.
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50% relative light unit (RLU) compared with D614G and 2.4-fold
decrease as compared with the avidity of Beta variant spike pro-
tein (Figure 3C). Analysis of the point-mutated spike proteins
showed that the increased avidity of Beta, Delta, and Mu with
ACE2 was attributed to N501Y and L452R (Figure 3C). The
decreased avidity C.1.2 for ACE2 was due to the combination
of the Y449H in the RBD and the mutated NTD. These results
were confirmed in a virion avidity assay in which pseudotyped vi-
rions were incubated with sACE2 and then added to ACE2.293T
cells, and the amount of bound virions was then measured (Fig-
ure S2). In this assay, virions with D614G, Beta, Delta, Del-
ta+N501S, C.1.2 (RBD), and Mu spikes bound similarly to
ACE2, while C.1.2 avidity was decreased. These findings sug-
gest that the C.1.2 spike protein binds ACE2 with a relatively
lower avidity than the other spike protein variants.

Therapeutic antibodies neutralize Mu and C.1.2
Regeneron mAbs maintained their ability to neutralize Delta,
Delta+N501S, Mu, and C.1.2. REGN10933 showed a 50-fold
decrease in titer against virus with the Beta spike (Figure S3A),
as previously reported (Chen et al., 2021; Tada et al., 2021;
Wang et al., 2021a), but maintained neutralizing activity against
the others, while REGN10987 maintained activity against all of
the variants (Figure S3B). The combination of the two mAbs
was highly active against all of the variants (Figure S3C).

DISCUSSION

Analysis using pseudotyped lentiviruses showed that viruses
with the heavily mutated C.1.2 spike protein were the most resis-
tant to neutralization by convalescent sera and mRNA and
adenoviral vector-based vaccine-elicited antibodies of any of
the variant spike proteins tested. The Mu spike was also rela-
tively resistant to neutralization. The resistance of virus with the
C.1.2 spike to neutralization was caused by a combination of
the RBD mutations N501Y, Y449H, and E484K and the NTD mu-
tations. In contrast, the sera of individuals with a previous history
of SARS-CoV-2 infection were much more broadly neutralizing
than those without a prior history; they neutralized viruses with
the variant spike proteins, with a 4- to 11-fold increase in titer
(10.6-fold for Beta, 8.6-fold for Mu, and 8.8-fold for C.1.2). The
Regeneron therapeutic mAbs retained their ability to neutralize
Mu and C.1.2 variants. While the C.1.2 spike protein evaded anti-
body neutralization, its avidity for ACE2 was decreased
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compared with that of the other variants, suggesting that the vi-
rus may be less fit and less transmissible.

Although neutralizing antibody titers against viruses with the
Mu and C.1.2 spike proteins elicited by vaccination of individuals
without previous infection were decreased compared with the
parental D614G, mathematical modeling predicts that the titers
are sufficient to provide a high degree of protection from infec-
tion and serious disease. The model proposed by Khoury
et al., (2021) predicts that an antibody titer that is 20% that of
the convalescent titer will provide 50% protection from SARS-
CoV-2 infection. In our study, the mean convalescent titer was
334 (Table S1), predicting that a half-maximal inhibitory concen-
tration (ICso) of 67 would correspond to 50% protection. The
model further predicts that an antibody titer that is 3% that of
the mean titer of convalescent sera titer is required to protect
against severe disease, corresponding to a titer of 10 in our study
and suggesting that vaccination with either of the mRNA vac-
cines will remain protective against severe disease caused by
infection with the Mu or C.1.2 variants.

The neutralizing titers of sera from previously infected
BNT162b2-vaccinated individuals, those with a history of previ-
ous SARS-CoV-2 infection, were from 4- to 11-fold higher than
those of vaccinated individuals without previous infection and
effectively neutralized all of the variants. These findings are
consistent with those previously reported by Wang et al.
(2021b) and Urbanowicz et al. (2021), who showed similar in-
creases in the neutralizing titer against the VOCs by sera from in-
dividuals with previous infection. The findings demonstrate that
individuals can raise a broadly neutralizing humoral response
by generating a polyclonal response to multiple spike protein
epitopes (Robbiani et al., 2020; Wu et al., 2021). The high titer
and breadth of the antibody response suggest that it will protect
against current variants and is likely to protect against future var-
iants that may arise.

Our analyses of the mutations in the variant spike protein using
lentiviral pseudotyped virions showed an unexpected and
apparently artifactual finding with one-point mutation. Viruses
pseudotyped by C.1.2 were 18-fold decreased compared with
the D614G control virus. The C.1.2 spike contains a T716l muta-
tion, a mutation also present in the Alpha spike protein, where it
similarly causes a marked decrease in the infectivity of lentiviral
pseudotyped virus. Omission of the mutation from the C.1.2
spike restored infectivity of virus with the variant spike (Fig-
ure S1D). The viruses used in this study had the modified C.1.2

Figure 2. Neutralization of variant spike pseudotyped viruses by convalescent sera, antibodies elicited by RNA, and adenoviral vector
vaccines

(A) Neutralization of pseudotyped viruses with D614G, Beta, Delta, Delta+N501S, Mu, and C.1.2 (-T716l) variant spikes by convalescent serum samples from
eight donors was tested. The serum was collected at 32-57 days after infection. Each dot represents the IC5q for a single donor. Neutralization titers of variants
were compared with that of D614G.

(B and C) Neutralizing titers of serum samples from BNT162b2-vaccinated individuals (n = 9), mRNA-1273-vaccinated donors (n = 8), and Ad26.COV2.S-
vaccinated individuals (n = 10) were measured. Sera were collected at 90, 80, and 82 days on average after the last immunization. ICs, of neutralization of virus
from individual donors is shown. Significance was based on two-sided testing.

(D) Neutralization titers of viruses with single point mutations by antibodies elicited by BNT162b2. Neutralizing titers of serum samples from BNT162b2-
vaccinated individuals (n = 5). Sera were collected 7 days after second immunization. Each dot represents the ICs, for a single donor.

(E) Neutralizing titers of serum samples from BNT162b2-vaccinated individuals with (n = 5) or without previous SARS-CoV-2 infection (n = 12) was measured. The
neutralization ICsq of virus from individual donors is shown. The sera were collected 7 days after the second immunization. The sera were collected prior to
February 2021. Thus, the individuals were not infected with Delta and would have been infected with D614G, Alpha, or lota variant. Significance was based on
two-sided testing. *p < 0.05, *p < 0.01, ™p < 0.001, ***p < 0.0001. The experiment was done twice with similar results.
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Figure 3. Avidity and fusion of variant spikes
to ACE2

(A) The diagram shows the principle of the ACE2
avidity assay in which 293T cells transfected with
variant spike protein expression vector are incu-
bated with serially diluted sACE2-NLuc protein.
Following a 30-min incubation, the unbound fusion
protein is removed and the bound protein measured
by luciferase assay.

(B) The expression level of variant spike proteins in
transfected cells was analyzed by flow cytometry.
(C) ACE2 avidity of the indicated variant spike pro-
teins is shown as curves with maximal avidity
defined as luciferase activity upon avidity of the
ACE2.NLuc fusion protein at 50 mg/mL set to 100%
(left two panels). The histogram on the right shows
50% of maximal avidity.
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(Laffeber et al., 2021; Liu et al., 2021a,
2021b; Supasa et al., 2021; Wrapp et al.,
2020; Zhangetal., 2020, 2021). In our assay,
the avidities of the variant spike proteins
relative to the parental D614G are similar
to the values reported by others; Gong
et al. (2021) reported a 3.5- and 2.3-fold
higher ACE2 avidity for the Beta and Delta
ﬂ variants, respectively, which is close to the
2.2-fold increase for Beta and 1.7-fold in-

C.1.2.(CTD) 0

oy
G

50 100 150 200
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(-T716l) spike protein to ensure confidence in the results. The
cause of the decreased infectivity of spike proteins with the
T716l mutation is unclear. It may be a function of the 293T pro-
ducer cells because it is clear that viruses such as Alpha pro-
duced in vivo are highly infectious. T716 lies in the proximity of
a potential glycosylation site at position 717 and thus could inter-
fere with or cause aberrant spike protein glycosylation. The
mutation had no effect on expression of the spike protein in
transfected cells, packaging into virions, or avidity for ACE2.
The mutation also had no effect on the antibody neutralization
profile (Figure S4). Although the T716l mutation did not influence
the results in our study, its effect should be considered in studies
with lentiviral pseudotypes with spike proteins that have the
mutation.

In this study, we measured spike protein avidity for ACE2 using
a novel assay in which we incubated an ACE2:luciferase fusion
protein with spike protein-expressing cells and then determined
the amount of bound fusion protein by luciferase assay. Acompar-
ison of the avidities measured by this method with those published
for the spike:ACE2 interaction correspond closely, validating our
method. We measured a Kp of 60 nM for the D614G spike:ACE2
interaction, a value very close to that of Barton et al. (2021), who
reported a Kp of 74 mM by surface plasmon resonance. A survey
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< \Q,o\@o\ crease for Delta measured in our assay.

The emergence of the Mu and C.1.2 var-
iants does not appear to raise new public
health concerns. Mu is nearly identical to
Delta with the exception of the conserva-
tive R346K mutation. As of October 2021, the variant has been
found in Europe and North and South America with a total of
3,689 cases in Colombia, 5,604 cases in North America, and
12,762 cases worldwide, and there is no evidence for increasing
prevalence (Mullen et al., 2021a). The C.1.2 variant is currently at
low prevalence with a highly restricted geographic distribution.
The high titers of antibody against all of the variants in individuals
with a history of previous infection is encouraging and demon-
strates the ability of individuals to mount a broadly neutralizing
antibody response that will protect against these variants. More-
over, the breadth of the vaccine response in such individuals
suggests that it will protect against future variants that may
emerge.

It is interesting that the C.1.2 spike protein has a decreased
avidity for ACE2 compared with that of the other variant spikes.
Its RBD has the N501Y mutation that confers increased avidity
for ACE2 (Gu et al., 2020; Starr et al., 2020), but this is counter-
acted by the novel Y449H mutation that decreases ACE2 avidity.
The decreased avidity for ACE2 is unexpected because previous
RBD mutations, such as N501Y and L452R, increase ACE2 avid-
ity resulting in increased transmissibility of the variant viruses.
Although the Y449 mutation in the C.1.2 RBD decreases its avid-
ity for ACE2, it provides a significant degree of neutralization
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resistance to convalescent and vaccine-elicited antibodies, sug-
gesting that the mutation was selected as an antibody escape
mutation. The decrease in ACE2 avidity of the C.1.2 spike protein
is likely to decrease transmissibility of the variant, limiting its
spread despite its resistance to antibody neutralization. This
finding suggests that it may be difficult for SARS-CoV-2 to
mutate to escape the humoral immune response without
suffering a decrease in fitness, mitigating fears about the emer-
gence of a highly pathogenic, neutralization-resistant variant.
This prediction could lessen concerns regarding the newly iden-
tified, highly mutated Omicron variant, if found to be the case for
its spike protein.

Limitations of the study

The sample numbers were limited by the subject numbers
enrolled in the clinical studies at the NYU Langone Health
(NYULH) Vaccine Center. The sample number analyzed in this
study was sufficient to provide statistically significant values
but would have achieved a higher confidence level with the anal-
ysis of a larger number of samples. The donors analyzed were re-
cruited from a single hospital, which could introduce a sampling
bias and could result in differences with similar studies that
analyze donors from different geographic locations, ethnicities,
medical histories, or ages.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-GAPDH Life Technologies Cat# AM4300, RRID:AB_437392

anti-p24 antibody (AG3.0) AIDS respository Cat# ARP4121

Anti-spike antibody GeneTex Cat# GTX632604, RRID:AB_2864418
goat anti-mouse HRP-conjugated second antibody Sigma Cat# A4416, RRID:AB_258167
Alexa-fluor 594-conjugated goat anti-mouse IgG Biolegend Cat# 405326, RRID:AB_2563308
Bacterial and virus strains

SARS-CoV-2 A19 S (D614G, Beta, Delta, This paper N/A

Delta+N501S, Mu, C.1.2) pseudotyped reporter
virus

Biological samples

Convalescent sera

Sera from BNT162b2, mRNA-1273, AD26.COV2.S
vaccinated donors

Sera from BNT162b2 vaccinated donors
(Previously infected)

NYU Vaccine Center with written consent
under |.R.B. approval
NYU Vaccine Center with written consent
under |.R.B. approval

NYU Vaccine Center with written consent
under |.R.B. approval

IRB 20-00595 and IRB 18-02037

IRB 20-00595 and IRB 18-02037

IRB 20-00595 and IRB 18-02037

Chemicals, peptides, and recombinant proteins

Soluble ACE2-NLuc This paper N/A
Soluble ACE2 Tada et al., 2020 N/A
REGN10933 Tada et al., 2021 N/A
REGN10987 Tada et al., 2021 N/A

Critical commercial assays

Nano-Glo® Luciferase Assay System Promega Cat# N1120
Galacto-Light™ Reaction Buffer Diluent with Applied Biosystems Cat# T1056
Galacton-Plus™ Substrate

Experimental models: Cell lines

293T ATCC N/A
ACE2.293T Tada et al., 2020 N/A
ACE2.A549 Tada et al., 2021 N/A
Software and algorithms

MacVector ver 17.0.0 (27) MacVector Inc N/A
GraphPad Prism 8 Software GraphPad Prism Software, Inc. N/A

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Nathaniel

R. Landau (nathaniel.landau@med.nyu.edu).

Materials availability

All unigue DNA constructs, proteins and pseudotyped virus generated in this study are available from the Lead Contact upon request.

Data and code availability

o Excel spreadsheets containing the data used in this study are available upon request from the lead contact.

Cell Reports 38, 110237, January 11, 2022 el


mailto:nathaniel.landau@med.nyu.edu

¢ CelPress Cell Reports

OPEN ACCESS

® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human sera, monoclonal antibodies and recombinant protein
Convalescent sera were collected from healthcare workers at NYU Langone who were symptomatic and had tested positive for
SARS-CoV-2 by PCR. Sera were collected 32 to 57 days post-symptom onset. Donor age and gender were not reported.
BNT162b2-vaccinated sera were collected 90 days (mean) post-second immunization and mRNA-1273-vaccinated sera were
collected at a mean 80 days post-second immunization. Ad26.COV2.S-vaccinated sera were collected at mean 82 days
post-immunization. Serum samples from previously infected donors were collected 7 days post-second immunization with
BNT162b2. Participants who reported experiencing COVID symptoms were confirmed as previously infected by direct PCR
or antibody testing. Age and sex of the vaccinated donors is shown in Tables S1 and S2. Donors participated in clinical studies
at the NYU Vaccine Center and sera were obtained with written consent under IRB-approved protocols (18-02035 and 18-
02037).

sACE2 protein was produced in transfected CHO cells and purified by nickel chelate chromatography as previously described
(Tada et al., 2020). REGN10933 and REGN10987 monoclonal antibodies were produced in transfected Freestyle 293 cells (Invitro-
gen) as previously described (Tada et al., 2021).

Cells
293T cells were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and peni-
cillin/streptomycin (P/S) at 37°C in 5% CO..

ExpiCHO-S were purchase from Thermo Fisher Scientific and cultured in ExpiCHO expression medium at 37 °C in 8% CO..
ACE2.293T and ACE2.A549 cells were established by lipofection of 293T cells with pLenti.ACE2-HA using lipofectamine 2000 (Invi-
trogen). Single cell clones were selected in 1 ug/ml puromycin.

METHOD DETAILS

Plasmids

Plasmids used in the production of lentiviral pseudotyped virus have been previously described (Tada et al., 2020). Spike protein
variant mutations were introduced into pcCOV2.A19.D614G by overlap extension PCR and confirmed by DNA sequencing. To
construct the plasmid expression vector psACE2-Nluc encoding an ACE2:nanoluciferase fusion protein, DNA sequences corre-
sponding to the extracellualar domain of human ACE2 (amino acids 1-741) and nanoluciferase were amplified by PCR with overlap-
ping oligonucleotide primers. The amplicons were joined by overlap extension PCR using external primers containing Kpn-l and Xho-I
sites and the resulting fragment was cloned into pcDNAG.

SARS-CoV-2 spike lentiviral pseudotypes

Lentivirus pseudotyped by variant SARS-CoV-2 spikes were produced as previously reported (Tada et al., 2020). Viruses were
concentrated by ultracentrifugation and normalized for reverse transcriptase (RT) activity. Sera and monoclonal antibodies were seri-
ally diluted and then incubated with pseudotyped virus (approximately 2.5 X 107 cps) for 30 minutes at room temperature and then
added to target cells. Luciferase activity was measured 2 days post-infection.

Protein purification

CHO cells at a density of 2.4 X 10° cells (6 X 10° cells/ml) were transfected with 400pg of SACE2-NLuc expression vector plasmid DNA
using ExpiFectamine CHO Reagent (Thermo Fisher Scientific). The following day, ExpiCHOTM Enhancer was added and culture was
continued at 32°C for another 5 days after which the culture medium was collected and passed through a 2.5 pM pore size filter. The
fusion protein was purified by metal chelate chromatography on an AKTA prime FPLC (GE Healthcare).

ACE2 avidity assay

293T cells were transfected with mutated spike variant expression vectors using lipofectamine 2000 and seeded in a 96-well plate at
1x10*/ well. Serially diluted SACE2 protein fused with nano-Luciferase was added to the cells. Following incubation for 30 minutes at
37°C, the unbound proteins were washed and luciferase activity was measured using Nano-Glo substrate (Nanolight) in an Envision
2103 microplate luminometer (PerkinElmer).
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Neutralization assay by soluble ACE2

Briefly, pseudotyped virus was incubated with serially diluted recombinant soluble ACE2 protein for 1 hour at room temperature and
subsequently added to 1 X 10* ACE2.293T cells. After 2 days, the cell medium was removed and 50 pl Nano-Glo luciferase substrate
(Nanolight) was added. The luminescence signal was read in an Envision 2103 microplate luminometer.

Flow cytometry

Variant spikes overexpressing 293T cells were stained for 30 min at 4°C with anti-spike mAb and then stained with Alexa-fluor 594-
conjugated goat anti-mouse IgG for 30 min at 4°C. The cells were analyzed by flow cytometry on a BD Biosciences LSR-II (Franklin
Lakes, NJ) and the data analyzed with FlowJo software.

Immunoblot analysis

Proteins were analyzed on immunoblots probed with mouse anti-spike monoclonal antibody (1A9) (GeneTex), anti-p24 monoclonal
antibody (AG3.0) and anti-GAPDH monoclonal antibody (Life Technologies) followed by goat anti-mouse HRP-conjugated second-
ary antibody (Sigma).

QUANTIFICATION AND STATISTICAL ANALYSIS

The data shown in Figure 1A were extracted from https://outbreak.info/ (Mullen et al., 2021a, 2021b; Scheepers et al., 2021) and
analyzed using GraphPad Prism 8. All experiments were performed in technical duplicates or triplicates and the data were analyzed
using GraphPad Prism 8. Statistical significance was determined by the two-tailed unpaired t-test or Nonparametric ANOVA test. The
p values are corrected for multiple comparison testing using Welch'’s t-test. Significance was based on two-sided testing and attrib-
uted to p< 0.05. Confidence intervals are shown as the mean + SD or SEM (*P <0.05, **P <0.01, **P <0.001, ***P <0.0001).
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