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In brief

SARS-CoV-2 variants with increased
transmissibility are a public health threat.
Schmitz et al. characterize 2C08, a human
monoclonal antibody derived from a
SARS-CoV-2 vaccine-induced germinal
center B cell. 2C08 possesses a broad
and potent neutralization capacity and
protects hamsters against challenge with
D614G, B.1.351, or B.1.617.2 strains.
Public 2C08-like clones can be elicited by
both SARS-CoV-2 infection and
vaccination.
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SUMMARY

The emergence of SARS-CoV-2 antigenic variants with increased transmissibility is a public health threat.
Some variants show substantial resistance to neutralization by SARS-CoV-2 infection- or vaccination-
induced antibodies. Here, we analyzed receptor binding domain-binding monoclonal antibodies derived
from SARS-CoV-2 mRNA vaccine-elicited germinal center B cells for neutralizing activity against the WA1/
2020 D614G SARS-CoV-2 strain and variants of concern. Of five monoclonal antibodies that potently neutral-
ized the WA1/2020 D614G strain, all retained neutralizing capacity against the B.1.617.2 variant, four also
neutralized the B.1.1.7 variant, and only one, 2C08, also neutralized the B.1.351 and B.1.1.28 variants.
2C08 reduced lung viral load and morbidity in hamsters challenged with the WA1/2020 D614G, B.1.351, or
B.1.617.2 strains. Clonal analysis identified 2C08-like public clonotypes among B cells responding to
SARS-CoV-2 infection or vaccination in 41 out of 181 individuals. Thus, 2C08-like antibodies can be induced

by SARS-CoV-2 vaccines and mitigate resistance by circulating variants of concern.

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is a highly pathogenic coronavirus that first emerged
in Wuhan, China in late 2019 (Chan et al., 2020; Li et al.,
2020). The virus quickly spread to multiple continents, leading
to the coronavirus disease 2019 (COVID-19) pandemic. As of
August 4™, 2021, SARS-CoV-2 has caused more than 190
million confirmed infections, leading to more than four million
deaths (World Health Organization). The damaging impact of
the morbidity and mortality caused by the COVID-19 pandemic
has triggered a global effort toward developing SARS-CoV-2
countermeasures. These campaigns led to the rapid develop-
ment and deployment of antibody-based therapeutics (immune
plasma therapy, monoclonal antibodies [mAbs]) and vaccines
(lipid nanoparticle-encapsulated mRNA, virus-inactivated, and

Gheck for
Updates

viral-vectored platforms) (Chen et al., 2021a; Gottlieb et al,
2021; Krammer, 2020; U.S. Food & Drug Administration,
2021; Weinreich et al., 2021). The high efficacy of mMRNA-based
vaccines in particular has raised hope for ending the pandemic
(Baden et al., 2021; Dagan et al., 2021; Polack et al., 2020).
However, the emergence of multiple SARS-CoV-2 variants
that are antigenically distinct from the early circulating strains
used to develop the first generation of vaccines has raised con-
cerns for compromised vaccine-induced protective immunity
(Davies et al., 2021; Nonaka et al., 2021; Tegally et al., 2021).
Indeed, multiple studies demonstrate that these variants
show reduced neutralization in vitro by antibodies elicited in hu-
mans in response to SARS-CoV-2 infection or vaccination
(Chen et al.,, 2021b; Liu et al., 2021a; Wang et al., 2021a,
2021b). These observations highlight the need for better under-
standing of the breadth of SARS-CoV-2 vaccine-induced
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Figure 1. mAb 2C08 potently neutralizes diverse SARS-CoV-2 strains

(A and B) ELISA binding to recombinant RBD from (A) and neutralizing activity in Vero-TMPRSS2 cells against (B) indicated SARS-CoV-2 strains by the indicated
mAbs. ELISA binding to D614G RBD previously reported in (Turner et al., 2021). Baseline for area under the curve was set to the mean + three times the standard
deviation of background binding to bovine serum albumin. Dotted lines indicate limit of detection. Bars indicate mean + SEM. Results are from one experiment
performed in duplicate (A, D614G and B.1.617.2) or in singlet (A, B.1.1.7, B.1.351, and B.1.1.28), or two experiments performed in duplicate (B). See also
Figure S1 and Table S1.

antibody responses and possible adjustments of prophylactic = RESULTS
and therapeutic reagents to combat emerging variants.

SARS-CoV-2 entry into host cells is mediated primarily by the mAb 2C08 potently neutralizes diverse SARS-CoV-2
binding of the viral spike (S) protein through its receptor binding  strains
domain (RBD) to the cellular receptor, human angiotensin-con-  From a pool of S-binding germinal center B cell-derived mAbs,
verting enzyme 2 (hACE2) (Zhou et al., 2020). Thus, the S protein  we selected 13 human anti-RBD mAbs that bound avidly to the
is a critical target for antibody-based therapeutics to prevent historically circulating WA1/2020 D614G SARS-CoV-2 strain
SARS-CoV-2 virus infection and limit its spread. Indeed, the referred to hereafter as the D614G strain (Korber et al., 2020;
RBD is recognized by many potently neutralizing monoclonalan-  Turner et al., 2021). We assessed mAbs binding to recombinant
tibodies (Alsoussi et al., 2020; Brouwer et al., 2020; Kreer et al., RBDs derived from the D614G strain and four SARS-CoV-2 var-
2020; Robbiani et al., 2020; Tortorici et al., 2020; Yuan et al., iants—B.1.1.7 (alpha), B.1.351 (beta), B.1.1.28 (gamma), and
2020; Zost et al., 2020a, 2020b). The Pfizer-BioNTech SARS- B.1.617.2 (delta)—by enzyme-linked immunosorbent assay
CoV-2 mRNA vaccine (BNT162b2) encodes the full-length prefu-  (ELISA). Only one mAb, 1H09, showed decreased binding to
sion stabilized SARS-CoV-2 S protein and induces robust serum  the RBD derived from the B.1.1.7 variant. Four additional
binding and neutralizing antibody responses in humans (Jackson ~ mAbs (4B05, 1B12, 2B06, and 3A11) completely lost or showed
et al., 2020; Polack et al., 2020). We recently described the substantially reduced binding to the B.1.351 and B.1.1.28 variant
S-specific germinal center B cell response in aspirates from RBDs, and 4B05 also lost binding to the B.1.617.2 variant. The
the draining axillary lymph nodes induced by BNT162b2 vacci- remaining eight mAbs showed equivalent binding to RBDs
nation in healthy adults (Turner et al., 2021). We verified the spec-  from all tested strains (Figure 1A). We next examined the
ificity of the germinal center response by generating a panel of in vitro neutralization capacity of the 13 mAbs against the
recombinant human mAbs from single cell-sorted S-binding D614G SARS-CoV-2 strain using a high-throughput focus reduc-
germinal center B cells isolated from three participants. The ma-  tion neutralization test (FRNT) with authentic virus (Case et al.,
jority of these vaccine-induced antibodies are directed against 2020). Only five mAbs (2C08, 1H09, 1B12, 2B06, and 3A11)
the RBD (Turner et al., 2021). showed high neutralization potency against D614G with 80%

Here, we assessed the capacity of these anti-RBD mAbs to  neutralization values of less than 100 ng/mL. We then assessed
recognize and neutralize recently emerged SARS-CoV-2 vari- the ability of these five mAbs to neutralize the B.1.1.7, B.1.351,
ants. One mAb, 2C08, potently neutralized the WA1/2020 B.1.1.28, and B.1.617.2 variants. Consistent with the RBD bind-
D614G SARS-CoV-2 strain and also neutralized the B.1.351 ing data, 1H09 failed to neutralize any of the emerging variants
and B.1.1.28 variants. 2C08 reduced lung viral load and except B.1.617.2, whereas 1B12, 2B06, and 3A11 neutralized
morbidity in hamsters challenged with the WA1/2020 D614G, B.1.1.7 and B.1.617.2 but not the B.1.351 and B.1.1.28 variants
B.1.351, or B.1.617.2 strains. Clonal analysis identified 2C08- (Figure 1B). One antibody, 2C08, potently neutralized the five
like public clonotypes among B cells responding to SARS- SARS-CoV-2 strains we tested, with half-maximal inhibitory con-
CoV-2 infection or vaccination in 41 out of 181 individuals. centration of 0.3 ng/mL for B.1.617.2 and approximately 5 ng/mL
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Figure 2. mAb 2C08 protects hamsters from SARS-CoV-2 challenge

(A-C) Percent weight change over time (A) and viral RNA (B) and infectious virus titer (C) in lung homogenates 4 dpi of hamsters that received 5 mg/kg isotype
(black) or 2C08 (gray) one day prior to intranasal challenge with 5x10° FFU of D614G, (left), Wash-B.1.351 (center), or B.1.617.2 (right) SARS-CoV-2. In (A),
symbols indicate mean + SEM. In (B and C), bars indicate geometric mean + geometric SD, and each symbol represents one hamster. D614G data are from two
experiments, n = 10 per condition; variant data are from one experiment, n = 5 per condition. p values from two-tailed Mann-Whitney U tests.

for all others (Figure 1B; Table S1), indicating that it recognized
conserved residues in the RBD. We also tested 2C08 against
three additional variants, B.1.429, B.1.222, and B.1.1.298, and
found that it potently neutralized all three variants (Figure S1A).
Altogether, these results indicated 2C08 recognized and neutral-
ized diverse strains of SARS-CoV-2.

mAb 2C08 protects hamsters from D614G and variant
SARS-CoV-2 challenge

To assess the protective capacity of 2C08 in vivo, we utilized a
hamster model of SARS-CoV-2 infection (Sia et al., 2020). We
evaluated the prophylactic efficacy of 2C08 against the D614G
strain, a fully infectious recombinant chimeric SARS-CoV-2 with
the B.1.351 S gene in the WA1/2020 backbone (Wash-B.1.351;
D80A, 242-244 deletion, R2461, K417N, E484K, N501Y, D614G
and A701V) (Chen et al., 2021b), and the B.1.617.2 strain in
5-to-6-week-old male Syrian hamsters. Animals treated with
2C08 did not lose weight after viral challenge and started to
gain weight (relative to starting weight) 3 days post infection
(dpi). In contrast, animals treated with the isotype control mAb
started losing weight 2 dpi. The average weights between the iso-
type- and 2C08-treated animals differed by 7.1% 3 dpi (p < 0.001)
and 10.4% 4 dpi (p < 0.001) for the D614G challenge, by 6.8% 3
dpi (p = 0.095) and 9.1% 4 dpi (p = 0.056) for the Wash-B.1.351
challenge, and by 8.5% 3 dpi (p = 0.008) and 9.7% 4 dpi (p =
0.008) for the B.1.617.2 challenge (Figure 2A). Consistent with
the weight loss data, 2C08 treatment reduced viral RNA by
more than 10,000-fold in the lungs of the D614G- and
B.1.617.2-challenged hamsters (p < 0.001 and p = 0.008, respec-
tively) and by approximately 1,000-fold in those challenged with
Wash-B.1.351 (p =0.008) 4 dpi compared with the isotype control
mADb groups (Figure 2B). Prophylactic treatment also significantly
reduced infectious virus titers for all strains detected in the lungs 4
dpi (p < 0.001 for D614G, p = 0.008 for both variants) (Figure 2C).
Overall, prophylaxis with 2C08 substantially decreased morbidity
and viralinfection in lower respiratory tissues upon challenge with
SARS-CoV-2 strains with S genes corresponding to those circu-
lating early in the pandemic and two key variants.

2C08 recognizes a public epitope in SARS-CoV-2 RBD

To define the RBD residues targeted by 2C08, we used VSV-
SARS-CoV-2-S chimeric viruses (S from D614G strain) to select
for variants that escape 2C08 neutralization as previously
described (Case et al., 2020; Liu et al., 2021b). We performed

plaque assays on Vero cells with 2C08 in the overlay, purified
the neutralization-resistant plaques, and sequenced the S genes
(Figures S2A and S2B). Sequence analysis identified the S
escape mutations G476D, G476S, G485D, F486P, F486V, and
N487D —all of which were within the RBD and mapped to resi-
dues involved in hACE2 binding (Figure 3A). We confirmed the
specificity of 2C08 for the hACE2-binding site of RBD in bio-layer
interferometry (BLI)-based competition assays (Figure 3B). To
determine whether any of the 2C08 escape mutants we isolated
were represented among SARS-CoV-2 variants circulating in hu-
mans, we screened publicly available genome sequences of
SARS-CoV-2 (Shu and McCauley, 2017; Singer et al., 2020). Us-
ing 829,521 genomes from Global Initiative on Sharing Avian
Influenza Data (GISAID), we calculated each substitution fre-
quency in the identified residues site. Of the six escape variants
we identified, four were detected among circulating isolates of
SARS-CoV-2. The frequency of these substitutions among clin-
ical isolates detected so far was exceedingly rare, with the
escape variants representing less than 0.008% of sequenced vi-
ruses. In comparison, the D614G substitution was present in
49% of sequenced isolates (Figure S2C).

We noted that 2C08 targeted residues similar to those recog-
nized by a previously described human mAb, S2E12, which was
isolated from an infected patient (Tortorici et al., 2020). S2E12
shared a high sequence identity with 2C08 (95% amino acid
identity) and was encoded by the same immunoglobulin heavy
(IGHV1-58) and light (IGKV3-20) chain variable region genes
(Table S2). Similar to 2C08, S2E12 exhibits potent neutralizing
activity in vitro and protective capacity in vivo (Chen et al,,
2021c). The cryoelectron microscopy structure of S2E12 in com-
plex with S shows that the mAb recognizes an RBD epitope that
partially overlaps with the hACE2 receptor footprint known as the
receptor binding motif (Tortorici et al., 2020) (Figures S3A and
S3B). 2C08 competed with S2E12 for RBD binding in BLI-based
competition assays (Figure 3C). Moreover, 13 of 14 S2E12
heavy-chain amino acid residues that engaged the RBD were
identical to those in 2C08, and electron microscopy two-dimen-
sional (2D) classes of 2C08 in complex with S indicated that it
bound RBD in fashion reminiscent of S2E12 (Figures 3D, 3E,
and S3C). Altogether, these data suggest that 2C08 likely
engaged the RBD in a manner similar to that of the structurally
characterized S2E12. Furthermore, we identified two additional
human mAbs, 253H55L and COV2-2196, that share genetic
and functional features with 2C08 and have nearly identical
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antibody-RBD interactions as those of S2E12 (Dong et al., 2021;
Zost et al., 2020a) (Figures 3D, 3E, S3A, and S3B). Dong et al.
(2021) note that COV2-2196 is likely part of a public B cell clone,
citing S2E12 and mAbs generated by two other groups with
similar characteristics (Robbiani et al., 2020; Tortorici et al.,
2020). This prompted us to conduct an expanded search for
2C08-like clonotypes and mAbs. Defining 2C08-like clones as
those that shared heavy-chain V1-58 and J3 gene usage, had
a CDRS3 length between 15 and 17 amino acids, and had a
CXC disulfide bond motif in the CDR3 (where “X” can be one
or more amino acids), we identified 2 individuals in our cohort
of 22 BNT162b2-vaccinated individuals who had 2C08-like
clones among activated or memory B cells in peripheral blood
mononuclear cells two or four weeks after the second immuniza-
tion. We identified an additional 5 of 14 vaccine recipients and 34
of 145 SARS-CoV-2 convalescent individuals with 2C08-like
clones among published sequences (Andreano et al., 2021;
Brouwer et al., 2020; Dejnirattisai et al., 2021; Galson et al.,
2020; Han et al., 2021; Kreer et al., 2020; Kreye et al., 2020; Niel-
sen et al., 2020; Robbiani et al., 2020; Rogers et al., 2020; Scheid
et al., 2021; Tortorici et al., 2020; Wang et al., 2021b) (Table S2).
The primary heavy-chain contact residues described for S2E12
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Figure 3. mAb 2C08 recognizes a public
epitope in SARS-CoV-2 RBD

(A) Structure of RBD (from PDB 6M0J) with hACE2
footprint highlighted in magenta and amino acids
whose substitution confers resistance to 2C08 in
plagque assays highlighted in yellow. (B and C) BLI-
based competition of 2C08 Fab with hACE2 (B) or
S2E12 Fab with 2C08 Fab (C) for RBD binding.
Maximal signal (Rmax) at steady state is plotted
as a function of hACE2 (B) or 2C08 Fab (C) con-
centration. (D and E) Sequence alignment of 2C08
with RBD-binding mAbs from SARS-CoV-2 in-
fected patients and vaccinees that utilize the
same immunoglobulin heavy- (D) and light-chain
(E) variable region genes (see also Table S2).
Antibody residues that contact RBD (red stars)
and secondary structure elements (yellow alpha
helices and blue beta strands) are calculated from
the S2E12 structure (PDB ID 7K45) (Tortorici et al.,
2020). See also Figures S2 and S3 and Table S2.
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were largely conserved for all mAbs (Fig-
ures 3D and 3E). Altogether, these results
indicate that 2C08 targeted a conserved
region of the RBD and 2C08-like clones
can be generated in response to SARS-
CoV-2 infection or vaccination.

w DISCUSSION
Cloning and expression of recombinant
human mAbs from single-cell-sorted B
cells is an established method for gener-
ating potential therapeutics against hu-
man pathogens. The source cells are
predominantly plasmablasts or memory
B cells isolated from blood after infection
or vaccination (Wilson and Andrews, 2012). Here, we character-
ized 2C08, a SARS-CoV-2 vaccine-induced mAb cloned from a
germinal center B cell isolated from a draining axillary lymph
node sampled from a healthy adult after receiving their second
dose of mRNA-based vaccine (Turner et al., 2021). 2C08 tar-
geted the receptor binding motif within the RBD of SARS-
CoV-2 S protein and blocked infection by circulating SARS-
CoV-2 and emerging variants of concern both in vitro and in vivo.
2C08is a “public” mAb, meaning that it is encoded by multiple
B cell clonotypes isolated from different individuals that share
similar genetic features (Dong et al., 2021). Public antibody re-
sponses in humans are observed after many infections, including
SARS-CoV-2 infection (Dejnirattisai et al., 2021; Dong et al,,
2021; Galson et al., 2020; Pappas et al., 2014; Robbiani et al.,
2020; Wheatley et al., 2015; Wu et al., 2011; Zhou et al., 2015).
In the case of 2C08-like clonotypes, the mAbs not only share
the immunoglobulin heavy- and light-chain variable region
genes, but also have highly similar CDRs and are functionally
similar. Several have been shown to bind RBD and neutralize
D614G as well as the B.1.1.7 and B.1.351 variants. 2C08-like
mAbs can be found in SARS-CoV-2-infected patients indepen-
dently of demographics or severity of infection. Robbiani et al.
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isolate 2C08-like mAbs from four of six infected individuals (Rob-
biani et al., 2020). Tortorici et al. and Zost et al. detect a 2C08-like
antibody in one or both of two infected individuals they examine,
respectively, whereas Kreer et al. detect a 2C08-like clone in two
of twelve patients, in one of whom it is expanded (Kreer et al.,
2020; Tortorici et al., 2020; Zost et al., 2020a). Nielsen et al. iden-
tify 2C08-like rearrangements in sequences derived from four of
thirteen SARS-CoV-2 patients (Nielsen et al., 2020). Wang et al.
isolate 2C08-like mAbs from five of fourteen individuals who
received a SARS-CoV-2 mRNA-based vaccine (Wang et al.,
2021b). While 2C08-like clones can respond to both SARS-
CoV-2 infection and vaccination, the frequency with which they
are detected varies among studies. This may be because of vari-
ation in sampling depth and whether analyzed sequences are
enriched for S- or RBD-binding clones. It remains to be deter-
mined what fraction of the antibody responses induced by
SARS-CoV-2 vaccines in humans are comprised of public,
potently neutralizing, 2C08-like antibodies that are minimally
impacted by the mutations found in the variants of concern to
date. It is important to note that at least one 2C08-like mAb,
COV2-2196, is currently being developed for clinical use (Dong
et al., 2021).

Most SARS-CoV-2 vaccine-induced anti-RBD mAbs in our
study also recognized RBDs from the recent variants. Notably,
all of the five neutralizing antibodies retained their neutralizing
capacity against the recent B.1.617.2 variant. It is of some
concern, however, that four of the five neutralizing anti-RBD
mADbs lost their activity against the B.1.351 and B.1.1.28 vari-
ants. This was consistent with the data reported by Wang
et al., which showed that the neutralizing activity of 14 of 17 vac-
cine-induced anti-RBD mAbs was abolished by mutations asso-
ciated with these variants (Wang et al., 2021b). We note that
somewhat higher levels of lung viral RNA were recovered from
the 2C08-treated animals challenged with the Wash-B.1.351
variant compared with those challenged with the D614G or
B.1.617.2 strains. This was unexpected given the similar
in vitro potency of 2C08 against all three viruses and its capacity
to protect animals from all challenge groups against weight loss
equivalently. One possibility is that 2C08 more readily selected
for a partial escape mutant among viruses displaying the
B.1.351 variant spike than the WA1/2020 D614G or B.1.617.2
spikes. Indeed, we found that virus recovered from the lungs of
the B.1.351-challenged hamster with the highest viral titer in
the 2C08-treated group had developed a G476S mutation.
Although mutations such as these that abrogate 2C08 binding
currently are rare among clinical isolates, viruses carrying the
F486L mutation have been isolated from farmed mink and could
be transmitted to humans (Oude Munnink et al., 2021). More
broadly, the selective pressure of vaccination and monoclonal
antibody therapies as they are approved could drive the emer-
gence of viral escape variants, reducing the effectiveness of cur-
rent vaccines.

Given the germinal center B cell origin of 2C08, the binding of
2C08-related clones could be refined through somatic hypermu-
tation, and their descendants could become part of the high-af-
finity memory B cell and long-lived plasma cell compartments
that confer durable protective immunity. Together, these data
suggest that first-generation SARS-CoV-2 mRNA-based vac-
cines can induce public antibodies with robust neutralizing and
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potentially durable protective activity against historically circu-
lating and emerging SARS-CoV-2 variants.

Limitations of the study

We may have underestimated the frequency of 2C08-like clones
among the 22 BNT162b2-vaccinated individuals we examined,
as our enrichment strategy excluded resting non-class switched
memory B cells. 2C08-like clones may have also been present at
lower frequency than we sampled or have arisen later in the
response. These same caveats apply to the sequences that we
analyzed from published studies of SARS-CoV-2 infected and
vaccinated individuals. Another limitation of our study is that
we analyzed only a small number of antibodies that targeted
the RBD. More extensive analyses with larger numbers of
mAbs that target the RBD and non-RBD sites will be needed to
precisely determine the fraction of the vaccine-induced neutral-
izing antibody response that is compromised because of anti-
genic changes in emerging SARS-CoV-2 variants of concern.
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STARXMETHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
HRP-conjugated Goat anti-human IgG Jackson ImmuoResearch Cat# 109-035-088
07.2C08 Turner et al., 2021 GenBank: MW926400, MW926423
07.3D07 Turner et al., 2021 GenBank: MW926401, MW926424
07.4A07 Turner et al., 2021 GenBank: MW926402, MW926425
07.2A10 Turner et al., 2021 GenBank: MW926399, MW926422
07.1H09 Turner et al., 2021 GenBank: MW926397, MW926420
07.1A11 Turner et al., 2021 GenBank: MW926396, MW926419
07.4B05 Turner et al., 2021 GenBank: MW926403, MW926426
22.1B04 Turner et al., 2021 GenBank: MZ292499, MZ292500
22.1B12 Turner et al., 2021 GenBank: MW926410, MW926433
22.1E11 Turner et al., 2021 GenBank: MW926412, MW926435
22.2A06 Turner et al., 2021 GenBank: MW926414, MW926437
22.2B06 Turner et al., 2021 GenBank: MW926415, MW926438
22.3A11 Turner et al., 2021 GenBank: MW926418, MW926441
S2E12 Fab Tortorici et al., 2020 N/A
SARS2-2 Liu et al., 2021b N/A
SARS2-11 Liu et al., 2021b N/A
SARS2-16 Liu et al., 2021b N/A
SARS2-31 Liu et al., 2021b N/A
SARS2-38 Liu et al., 2021b N/A
SARS2-57 Liu et al., 2021b N/A
SARS2-71 Liu et al., 2021b N/A
HRP-conjugated goat anti-mouse IgG Millipore Sigma Cat# 12-349
IgD-PE BioLegend Clone IA6-2; Cat# 348204
Bacterial and virus strains
SARS-CoV-2 WA1/2020 D614G, Wash-B.1.351, Chen et al., 2021b N/A
Wash-B.1.1.28
SARS-CoV-2 B.1.1.7 Chen et al., 2021b N/A
SARS-CoV-2 B.1.617.2 Gift of R. Webby (St Jude Children ~ N/A

Research Hospital)
SARS-CoV-2 B.1.429 C. Chiu and R. Andino labs (UCSF)  N/A
SARS-CoV-2 B.1.222 BEI Cat# NR-53945
SARS-CoV-2 B.1.298 BEI Cat# NR-53953
Biological samples
PBMC from SARS-CoV-2 vaccinated individuals Ellebedy Lab N/A
Chemicals, peptides, and recombinant proteins
NEBNext Immune Sequencing Kit (Human) New England Biolabs Cat# E6320
SARS-CoV-2-RBD Amanat et al., 2020 GenBank: MT380724.1
B.1.1.7 RBD Amanat et al., 2021 N/A
B.1.351 RBD Amanat et al., 2021 N/A
B.1.1.248 RBD Amanat et al., 2021 N/A
B.1.617.2 RBD Krammer Lab, Mount Sinai N/A
Spike HexaPro Hsieh et al., 2020 Addgene (ID: 154754)
o-Phenylenediamine dihydrochloride Sigma-Aldrich Cat# P8787

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Pierce HRV 3C Protease ThermoScientific Cat# 88946
TALON Metal Affinity Resin Clontech Cat# 635652

TrueBlue peroxidase substrate

Sera-Care KPL

Cat# 5510-0030

Critical commercial assays

Ni-NTA (NTA) Biosensors

RNeasy Plus Micro Kit

RNeasy Mini Kit

OneStep RT-PCR Kit

oPE Nanobeads

EasySep Human B Cell Isolation Kit
ExpiFectamine 293 Transfection Kit
E.Z.N.A.® Total RNA Kit |
TagMan™ RNA-to-CT 1-Step Kit

Sartorius Corporation
QIAGEN

QIAGEN

QIAGEN

BioLegend

Stemcell
ThermoFisher
Omega
ThermoFisher

Cat# 18-5101
Cat# 74034
Cat# 74106
Cat# 210212
Cat# 480092
Cat# 17954
Cat# A14525
Cat# R6834-02
Cat# 4392938

Deposited data

Raw bulk sequencing data from vaccinees

Raw bulk sequencing data from vaccinees
Processed bulk sequencing data from vaccinees
368-07_b7 Vaccinee Immunoglobulin Heavy Chain
368-28_b30 Vaccinee Immunoglobulin Heavy Chain
Processed bulk sequencing data from vaccinees

Processed bulk sequencing data from infected
individuals

Processed single-cell paired data from infected
individuals

Turner et al., 2021
This paper

This paper

This paper

This paper

Goel et al., 2021
Galson et al., 2020

Scheid et al., 2021

SRA: PRUNA731610

SRA: PRINA741267

Zenodo: https://doi.org/10.5281/zenodo.5040099
GenBank: MZ615310

GenBank: MZ615309

iReceptor Gateway: PRUNA715378

Zenodo: https://doi.org/10.5281/zenodo.3899008

https://singlecell.broadinstitute.org/single_
cell/study/SCP1317/sars-cov-2-antibodies

Experimental models: Cell lines

Vero-TMPRSS2 cells
Expi293F
Vero-Creanga

Zang et al., 2020
Thermo Fisher GIBCO

Gift from Andrea Craenga and
Barney Graham at the National
Institute of Health

N/A
Cat# A14527
N/A

Experimental models: Organisms/strains

LVG Golden Syrian Hamster

Charles Rivers Laboratories

Cat# Crl:LVG(SYR)

Oligonucleotides

Template switch sequences and constant region Turner et al., 2021 N/A
primers for bulk sequencing

SARS-CoV-2 N F: 5’-ATGCTGCAATCGTGCT Integrated DNA technologies N/A
ACAA-3’

SARS-CoV-2 N R: 5'-GACTGCCGCCTCTGCTC-3’ Integrated DNA technologies N/A
SARS-CoV-2 N Probe: 5’-/56-FAM/TCAAGGAAC/ Integrated DNA technologies N/A
ZEN/AACATTGCCAA/3IABKFQ/-3’

Recombinant DNA

pCAGGS SARS-CoV-2 RBD Amanat et al., 2020 N/A
pCAGGS SARS-CoV-2 variant RBD B.1.1.7 Amanat et al., 2021 N/A
pCAGGS SARS-CoV-2 variant RBD B.1.351 Amanat et al., 2021 N/A
pCAGGS SARS-CoV-2 variant RBD B.1.1.248 Amanat et al., 2021 N/A
pCAGGS SARS-CoV-2 variant RBD B.1.617.2 Krammer Lab, Mount Sinai N/A
pVRC S2E12 heavy and light chain expression This study N/A

plasmids
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

GraphPad Prism v9.0.2 GraphPad Software www.graphpad.com

BLltz Pro 1.3.1.3 Forté Bio www.fortebio.com/blitz.html

Aline v011208 Bond and Schuttelkopf, 2009 https://bondxray.org/software/aline.html
PyMol v2.1.0 Schrodinger https://pymol.org/2/

Analysis code This paper https://doi.org/10.5281/zenodo.5040146
MUSCLE v3.8.31 Edgar, 2004 https://www.ebi.ac.uk/Tools/msa/muscle/
Alakazam v1.1.0 Gupta et al., 2015 https://changeo.readthedocs.io/

Other

iReceptor Gateway Corrie et al., 2018 https://gateway.ireceptor.org/
Nunc-Immuno™ Maxisorp™ 96 well ELISA plates Thermo Fisher Cat#439454

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Ali H. EI-
lebedy (ellebedy@wustl.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
@ Raw and processed bulk sequencing BCR reads are deposited at Sequence Read Archive and Zenodo, respectively, and are
publicly available as of the date of publication. Accession numbers and DOls are listed in the key resources table. This paper
also analyzes existing, publicly available data. Accession numbers and DOls are listed in the key resources table.
e All original code has been deposited at Zenodo and is publicly available as of the date of publication. DOI is listed in the key
resources table.
® 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

Cells

Expi293F cells were cultured in Expi293 Expression Medium (GIBCO). Vero-TMPRSS2 cells (a gift from S. Ding, Washington Univer-
sity School of Medicine) were cultured at 37°C in Dulbecco’s Modified Eagle medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 10 mM HEPES pH 7.3, 1 mM sodium pyruvate, 1 X non-essential amino acids, 5 ng/mL of blasticidin, and 100 U/mL of
penicillin—streptomycin. Vero-Creanga cells, a gift from A. Creanga and B. Graham, NIH, were cultured at 37°C in Dulbecco’s
Modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 10 mM HEPES pH 7.3, 100 U/mL of
penicillin—streptomycin, and 10 pg/mL of puromycin.

Viruses

The WA1/2020 recombinant strains with substitutions D614G, B.1.351-, and B.1.1.28-variant spike genes introduced into an infec-
tious cDNA clone of the 2019n-CoV/USA_WA1/2020 strain, were previously described (Chen et al., 2021b; Plante et al., 2021). The
B.1.617.2 (Edara et al., 2021), B.1.1.7, B.1.429, B.1.222, and B.1.1.298 isolates were collected from infected individuals and prop-
agated on Vero-TMPRSS2 cells. All viruses were subjected to next-generation sequencing as previously described to confirm the
introduction and stability of substitutions (Chen et al., 2021b). All virus experiments were performed in approved biosafety level 3
(BSLJ) facilities.

Antigens

Recombinant receptor binding domain of S (RBD), was expressed as previously described (Amanat et al., 2021; Stadlbauer et al.,
2020). Briefly, RBD, along with the signal peptide (amino acids 1-14) plus a hexahistidine tag were cloned into mammalian expression
vector pCAGGS. RBD mutants were generated in the pCAGGS RBD construct by changing single residues using mutagenesis
primers. Recombinant RBDs were produced in Expi293F cells (ThermoFisher) by transfection with purified DNA using the
ExpiFectamine 293 Transfection Kit (ThermoFisher). Supernatants from transfected cells were harvested 4 days post-transfection,
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and recombinant proteins were purified using Ni-NTA agarose (ThermoFisher), then buffer exchanged into phosphate buffered saline
(PBS) and concentrated using Amicon Ultracel centrifugal filters (EMD Millipore).

Plasmid encoding the stabilized variant of the SARS-CoV-2 S, HexaPro (HP) (Hsieh et al., 2020), was a gift from Jason McLellan
(University of Texas, Austin). Recombinant S was expressed in Expi293F cells grown in Expi293 medium after transfection with
S-encoded plasmid DNA complexed with polyethylenamine (PEI, Polysciences). Cells were grown for 6 days before subjecting
conditioned media to affinity chromatography following centrifugation and 0.2 um filtration. The S was purified using Co?*-NTA
TALON resin (Takara) followed by gel filtration chromatography on Superdex 200 Increase (GE Healthcare) in 10 mM Tris-HCI,
150 mM NaCl at pH 7.5. For cryoelectron microscopy the tags were removed using HRV 3C protease (ThermoScientific) and the pro-
tein re-purified using Co®*-NTA TALON resin to remove the protease, tag and non-cleaved protein.

Hamster studies

All procedures involving animals were performed in accordance with guidelines of the Institutional Animal Care and Use Committee of
Washington University in Saint Louis. Five- to six-week old male Syrian hamsters were obtained from Charles River Laboratories and
housed in an enhanced BSLS3 facility at Washington University in St Louis. Animals were randomized from different litters into exper-
imental groups and were acclimatized at the BSL3 facilities for 4-6 days prior to experiments.

METHODS DETAILS

Enzyme-linked immunosorbant assay

Assays were performed in 96-well plates (MaxiSorp; Thermo). Each well was coated with 100 pL of wild-type or variant RBD or bovine
serum albumin (1pg/mL) in PBS, and plates were incubated at 4°C overnight. Plates were then blocked with 0.05% Tween20 and
10% FBS in PBS. mAbs were serially diluted in blocking buffer and added to the plates. Plates were incubated for 90 min at room
temperature and then washed 3 times with 0.05% Tween-20 in PBS. Goat anti-human IgG-HRP (Jackson ImmunoResearch 109-
035-088, 1:2,500) was diluted in blocking buffer before adding to wells and incubating for 60 min at room temperature. Plates
were washed 3 times with 0.05% Tween20 in PBS, and then washed 3 times with PBS. o-Phenylenediamine dihydrochloride sub-
strate dissolved in phosphate-citrate buffer (Sigma-Aldrich) with H,O, catalyst was incubated in the wells until reactions were
stopped by the addition of 1 M HCI. Optical density measurements were taken at 490 nm. Area under the curve was calculated using
Graphpad Prism v8.

Focus reduction neutralization test

Serial dilutions of each mAb diluted in DMEM with 2% FBS were incubated with 102 focus-forming units (FFU) of different strains or
variants of SARS-CoV-2 for 1 h at 37°C. Antibody-virus complexes were added to Vero-TMPRSS2 cell monolayers in 96-well plates
and incubated at 37°C for 1 h. Subsequently, cells were overlaid with 1% (w/v) methylcellulose in MEM supplemented with 2% FBS.
Plates were harvested 24 h later by removing overlays and fixed with 4% PFA in PBS for 20 min at room temperature. Plates were
washed and sequentially incubated with an oligoclonal pool of SARS2-2, SARS2-11, SARS2-16, SARS2-31, SARS2-38, SARS2-57,
and SARS2-71 anti-S antibodies (Liu et al., 2021b) and HRP-conjugated goat anti-mouse IgG (Sigma 12-349) in PBS supplemented
with 0.1% saponin and 0.1% bovine serum albumin. SARS-CoV-2-infected cell foci were visualized using TrueBlue peroxidase sub-
strate (KPL) and quantitated on an ImmunoSpot microanalyzer (Cellular Technologies).

Hamster challenge experiments

Hamsters received intra-peritoneal (IP) injection of isotype control or mAb 2C08 24 h prior to SARS-CoV-2 challenge. Hamsters were
anesthetized with isoflurane and were intranasally inoculated with 5 x 10% FFU of 2019n-CoV/USA_WA1/2020-D614G, Wash-
B.1.351, or B.1.617.2 SARS-CoV-2in 100 uL PBS. Animal weights were measured every day for the duration of experiments. Animals
were euthanized 4 dpi and the lungs were collected for virological analyses. Left lung lobes were homogenized in 1 mL of PBS or
DMEM, clarified by centrifugation, and used for virus titer assays.

Virus titration assays from hamster lung homogenates

Plaque assays were performed on Vero-Creanga cells in 24-well plates. Lung tissue homogenates were serially diluted 10-fold, start-
ing at 1:10, in cell infection medium (DMEM supplemented with 2% FBS, 1mM HEPES, L-glutamine, penicillin, and streptomycin).
Two hundred and fifty microliters of the diluted virus were added to a single well per dilution per sample. After 1 h at 37°C, the inoc-
ulum was aspirated, the cells were washed with PBS, and a 1% methylcellulose overlay in MEM supplemented with 2% FBS was
added. Seventy-two h after virus inoculation, the cells were fixed with 4% formalin, and the monolayer was stained with crystal violet
(0.5% w/v in 25% methanol in water) for 1 h at 20°C. The number of plaques were counted and used to calculate the plaque forming
units/mL (PFU/mL).

To quantify viral load in lung tissue homogenates, RNA was extracted from 100 pul samples using the E.Z.N.A.® Total RNA Kit |
(Omega) and eluted with 50 pl of water. Four microliters RNA was used for real-time gRT-PCR to detect and quantify N gene of
SARS-CoV-2 using the TagMan RNA-to-CT 1-Step Kit (Thermo Fisher Scientific) with the following primers and probes for the
N-gene, Forward primer: ATGCTGCAATCGTGCTACAA; Reverse primer: GACTGCCGCCTCTGCTC; Probe: /56-FAM/TCAAG
GAAC/ ZEN/AACATTGCCAA/3IABKFQ/. Viral RNA was expressed as gene copy numbers per mg for lung tissue homogenates,
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based on a standard included in the assay, which was created via in vitro transcription of a synthetic DNA molecule containing the
target region of the N gene.

Selection of 2C08 mAb escape mutants in SARS-CoV-2 S

We used VSV-SARS-CoV-2-S chimera to select for SARS-CoV-2 S variants that escape mAb neutralization as described previously
(Case et al., 2020; Liu et al., 2021b). Antibody neutralization-resistant mutants were recovered by plaque isolation. Briefly, plaque
assays were performed to isolate the VSV-SARS-CoV-2 escape mutant on Vero cells with mAb 2C08 in the overlay. The concentra-
tion of 2C08 in the overlay was determined by neutralization assays at a multiplicity of infection (MOI) of 100. Escape clones were
plaque-purified on Vero cells in the presence of 2C08, and plaques in agarose plugs were amplified on MA104 cells with the
2C08 present in the medium. Viral supernatants were harvested upon extensive cytopathic effect and clarified of cell debris by centri-
fugation at 1,000 x g for 5 min. Aliquots were maintained at —80°C. Viral RNA was extracted from VSV-SARS-CoV-2 mutant viruses
using RNeasy Mini kit (QIAGEN), and S was amplified using OneStep RT-PCR Kit (QIAGEN). The mutations were identified by Sanger
sequencing (GENEWIZ).

Bulk B cell receptor library preparation, sequencing, and processing

Activated and memory B cells were enriched from peripheral blood mononucelar cells collected two weeks after the second dose of
BNT162b2 from 22 individuals by first staining with IgD-PE and MojoSort anti-PE Nanobeads (BioLegend), and then processing with
the EasySep Human B Cell Isolation Kit (Stemcell) to negatively enrich IgD'® B cells. Bulk sequencing libraries of B cell receptors
(BCRs) were prepared from the IgD' enriched B cells as previously described (Turner et al., 2021). Briefly, RNA was purified from
enriched IgD™ B cells using the RNeasy Plus Micro kit (QIAGEN). Reverse transcription, unique molecular identifier (UMI) barcoding,
cDNA ampilification, and lllumina linker addition to B cell heavy chain transcripts were performed using the human NEBNext Immune
Sequencing Kit (New England Biolabs) according to the manufacturer’s instructions. High-throughput 2x300bp paired-end
sequencing was performed on the lllumina MiSeq platform with a 30% PhiX spike-in according to manufacturer’s recommendations,
except for performing 325 cycles for read 1 and 275 cycles for read 2. Processing of BCR bulk sequencing reads from the 22 samples
and subsequent BCR genotyping were performed as previously described (Turner et al., 2021), with the exceptions that sequencing
errors were corrected using the UMIs as they were without additional clustering, and that all unique consensus sequences were used
for analysis without thresholding by the number of contributing reads. In addition, three samples of IgD'° B cells from PBMCs
collected four weeks after secondary immunization (one each from participants 07, 20, and 22), and five previously reported samples
consisting of plasmablasts sorted from PBMCs and germinal center B cells sorted from fine needle aspirates of draining axillary
lymph nodes one week after secondary immunization (Turner et al., 2021), were, respectively, processed and reprocessed as pre-
viously described in (Turner et al., 2021) with the modification that all unique consensus sequences were included without thresh-
olding by the number of contributing reads. Processed heavy chain sequences from all 30 samples (Table S3) were combined
and subset to those with IGHV1-58 and IGHJ3 respectively for V and J gene annotations. Further querying was performed by
requiring the sequences to have a CDR3 length of between 15 and 17 amino acids, and/or have a “CXC” disulfide bond motif in
the CDR3, where “X” can be one or more amino acids. The queried sequences then underwent multiple sequence alignment using
MUSCLE v3.8.31 (https://www.ebi.ac.uk/Tools/msa/muscle/) (Edgar, 2004).

Processed heavy chain bulk sequencing data (19 subjects) from Galson et al. (Galson et al., 2020) was downloaded from Zenodo
(https://doi.org/10.5281/zenodo.3899008) on 2021-04-30. The data was then subset to sequences with IGHV1-58 and IGHJ3
respectively for V and J gene annotations, a nucleotide length of 48 for CDR3s, and a disulfide bond motif in the CDR3s, yielding
2,161 sequences from 12 subjects. Pairwise Hamming distances from the CDR3s of these sequences to that of 2C08 were
computing using Alakazam v1.1.0 (Gupta et al., 2015).

Processed single-cell paired BCR data (14 subjects) from Scheid et al. (Scheid et al., 2021) was downloaded from the Single Cell
Portal (https://singlecell.broadinstitute.org/single_cell/study/SCP1317/sars-cov-2-antibodies) on 2021-06-23. The data was then
subset to cells with IGHV1-58, IGHJ3, IGKV3-20, and IGKJ1 for, respectively, heavy chain V, heavy chain J, light chain V, and light
chain J gene annotations, yielding 8 cells from 5 subjects. All resultant cells had 16 amino acids in their heavy chain CDR3s, with the
disulfide bond motif present, and 9 amino acids in their light chain CDR3s.

Selected sequences were aligned and visualized using ALINE (Bond and Schuttelkopf, 2009).

Fab expression and purification

For Fab production the genes for the heavy- and light-chain variable domains of S2E12 (Tortorici et al., 2020) and 2C08 (Turner et al.,
2021) were synthesized and codon optimized by Integrated DNA Technologies and subcloned into pVRC protein expression vectors
containing human heavy- and light-chain constant domains, as previously described (Bajic and Harrison, 2021; Bajic et al., 2019).
Heavy-chain constructs for Fab production contained an HRV 3C-cleavable Hisgx tag. Constructs were confirmed by Sanger
sequencing (Psomagen). Fabs were produced by transient transfection in suspension Expi293 cells using polyethylenamine (PEl,
Polysciences). Supernatants were harvested 4-5 days later and clarified by centrifugation. Fabs were purified using Co?*-NTA
TALON resin (Takara) followed by gel filtration chromatography on Superdex 200 Increase (GE Healthcare) in 10 mM Tris-HClI,
150 mM NaCl at pH 7.5. For BLI and cryoelectron microscopy the tags were removed using HRV 3C protease (ThermoScientific)
and the protein re-purified using Co?*-NTA TALON resin to remove the protease, tag and non-cleaved protein.
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Biolayer interferometry competition assays

Biolayer interferometry experiments were performed using a BLItz instrument (fortéBIO, Sartorius). For 2C08/hACE2 competition,
polyhistidine-tagged Fab (2C08) was immobilized on Ni-NTA biosensors at 10 ng/mL and SARS-CoV-2 RBD was supplied as analyte
at 5uM alone or pre-mixed with hACE2-Fc at different concentrations. Maximal signal (Rmax) at steady state in the absence of hACE2
and the same time points with varying concentration of hACE2 were used to plot the concentration-dependent competition of 2C08
with hACE2. For S2E12/2C08 competition, polyhistidine-tagged Fab (S2E12) was immobilized on Ni-NTA biosensors at 10 ug/mL
and SARS-CoV-2 RBD was supplied as analyte at 5uM alone or pre-mixed with 2C08 (Polyhistidine-tag removed) at different con-
centrations. Maximal signal (Rmax) at steady state in the absence of 2C08 and the same time points with varying concentration of
2C08 were used to plot the concentration-dependent competition of S2E12 with 2C08. All experiments were performed in TBS at pH
7.5 and at room temperature.

Cryoelectron microscopy

SARS-CoV-2 HP spike was incubated with 2C08 Fab at 1.2 mg/mL with a molar ratio of Fab:Spike at 1.2:1 for 20 min at 4°C and 3 uL
were applied and subsequently blotted for 2 s at blot force 1 on UltrAuFoil R1.2/1.3 grids (Quantifoil) then plunge-frozen in liquid
ethane using an FEI Vitrobot Mark IV. Grids were then imaged on a Titan Krios microscope operated at 300 kV and equipped with
a Gatan K8 Summit direct detector. 6,088 movies were collected in counting mode at 16e™/pix/s at a magnification of 64,000 cor-
responding to a calibrated pixel size of 1.076 A/pixel with a defocus range of -2.5 to -0.8 um.

Raw micrographs were aligned using MotionCorr2 (Zheng et al., 2017). Aligned micrographs were converted to png using Topaz
(Bepler et al., 2019) then manually screened for ice contamination and complex degradation. Contrast transfer function for 4,433
cleaned micrographs were estimated using GCTF (Zhang, 2016). 602,948 particles were picked using Topaz with a model trained
on a different SARS-CoV-2 spike-Fab complex. Data processing was performed using Relion (Scheres, 2012). Picked particles
were binned to ~12A/pixel and subjected to a 2D classification. 352,245 selected particles were then extracted to ~6A/pixe| then
subjected to a second 2D classification of which 72,098 particles showing side-views were selected.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed in GraphPad Prism (v8). The statistical details of experiments can be found in the figure legends.
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