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In brief

Viral mutations are an emerging concern
in reducing SARS-CoV-2 vaccination
efficacy. Burnett et al. immunized
humanized mice with different diverse
sarbecovirus RBDs to elicit antibodies
targeting conserved sites. Non-
neutralizing cross-reactive antibodies
targeting the conserved class 4 epitope
were readily elicited. Neutralizing ability
was reserved only for antibodies binding
this conserved supersite through an
elongated CDRHS3 that obstructed ACE2-
RBD interactions.
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SUMMARY

Viral mutations are an emerging concern in reducing SARS-CoV-2 vaccination efficacy. Second-generation
vaccines will need to elicit neutralizing antibodies against sites that are evolutionarily conserved across the
sarbecovirus subgenus. Here, we immunized mice containing a human antibody repertoire with diverse sar-
becovirus receptor-binding domains (RBDs) to identify antibodies targeting conserved sites of vulnerability.
Antibodies with broad reactivity against diverse clade B RBDs targeting the conserved class 4 epitope, with
recurring IGHV/IGKV pairs, were readily elicited but were non-neutralizing. However, rare class 4 antibodies
binding this conserved RBD supersite showed potent neutralization of SARS-CoV-2 and all variants of
concern. Structural analysis revealed that the neutralizing ability of cross-reactive antibodies was reserved
only for those with an elongated CDRH3 that extends the antiparallel beta-sheet RBD core and orients the
antibody light chain to obstruct ACE2-RBD interactions. These results identify a structurally defined pathway
for vaccine strategies eliciting escape-resistant SARS-CoV-2 neutralizing antibodies.

INTRODUCTION variable while preserving ACE2 binding, and only 48%

conserved between CoV2 and CoV1 compared to 84% amino

The current generation of COVID-19 vaccines provide strong
protection against severe disease, but the lack of broad cross-
neutralization elicited by these vaccines is a source of concern,
as future variants are likely to emerge. Only a small percentage
of antibodies against the spike protein on the SARS-CoV-2
(abbreviated here as CoV2) envelope are virus-neutralizing, the
majority of which are directed against the receptor-binding
domain (RBD) (Yuan et al., 2021). Among these, class 1 and 2 an-
tibodies predominate, focused against epitopes in the ACE2 re-
ceptor-binding site (RBS) (Barnes et al., 2020). The RBS is highly
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acid conservation for non-RBS regions of the RBD (Cohen
et al., 2021). K417N/T, E484K, and N501Y mutations in the
RBS epitope have independently arisen in rapidly spreading
CoV2 variants of concern in South Africa (B.1.351/beta) and
Brazil/Japan (P.1/gamma) (Greaney et al., 2021; Starr et al.,
2021). These mutations decrease the serum neutralization titer
of mRNA-vaccinated people by up to 70% (Garcia-Beltran
et al., 2021; Ikegame et al., 2021; Liu et al., 2021; Wang et al.,
2021; Wu et al., 2021). This has been shown to have clinical im-
pacts limiting vaccine efficacy (Hacisuleyman et al., 2021; Madhi
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et al., 2021). The ongoing risk of new zoonotic spillover events
from sarbecoviruses circulating widely in bats also remains a
major concern (Banerjee et al., 2021).

In order to address this problem, second-generation vaccines
will need to elicit neutralizing antibodies directed against sites
that are evolutionarily conserved across the sarbecovirus subge-
nus (clade B) including CoV2, the related bat virus RaTG13, and
the more distant CoV1, which differ at key residues character-
izing variants of concern such as K417, E484, and N501 (Boni
etal., 2020) (Table S1B). Here, we analyzed broadly reactive anti-
body responses elicited by RBD-focused immunization of mice
that carry human antibody gene segments (Asensio et al,
2019; Peter et al., 2021), employing multi-color flow-cytometric
staining of B cells with RBDs from CoV1, CoV2, and RaTG13,
coupled with single-cell RNA sequencing and antibody charac-
terization. We found that for immunization strategies utilizing
diverse sarbecovirus RBDs, class 4 antibodies dominated the
broadly reactive subset and used recurring human IGHV and
IGKV elements. However, such antibodies were generally not
neutralizing, as previously observed for CR3022 (ter Meulen
et al., 2006). In contrast, potent neutralizing antibodies binding
the highly conserved class 4 epitope that sterically blocks the
RBS from accessing ACE2, employing a long CDRH3 and less
common IGHV and IGKV pairs, could be expanded by multiple
immunizations with the CoV1 RBD. These results provide a guide
for developing second-generation COVID-19 vaccine strategies.

RESULTS

Immunization with diverse sarbecovirus antigens
induced a cross-reactive response in wild-type mice

The current CoV2 vaccines utilize the whole spike protein to
induce clonal selection of antibody-forming B cells. Given the
goal of eliciting antibodies specifically to highly conserved re-
gions of the RBD, we explored the capacity of the isolated
CoV2 RBD compared to full trimeric spike, enhancing immuno-
genicity by conjugation to sheep red blood cells (SRBCs)
(Figure S1). Previous experience has shown that small foreign
proteins elicit more reproducible germinal center (GC) B cell
populations when covalently linked to SRBCs without adjuvant
than when given in adjuvant as isolated proteins or covalently
linked to other immunogenic carrier proteins. Mice from
C57BL/6, BALB/c, and FVB/NJ strains with distinct /ghv and
Igkv loci (Collins et al., 2015) were immunized with an equivalent
density of the conjugated CoV2 RBD or spike (Figure S1A) and
spleen cells analyzed 7 days later by staining with CoV2 RBD
fluorescent tetramers, which selectively bound to individual B
cells bearing surface immunoglobulin (Ig) with an affinity for
CoV2 RBD epitopes. Immunization of mice with the RBD or spike
resulted in the development of RBD-specific B cells in the GC,
IgG1 memory, and plasmablast compartments (Figure S1B).
Full trimeric spike resulted in greater recruitment of RBD-specific
cells in the GC compartment, while both antigens were equally
efficient at recruiting these cells into the memory and plasma-
blast compartments.

To enumerate B cells with broadly reactive surface Ig within
the elicited RBD response, these analyses were extended by
flow cytometric staining with a panel of distinguishable fluores-
cent RBD tetramers from CoV2, Pangolin, RaTG13, and CoV1,
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representing progressively more distant RBD sequences (Table
S1A). 50% to 70% of CoV2 RBD-binding B cells in the CoV2-
RBD-elicited GC and memory repertoires were cross-reactive
to pangolin-derived RBD and 30% to 60% were cross-reactive
to RaTG13 but only 5% to 15% displayed cross-reactivity to
CoV1 (Figures 1A, 1B, and S2A). For comparison, the same
flow cytometric analysis was performed following intranasal
infection with 1 x 10* plaque-forming units (PFU) CoV2 in K18-
hACE2-C57BL/6 mice with humanized ACE2 receptors (Johan-
sen et al., 2020). This revealed analogous results with 60% of
CoV2 RBD-binding GC B cells cross-reacting to pangolin RBD,
19% cross-reacting RaTG12, and 1.8% to CoV1 (Figures S1B
and S1C).

Given that CoV2 RBD immunization elicited cross-reactive GC
and memory B cells binding to other sarbecovirus RBDs, we next
tested with the inverse also applied (Figure 1C). Immunization
with the RaTG13 RBD elicited a strong CoV2 RBD-binding
response. Immunization with the more distant CoV1 RBD elicited
RBD-binding B cells that were mostly specific to the CoV1 RBD;
however, a clear subset of the CoV1-binding cells cross-reacted
with all three sarbecovirus RBDs. All three immunizations
induced a subset of B cells with surface Ig that is triple-reactive:
binding CoV2, RaTG13, and CoV1 RBDs (Figure 1D).

Overall, we found that both spike and the RBD induced a CoV2
specific response. A proportion of the response following CoV2
RBD immunization or infection included B cells with broad cross-
reactivity. These broadly reactive B cells were also induced by
immunization with CoV1 or RaTG13 RBDs.

Immunization with diverse sarbecovirus RBDs induced a
cross-reactive response in human antibody VDJ
transgenic mice
We next extended this analysis to C57BL/6 TRIANNI transgenic
mice where the human antibody variable, diversity, and joining
(V(D)J) element repertoire replaces the mouse V(D)J repertoire
at the heavy chain and kappa light chain loci (Asensio et al.,
2019; Peter et al., 2021). Immunization of the Ig-humanized
mice with CoV2 RBD conjugated to SRBCs elicited a GC
response with 79% of CoV2-binding GC B cells cross-reactive
to the closely related pangolin RBD, 42% to RaTG13, and 10%
to the more distant CoV1 RBD (Figure 1F). Again, 0.005% to
0.015% of all GC B cells displayed antibodies that cross-reacted
to all three RBDs (Figure 1H). To prime-boost the response, the
Ig-humanized mice were immunized with the RBD conjugated to
SRBCs on days 0 and 6 and then with the same RBD conjugated
to a different adjuvant-free immunogenic carrier, horse RBCs
(HRBCs), on days 10 and 15, and the effects were explored on
day 20 (Figures 1E-1H). Prime-boosting increased by 10-fold
the percentage of GC B cells binding the CoV2 RBD (Figure 1G)
and cross-reacting with CoV2, RaTG13, and CoV1 (Figure 1H).
We extended the flow cytometric approach to analyze which
RBD epitope is recognized by each B cell responding to the
different sarbecovirus RBD immunizations. Spleen cells were
first incubated with equimolar monomeric CoV2, CoV1, or
RaTG13 RBDs to identify B cells with surface Ig capable of bind-
ing each antigen. Bound RBD was revealed by staining the cells
with fluorescent S309 binding the class 3 epitope (Pinto et al.,
2020), fluorescent EYBA recognizing the class 4 epitope (Zhou
et al., 2020), and fluorescent ACE2 (Figure 2). B cells bearing
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Figure 1. B cell response elicited by RBD-focused immunization
included broadly cross-reactive cells

(A) Representative flow cytometric plots showing total GC B cells (TCRB",
CD11b", B220*, Fas*, CD38") simultaneously stained with four different fluo-
rescent tetramers of the indicated sarbecovirus RBDs in the spleen of BALB/C
mice 7 days following immunization with CoV2-RBD conjugated to SRBCs.
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surface Ig against the class 1 or 2 epitopes would be revealed as
having bound the RBD that was still recognizable by S309 and
EY6A (Figure 2A). Indeed, cells with these characteristics were
the most frequently elicited RBD-binding B cells in Ig-humanized
mice immunized with the CoV2 RBD (Figures 2B and 2F). By
contrast, the RBD bound to B cells bearing surface Ig against
the canonical conserved class 4 epitope should be available
for binding fluorescently labeled S309 but not EY6A (orange
gate in Figures 2A and 2B) and retain availability for binding fluo-
rescent ACE2. This was validated in spleen B cells from trans-
genic mice expressing the rearranged V(D)J segments of the
prototypic class 4 antibody CR3022 (ter Meulen et al., 2006) (Fig-
ure 2A). Immunization of Ig-humanized mice with the RaTG13 or
CoV1 RBD elicited a significantly higher proportion of their RBD-
binding B cells recognizing the class 4 epitope compared to mice
immunized with CoV2 RBD (Figures 2D-2F). 70% to 90% of B
cells bearing class 4 surface Ig bound RBD monomers that re-
tained availability to bind ACE2 (Figures 2F-2H), but a consistent
subset bound the RBD in a way that blocked ACE2 binding.

To analyze broadly cross-reactive RBD-binding B cells, we
performed single-cell V(D)J mRNA sequencing of GC B cells
that bound single or multiple RBD tetramers flow-cytometry
sorted from the humanized mice immunized with CoV2,
RaTG13, or CoV1 RBDs with the highest percentage of cross-
reactive B cells (Figure 1E). Paired IGHV/IGKV sequences were
obtained from 7,481 dual or single RBD tetramer-binding B cells
(Figure 3; Tables S2A-S2C) and from an additional set of 52 triple
RBD tetramer-binding B cells sorted from separate mice (Fig-
ure S4A; Table S2D). Across these immunization strategies,
several IGHV/IGKV pairs were frequently used by GC B cells
that cross-reacted with all three sarbecovirus RBDs: VH1-18
paired with VK6-21 or VK6D-21, VH1-46 paired with VK1-9 or
VK1-6, and VH3-33 paired with VK1D-13 or VK1-9 (Figures
3B-3D and S4A).

For comparison with the RBD-elicited B cells, we obtained
paired IGHV/IGKV sequences from 6,000 naive B cells from
the humanized mice and analyzed deep cDNA sequencing of
the expressed IgM repertoires of 10° cells from two additional

Percentage of total CoV2-binding GC B cells and cross-reactive B cells are
indicated on each plot.

(B) Percentage of CoV2 binding GC B cells also binding to the indicated sar-
becovirus RBD tetramer in individual mice (symbols) and mean + SEM from
three different inbred strains.

(C and D) Percentage of all GC B cells binding the CoV2 RBD tetramer (C) or
cross-reactively binding the CoV2, RaTG13, and CoV1 RBD tetramers (D)
7 days after immunization with the indicated RBD conjugated to SRBCs or
unconjugated SRBCs as a negative control.

(E) Representative flow cytometric plots of GC B cells simultaneously stained
with three different fluorescent tetramers of the indicated sarbecovirus RBDs
in the spleen of Ig-humanized mice with a human antibody repertoire on day 20
following four immunizations with the indicated RBD conjugated first to SRBCs
and then to HRBCs.

(F) Percentage of CoV2 binding GC B cells also binding the indicated sarbe-
covirus RBD tetramer in individual human antibody repertoire mice (symbols)
after one immunization (day 7) or four immunizations (day 20) with CoV2 RBD.
(G and H) Percentage of all GC B cells binding the CoV2 RBD tetramer (G) or
cross-reactively binding the CoV2, RaTG13, and CoV1 tetramers (H) in indi-
vidual humanized antibody mice (symbols).

Data pooled from two independent experiments. Columns show mean + SEM.
See also Figures S1-S3.
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Figure 2. Immunization with diverse RBDs shift epitope predominance of the B cell response
(A) Flow cytometric plot of spleen B cells in an unimmunized mouse with knocked in CR3022 V/(D)J IGH and IGK exons encoding the prototypic class 4 epitope-
specific membrane Ig, illustrating the strategy used to identify B cells recognizing different RBD epitopes based on competition for RBD binding between the

(legend continued on next page)
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humanized mice and in naive B cells from 100 human blood sam-
ples (Figure S4C). This confirmed that Ig-humanized mice ex-
press diverse IGHVs. Although some IGHV elements like
IGHV1-69 showed an altered frequency compared to humans,
78% of IGHV elements were used at comparable frequency to
the naive repertoire in human blood, including many of those
frequently used in RBD-binding antibodies: IGHV1-18, IGHV1-
46, IGHV4-39, IGHV3-30.3, IGHV3-53, and IGHV3-66 (Fig-
ure S4C). IGHV3-53, which accounts for frequent germline-en-
coded antibodies against the hypervariable RBS region of
CoV2 (Andreano and Rappuoli, 2021; Yuan et al., 2020), was
strongly selected among the total set of sequenced RBD-binding
B cells when compared to its frequency in the naive repertoire
but was rarely used among the highly cross-reactive triple-
RBD binders from the humanized mice (Figures 3B-3E and
S4A). The latter result is consistent with RBD-binding antibodies
isolated from CoV2-infected people and deposited in CoV-Ab-
Dab (Raybould et al., 2021), where IGHV3-53 is frequent among
CoV2-specific antibodies but rarely used among antibodies that
also bind CoV1 (Figure S4D).

For comparison to the Ig-humanized mice, rare triple RBD
tetramer-binding memory B cells were sorted from the blood
of CoV2 convalescent human patients (Figures 4A and 4B). Sin-
gle-cell sequencing of 121 CoV2, CoV1, and RaTG13 triple-
binders revealed that many used IGHV regions observed in triple
binders from RBD-immunized Ig-humanized mice, including the
recurring IGHV1-46, IGHV4-59, IGHV1-18, IGHV3-33, IGHV4-
39, and IGHV3-13 (Figure 4C; Table S2H). Indeed, 92% of the
IGHVs identified from the 53 triple-binding cells sorted from Ig-
humanized mice were utilized among the 121 human B cells
sorted with the same strategy. These IGHV elements are also
used by CoV1/CoV2 RBD cross-reactive antibodies isolated
from CoV2-infected people and deposited in CoV-AbDab, con-
firming cross-reactive B cells selected in the humanized mouse
repertoire to be representative of the human repertoire
(Figure S4D).

From the 7,533 RBD-binding antibody sequences obtained
from RBD-immunized Ig-humanized mice, a total of 56 anti-
bodies were selected for expression as human IgG1, represent-
ing IGHV/IGKV pairs found in >1% of sarbecovirus RBD-binding
B cells or pairs recurrently selected between different immuni-
zation regimes (Table S3A). Antibodies were tested for binding
to different sarbecovirus RBDs by flow cytometry against
RBD-conjugated erythrocytes (Figures 5A and 5B; Table S2A).

Immunity

Previously described class 4 antibodies, CR3022 (ter Meulen
et al., 2006) and EY6A (Zhou et al., 2020), and the class 3 anti-
body S309 (Pinto et al., 2020), were expressed and tested in
parallel as controls. Overall, 15 antibodies bound all three
RBDs (Figures 5A and 5B). Most used the recurring IGHV/
IGKV pairs noted above except for AB-3467, which used
VH4-59 paired with VK7-9 and was part of a very large, heavily
mutated clonal expansion of cells binding CoV1 and CoV2
RBDs that comprised 7.9% of the RBD-binding GC cells sorted
from a CoV1-RBD-immunized mouse (Figures 5C and 5D). Of
the IGHV regions that accounted for recurrently selected class
4 sequences, IGHV1-18, IGHV1-46, IGHV3-13, IGHV3-20, and
IGHV4-39, which together accounted for 76% of class 4 anti-
bodies, were equally represented in the human and mouse
naive repertoires. IGHV3-33, which accounted for 16% of the
class 4 sequences, was overrepresented in the mouse naive
repertoire. IGHV4-59, which accounted for 8% of class 4 anti-
bodies and AB-3467, was underrepresented in the mouse naive
repertoire (Figure S4D).

Together, this revealed that antibodies cross-reactive to mul-
tiple RBDs predominantly used a subset of recurrently selected
IGHV/IGKV pairs.

Sarbecovirus cross-reactive antibodies bound the class
4 epitope site

Toidentify expressed antibodies recognizing the class 4 epitope,
we tested each expressed antibody for competitive inhibition of
fluorescently conjugated class 4 antibody EY6A binding to the
CoV2 RBD. Among 15 antibodies cross-reacting between
CoV2, RaTG13, and CoV1 RBDs, 14 (93%) blocked EY6A
more effectively than the positive control class 4 antibody
CR3022 (Figures 5A and 5B; Table S2A). 12 of these 14 putative
class 4 antibodies used the IGHV/IGKYV pairs found frequently in
triple-tetramer-binding B cells noted above (Figure S4B).

The total 36 antibodies binding strongly to CoV2 were tested at
four concentrations for neutralization of lentivirus particles pseu-
dotyped with the CoV2 spike alongside EYG6A, S309, and
CR3022. Only four were potent neutralizers (half maximal inhibitory
concentration [ICsq] < 5 pg/mL): AB-1987, ICso = 0.097 pg/mL;
AB-2126, 1Cso = 0.107 pg/mL; AB-3467, ICs5o = 0.247 ng/mL;
and AB-2445,1C5q = 0.753 ng/mL (Figure 6A). All of the neutralizing
antibodies were more potent than S309 (ICso = 1.2 pg/mL) and
much more potent than EYBA (ICso > 10 pg/mL). In a Vero-E6-
based neutralization assay, the same four antibodies potently

membrane Ig on each cell and fluorescent ligands for class 4 (EY6A), class 3 (S309), and class 1/2 (ACE2) epitopes. B cells were first stained with CoV2 RBD, then
with fluorescent anti-RBD antibodies S309 and EY6A, and finally with fluorescent ACE2.

(B) Representative flow cytometric plots of GC B cells in Ig-humanized mice on day 20 following immunization with the indicated RBDs coupled to SRBCs/HRBCs
or unconjugated SRBCs/HRBCs (UC): (top panels) the proportion of B cells with membrane Ig-binding RBD and blocking either the class 4 (orange gate) or class 3
epitopes (S309™ EY6A*) or class 1/2 epitopes (S309* EYBA™); (bottom panels) the proportion of cells with membrane Ig binding the class 4 epitope but also
precluding ACE2 binding.

(C) Percentage of total GC (B220*, Fas*, CD38") B cells or IgG1 memory (B220*, IgG1*, Fas”) B cells binding to 200 ng/mL CoV2 RBD in individual Ig-humanized
mice immunized with the indicated RBDs.

(D) Percentage of CoV2 RBD binding GC or IgG1 memory B cells binding to the class 4 epitope.

(E) Of GC or IgG1 memory B cells that bind the same RBD as was used for immunization, percentage that bind the class 4 epitope.

(F) Percentage of CoV2, CoV1, or RaTG13 binding GC or IgG1 memory B cells elicited by the indicated immunogens that bind to each of the indicated epitopes.
(G) Percentage of B cells with class 4 epitope binding Ig that precludes ACE2 binding.

(H) Percentage of CoV2 binding GC or IgG1 memory B cells binding to the class 4 epitope and blocking the RBS.

Data points represent individual mice. Columns show mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001. Data pooled from two independent ex-
periments.

2912 Immunity 54, 2908-2921, December 14, 2021



Immunity

A

Humanized antibody
transgenic mice

Assess GC/memory
response by flow
cytometry

Single cell VHAVL sequence

BCRs binding CoV2, CoV1,

RaTG13 or cross-reactive to
multiple RBDs

Immunize with CoV2,
CoV1 or RaTG13 RBD
with S/HRBC adjuvant

Concurrently
assess CoV2,
CoV1, RaTG12

and pangolin

RBD binding

RBD tetramer 2

RBD tetramer 1

Test neutralization Map antibody Determine binding to Express antibodies
against SARS-CoV-2 binding epitopes diverse sarbecovirus as human IgG1
and variants of concern RBDs

Y

40.0 (@) [Pvalie @ns O<0.05 O <001 @ <0.001]
o
%= 30,0
[
8200
B0
) e o o
[ S 0" * ot 0 :0: g =0 ©: g "0 ® "o © "0 9 "0 § 0% G 0'C

30.0

20.0

K100
»
8 O
© 00 e
N N N N
BB E PR F SIS ED I DL TS E D

¢? CellPress

OPEN ACCESS

100.

CoV2 immunized

% of CoV-2 binding cells

U
Q°

NP © 28 Il cov2 RBD binding

[E cov1 RBD binding

Il Cov1 & CoV2 RBD binding

SIS P
ORI ORI ISR

SO DD D oo 100 50 06 1O 2O D 16 D o

N o P G B R R R
AK\A&\\‘\\\\& LEIT R @bxqb \\\\% s

C 100

CoV1 immunized

% of CoV-1 binding cells

O N2

A DAIRNE KB DB AN 18 D P, P PN A 2 g

@I O A N A Y o

@\A{_ o "AQ."AA*:\SE%Q"A\\\*T\A%% OO 3 @APA@A@ “4—\4{} \4*‘\4{393_:\&_@+
ey

2O Q N N N
N 2O G o N A 5O O N SO ST EO N N N A QO QO N0 QT
O I A S O NI A= S A S SN S P AE
R TP 4‘\:\"‘:?&“53%7’{:‘&\”:& B e e R SRR
el R R T = TRRIR R T RIS
» 100 RaTG13 immunized [l RaTG13 RBD binding
8 ] RaTG13 & CoV2 RBD binding
2 N=1335
LT [ T T PSP ST PO RS PSP PTSPO PSP PP PSP ok 1
5
o
o
T o1
-4
k3
=
0.1
PSS PSS
N RO RN IR DO 0,0 S & N A o AN S
D P, B D DN A 88 A0 \E P 1O 18 O BB S X NE N D oD o
o & & @ & Y N & 5 oS W Y N N N Y o &
e 441@0\«4@3 A O 4{1*;\0\4 W 3—4@) 4{}& A 443:944-
DD DD '\,\ .Q\ ~ 0’\“\ .QQNQ\ Q'\(L‘Q'\Q\\ ‘QQ'\.Q\\ Q\\ 0’\ .QQ'\ Q\\ 0’\
B0 0 (D P a2 S S S 5 ) 30 o8 050 VS BT S o OBV 0SS D S KOG
P NN D 0 o (N5 P TS DS 0 B Ped (Bt B B O
S R N A R e X R S W R

Figure 3. B cell response to coronavirus RBDs in Ig-humanized mice included recurrent IGHV/IGKV pairs

(A) Experimental workflow.

(B-D) Percentage of sequenced RBD-binding B cells using the indicated IGHV/IGKYV pairs, sorted for binding two different RBD tetramers or specific for one, from
mice with human antibody repertoire immunized four times with RBD from CoV2 (B), CoV1 (C), or RaTG13 (D). Dashed lines indicate a frequency 1 or 10% of

sequenced B cells.

(E) Frequency of different human IGHV elements used by RBD-binding antibodies sorted and sequenced from germinal center B cells of RBD-immunized Ig
humanized mice, and the odds ratio of using each IGHV element in the RBD-elicited set compared to its frequency from sequencing single naive IgM B cells from
unimmunized Ig humanized mice both analyzed by paired heavy and light chain sequencing. p value calculated by Fisher’s exact test.

See also Figure S4.

neutralized live CoV2 virus: AB-1987, ICsqg = 0.054 ng/mL; AB-
2126, 1Cso = 0.106 pg/mL; AB-3467, ICso = 0.179 pg/mL; and
AB-2445,1C50=0.370 pg/mL (Figure 6B). Again, all four neutralized
much more potently than EY6A (ICso > 10 ug/mL), and CR3022 had
no measurable CoV2 neutralizing activity. Notably, of the 14 CoV2/
RaTG13/CoV1 broadly cross-reactive antibodies that competed
with EYBA, only AB-3467 neutralized CoV2 virus (Figures 5A and
5B). Thus, the most consistently used IGHV/IGKV pairs in class 4
antibodies encoded antibodies that bound strongly but did not
neutralize.

The affinities of selected antibodies to the different sarbecovi-
rus RBDs were measured using biolayer interferometry. AB-3467
strongly bound CoV2 (Kp = 4 nM), pangolin (Kp = 3.5 nM), mink
(Kp =2 nM), RaTG13 (Kp = 9.8 nM), and CoV1 (Kp = 1.5nM) (Fig-
ure S5D). Two comparably potent EYBA blocking and broadly
cross-reactive antibodies (Figures 5A and 5B) that lacked
neutralizing activity had comparable affinity: AB-4873, employ-
ing the recurrent VH1-46 / VK1-9 pair, and AB-4689, employing
therecurrent VH1-18/VK6D-21 pair. The affinity of these two an-
tibodies to RBDs from CoV2 (AB-4873 Kp = 4.1 nM; AB-4689
Kp = 0.24 nM), pangolin, RaTG13, and CoV1 was similar or

higher than AB-3467 (Figure S5). Given that affinity was not pre-
dictive of neutralizing activity, we next sought to explore if this
difference could be explained by other binding characteristics.
Biolayer interferometry competition assays confirmed that AB-
3467 as well as the non-neutralizing class 4 antibodies AB-
4873 and AB-4689 were equally potent at blocking the binding
of the class 4 antibody CR3022 to the CoV2 RBD (Figure 6C).
However, among the class 4 antibodies, only antibody AB-
3467 competed for binding of ACE2 by the CoV2 RBD (Fig-
ure 6D). AB-3467 thus represented the minority of class 4
broadly reactive antibodies elicited by immunization with RBDs
from CoV1, RaTG13, or CoV2 that possessed a capacity to block
availability of the RBS to ACE2 (Figure 2F).

By contrast, among the non-class 4 antibodies elicited by RBD
immunization, the three potent CoV2 neutralizing antibodies—
AB-1987, AB-2125, and AB-2445 (Figures 6A and 6B)—all
competed with ACE2 for binding to the RBD (Figure 6D). These
three antibodies were isolated from GC B cells with narrow spec-
ificity for CoV2 and lacking binding to RaTG13 or CoV1 RBDs
(Figures 5A and 5B), consistent with the vulnerability of class
1/2 antibodies to hypervariability around the ACE2 binding site.
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Figure 4. Cross-reactive B cell response in
human convalescent patients was compara-
ble to Ig-humanized mice

(A) Representative flow cytometric plots of circu-
lating IgD~ CD27* memory B cells in a convalescent
1 patient four months after CoV2 infection and in a
healthy uninfected control, stained with fluorescent
tetramers of RBDs from CoV2, RaTG13, and CoV1.
(B) Percentage of memory B cells binding one, two,
or all three RBD tetramers from three convalescent
CoV2 patients four months post-infection and three
uninfected healthy controls. Data points represent
one individual. Data pooled from two independent
experiments.

(C) IGHV usage among antibodies from 121 triple
RBD-binding memory B cells from CoV2 convales-
cent patients.

See also Figure S4.
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This highlighted that the class 4 antibodies were frequently
non-neutralizing, and that neutralizing potency was associated
with the ability to interfere with ACE2 binding.

Neutralizing class 4 antibodies shared common
structural features

Tounderstand how AB-3467 simultaneously competed with ACE2
and with CR3022/EY6A, we solved the crystal structure of the AB-
3467 Fab bound to the CoV2 RBD (Figures 6E and 6F). The struc-
ture revealed that >90% of the RBD-binding interface was pro-
vided by the antibody heavy chain, which projected a long
CDRHB3 loop containing three tyrosine (Y) residues and a trypto-
phan (W) residue whose side chains contacted hydrophobic com-
ponents of the RBD surface (Figure 6G). Much of this surface
(~80%) was also contacted by the heavy chain of CR3022 (Fig-
ure 6E; Table S3B). However, unlike CR3022, the backbone of
AB-3467’s long CDRHS3 loop extended the antiparallel beta sheet
running through the center of the RBD (Figures 6G and 6H). The
sole light chain contribution was mediated by side chain interac-
tions of CDRL1 residue Y32 with the highly conserved RBD resi-
due R408.

As a consequence of CDRH3 adding an antiparallel beta sheet
to the RBD core, the spatial orientation of the AB-3467 heavy and
light chains, with respect to the RBD surface, was rotated ~180
degrees relative to that of CR3022 (Figure 6E). Consequently,
the largely non-contacting AB-3467 light chain was projected
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each employing a long CDRH3 loop (Jette

ff;f; et al., 2021; Liu et al., 2020; Saunders
% % 5 % 5 etal.,2021; Wrapp et al., 2020). For the pre-
- viously published VHH-72 (Wrapp et al.,

2020), COVA1-6 (Liu et al., 2020), and

DH1047 (Saunders et al., 2021) class 4 an-
tibodies, the long CDRH3s also engaged the RBD through beta-
sheet extension (Figures S6E and S6F). Recently, Jette et al.
(2021) have shown the same antiparallel beta-sheet extension
in human antibodies C022 and C118. As such, antiparallel beta-
sheet extension at the RBD surface, mediated through long
heavy chain CDRS3s, appeared to be a common mechanism of
potent neutralizing class 4 antibodies. In contrast, shorter
CDRH3s were present in all 14 of the class 4 antibodies with
recurrent IGHV/IGKYV pairs that we had expressed and confirmed
broad sarbecovirus RBD reactivity but no neutralizing activity
(Figure 7A). The CDRH3 length of AB-3467 was also considerably
longer than the mean length of the total sequenced human or
mouse cross-reactive sequences (Figures S6H and S6l).

As noted above, AB-3467 was one of 260 CoV1/CoV2 RBD-
binding and sequenced B cells comprising a large, highly
mutated clone induced by repeated CoV1 RBD immunization
(Figure 5C). The observed VH4-59/VK1-9 pairing was infrequent
in the RBD response of other mice (Table S2). VH4-59 paired with
VK1-9 accounted for 0.5% of the total naive repertoire in Ig-hu-
manized mice; however, only a minority of naive B cells had
CDRHS3 as long as AB-3467 (Figure 7B), including naive B cells
expressing the VH4-59 heavy chain (Figure S6K). To further
explore the VH4-59 VK1-9 antibodies, an additional 17 anti-
bodies were expressed from the same clonal lineage as AB-
3467 as well as the unmutated common ancestor (Figure 5C).
All 17 of these antibodies and the unmutated common ancestor
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Figure 5. Cross-reactive human antibodies expressed from sequenced RBD-binding B cells showed common properties

Representative RBD-binding antibodies from Figure 2 and from published broadly reactive antibodies CR3022, EYBA, and S309 were expressed as human IgG1s
and tested in parallel.

(A) Heatmap showing binding of each antibody to the indicated sarbecovirus RBD, measured flow cytometrically as mean fluorescence intensity (MFI) of IgK
staining of RBD-conjugated erythrocytes. Also shown is the percentage of inhibition of fluorescent EY6A IgG1 binding to CoV2 RBD-conjugated erythrocytes,
measured flow cytometrically for each antibody in parallel. Hash symbol (#) denotes antibodies binding all three RBDs with an MFI > CR3022. Asterisk (*) denotes
CoV2-neutralizing antibodies. Control antibodies highlighted in yellow. RBD HRBCs/SRBCs immunizations and tetramer sorting strategy to elicit each antibody
are indicated below.

(B) IgK MFI for binding of each expressed antibody to erythrocytes conjugated with the indicated RBD. Red symbols indicate antibodies blocking EY6A more
strongly than the class 4 antibody CR3022. Published control antibodies shown by gray symbols. Squares indicate CoV2-neutralizing antibodies. Each symbol is

data for one antibody. Binding control with no antibody is indicated with an X.
(A and B) Data pooled from two independent experiments.

(C) AB-3467 clonal tree. Each row summarizes nonsynonymous somatic mutations in one clonally related, tetramer-sorted, and V(D)J-sequenced B cell. Anti-
bodies expressed for further analysis are indicated in black. AB-3467 is highlighted in red and AB-3623 in blue.
(D) CDRH3 and CDRK3 mutations across the indicated AB-3467 clonal lineage indicated in (C).

See also Figure S5.

bound to CoV2, RaTG13, CoV1, and mink RBDs and blocked
EY6A, confirming that the diverse patterns of somatic mutations
preserved a broad reactivity to the conserved class 4 epitope
that had been established during VDJ-recombination (Table
S3B). The unmutated ancestor nevertheless had 100-fold lower
affinity for the CoV2 RBD (Kp = 499nM) than its hypermutated de-
scendants AB-3467 (Kp = 4.1 nM) and AB-3623 (Kp = 2.3 nM)
(Figure S5). In addition, we expressed five clonally unrelated
VH4-59 VK1-9 antibodies with different D and J segments and

shorter CDRH3s but matched CDRH1/2s and CDRL1/2s. These
came from B cells sorted from CoV1 RBD-immunized mice on
days 7 or 20 that did not cross-react with CoV2 RBD tetramers
and were much less effective at cross-reactive binding or block-
ing EYBA than the unmutated ancestor of AB-3467 (Table S3B).
Compared to AB-3467, the highest spike binder expressed from
the AB-3467 clonal lineage, AB-3623, had a divergent mutational
profile outside of CDRH3 (Figures 5C and 5D) but showed similar
affinity (Figure S5G) and competition with CR3022 and ACE2
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(Figures 6C and 6D) and had comparable neutralization potency
against live CoV2 (Figure SEK). Collectively, these data indicate
that the long CDRH3 sequence generated by VDJ recombination
and preserved without mutation in AB-3467 and most of the 259
clonally related B cells is a dominant feature conferring binding to
the conserved class 4 site in diverse sarbecovirus RBDs.

Class 4 antibodies neutralized CoV2 variants of concern
The binding footprint of AB-3467 was highly conserved across
192,000 sarbecovirus RBD genomes (Table S1A) and separate
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CoV2 RBD

Binding interface

100 — 3623 (G) View of the CoV2 RBD beta sheet (gray) showing
the antiparallel extension by the AB-3467 heavy
chain. Key residues on AB-3467 labeled in purple
(edged by CDRHS3 residues Y108 [top] to S104
[bottom]).

(H) Binding interface of AB-3467 (purple) with the
CoV2 RBD (gray). ACE2-binding residues are
shaded black, escape mutation locations are in
yellow, and key RBD residues are labeled in black
text and key antibody residues in purple.

See also Figure S6.

AB-3467

from the mutations on the rim of the RBS,
including K417N, E484K, or N501Y, that
provide an escape from class 1 and class
2 antibody binding (Figure 6F). In biolayer
interferometry, the affinity of AB-3467 was
neither hindered by K417N, E484K, or
N501Y mutations (Figure 7C). AB-3467
potently neutralized lentiviral particles
bearing SARS CoV1 or CoV2 spike proteins
(Figure 7D). Likewise, AB-3467 retained live
CoV2 virus neutralization potency against
each of the current CoV2 variants of
concern: D614G, B.1.17 (alpha), B.1.351
(beta), B.1.617 (kappa), B.1.617.2 (delta),
P1 (gamma), P2 (zeta), B.1.525 (eta),
B.1.427 (epsilon), B.1.429 (epsilon), and
C36 variants (Figure 7E), with a maximum
of a 2-fold drop in IC5sg against any of these
variants. By contrast, class 1, class 2, and class 3 antibodies
show 10-fold (Chen et al., 2021; Greaney et al., 2021) or 4-to-6-
fold (Chen et al., 2021) drops in potency to these lineages.

DISCUSSION

The importance of vaccines that target conserved epitopes has
become apparent with the increasing predominance of viral muta-
tions that decrease the neutralizing efficiency of antibodies against
CoV2, particularly toward epitopes around the RBS (Greaney
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et al., 2021; Liu et al., 2021). Given the ongoing risk of CoV2 evo-
lution in animal hosts (Oude Munnink et al., 2021) and the potential
forthe emergence of related viruses (Wahl et al., 2021; Wang et al.,
2018), elicited antibodies should target not only the current CoV2
lineages but display resistance to novel variants of concern.

Of the cross-neutralizing epitopes on the RBD, antibodies tar-
geting the class 4 epitope (Barnes et al., 2020) hold considerable
hope at fulfiling this goal. This epitope is highly conserved,
possibly because of its interaction with the S2 subunit in the pre-
fusion spike conformation when the RBD is in the “down” state.
Antibodies to this epitope show considerable affinity for both
CoV1 and CoV2 and the bat precursor virus RaTG13 (Liu et al.,
2020), highlighting their potential resistance to future mutational
escape.

Here, we showed that immunization strategies with diver-
gent sarbecovirus RBDs induced antibodies to the conserved
class 4 epitope with a range of recurring IGHV/IGKV combina-
tions. These antibodies were not only stimulated by CoV2 RBD
immunizations but also by immunization with diverse sarbeco-
virus RBDs, extending recent work showing that nanoparticles
containing WIV1, Rfl, RmYNO2, and Pang17 RBDs could
result in CoV2-specific antibodies (Cohen et al., 2021). In
this study, we showed that immunization with CoV1 and
RaTG13 RBDs actually resulted in a higher proportion of the
response targeting this class 4 epitope compared to immuni-
zation with the CoV2 RBD. The potently neutralizing class 4
AB-3467 antibody lineage described here, similar to previously
described cross-reactive antibodies (Pinto et al., 2020; Rap-
pazzo et al., 2021; ter Meulen et al., 2006; Wec et al., 2020;
Wrapp et al., 2020), was induced by CoV1 RBD exposure.
Optimal RBD immunization strategies could therefore require
vaccinations with non-CoV2 RBDs. Our results addressed
the nature of CoV1 RBD-cross-neutralizing polyclonal anti-
bodies detected in the sera of macaques immunized with
the CoV2 RBD conjugated to ferritin in protein nanoparticles
or with an isolated CoV2 RBD given as an mRNA vaccine (Sa-
unders et al., 2021). The serum titers are 20-fold lower than
against CoV2, indicating that a minority of the response recog-
nizes conserved epitopes, but these antisera did measurably
block binding of a class 4 antibody DH1047 more than conva-
lescent patient serum. Later manuscripts have emerged sug-
gesting that the macaque repertoire is pre-disposed toward
the generation of CoV1/CoV2 cross-reactive responses
compared to humans and mice and suggest caution interpret-
ing macaque models of cross-reactive neutralizing antibodies
compared with data elicited from human antibody repertoire
mice (He et al., 2021). In contrast, we found that the IGHV re-
gions accounting for 76% of class 4 antibodies were equally
represented in the naive repertoire of humans and Ig-human-
ized mice, suggesting these are a more appropriate model
of cross-reactive responses. While these previous studies pro-
vide limited analysis of the nature of class 4 antibodies elicited
by RBD immunization and are limited to CoV2 RBD immuniza-
tion, their results complement the findings here that second-
generation immunization strategies employing diverse RBDs
elicit a small but consistent expansion of class 4 antibodies
with long heavy chain CDR3s targeting the RBD beta-sheet
backbone to confer broad reactivity and orient light chains
for the steric blockade of the ACE2 binding site.
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Although we were able to identify and express numerous anti-
bodies to the class 4 epitope, with most bearing high affinity to
diverse sarbecovirus RBDs, the great majority were not neutral-
izing. This corresponds to the characteristics of antibodies iso-
lated from convalescent patients in the published antibody data-
base (CoV-AbDab) (Raybould et al., 2021) wherein 17% (428/
2523) of antibodies described to bind CoV2 also bind to CoV1,
but only 6% (57/899) of neutralizing CoV2 antibodies show any
binding to CoV1. Taken together, these results highlight the
challenges to generating neutralizing antibodies to conserved sar-
becovirus epitopes. AB-3467 and four neutralizing class 4 anti-
bodies that have been isolated from convalescent humans reveal
ashared mechanism: concurrently binding the class 4 epitope and
blocking ACE2 interactions with the RBS by steric hindrance (Jette
etal.,2021; Liu et al., 2020; Saunders et al., 2021). In this study we
found and characterized two antibodies, AB-3467 and AB-3623,
induced by immunization with these unusual properties and simi-
larly broad and potent neutralizing activity from the same
expanded clone but with highly divergent CDR1 and CDR2 muta-
tional profiles. By contrast, antibodies with the same IGHV and
IGKV but different CDRH3 sequences lacked these properties.
The other described neutralizing class 4 antibodies show a wide
range of IGHV/IGKV/IGLV pairings (Jette et al., 2021; Liu et al.,
2020; Wrapp et al., 2020), indicating that this unusual mechanism
for virus neutralization can be conveyed by a wide variety of V-re-
gions and mutational profiles.

Despite their divergent CDR1 and CDR2 sequences, AB-3467
and the other potently neutralizing class 4 antibodies so far
described possess an extended CDRH3 which forms a fifth anti-
parallel beta sheet extending the four antiparallel beta sheets at
the core of the coronavirus RBD. Antiparallel binding of CDRH3
orientates the antibody H-chain so that the light chain is pro-
jected toward the ACE2 RBC, whereupon it sterically blocks
ACE2 binding without depending on contacts with the variable
class 1 and class 2 antibody epitopes. AB-3467 was distinct in
this manner because its binding interface consisted almost
exclusively of the antibody heavy chain. As such, AB-3467 was
able to function similarly to camelid single-domain antibodies
(nanobodies) (Wrapp et al., 2020) while still maintaining the ad-
vantages of being a fully human antibody.

A focus of next-generation vaccination strategies should be
the induction of class 4 antibodies that prevent ACE2 interac-
tions through steric hindrance, similar to the AB-3467 clonal line-
age induced here. The focus on highly conserved spike protein
structural elements provides these antibodies with resistance
to viral mutations, superior to that of antibodies binding the class
1, class 2, and class 3 epitopes, which show significant reduc-
tions in potency to emerging strains (Chen et al., 2021; Greaney
et al., 2021). However, the requirement for a long CDRH3 makes
these antibodies less common in the circulating naive B cell
repertoire. Indeed, our flow-cytometric analyses indicated that
a small percentage of heterologous RBD-elicited class 4 anti-
bodies block ACE2 binding, and we found only a single
expanded clone of 260 cells with these properties out of
>7,500 sequenced RBD-binding GC B cells, in contrast to non-
neutralizing class 4 antibodies, which were frequently induced
by a range of immunization regimes and employed more com-
mon CDRHS3 lengths and IGHV/IGKV pairs. Long CDRHS3s in-
crease the likelihood of self-reactivity (Mouquet et al., 2010)
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and downregulation of surface IgM on naive B cells (Zhang et al.,
2021), so uncommon B cell precursors of neutralizing class 4 an-
tibodies may need especially potent stimulation to overcome
tolerance checkpoints and undergo clonal redemption from
self-reactivity by somatic hypermutation (Burnett et al., 2018).
The findings here in humanized mice set out a structurally
defined pathway for these successful next-generation COVID
immunization strategies.

Limitations of the study

Sheep erythrocyte immunizations represent a well-character-
ized, adjuvant-free method for eliciting potent, reproducible anti-
body responses in rodents (Paus et al., 2006; Yi et al., 2015) and
have been shown to elicit potent antibody responses in humans
(Leikola and Aho, 1969). However, the antigenic complexity of
xenogeneic erythrocytes and their cross-reactivity with human
blood cell antigens may preclude their use for large-scale vacci-
nation (Hoffman et al., 1973; Villa and De Biasi, 1983; Yi et al.,
2015). Given the evidence that the CoV2 RBD mRNA immuniza-
tion of macaques elicits comparable titers of CoV1-neutralizing
serum antibodies to stabilized spike mRNA vaccination (Saun-
ders et al., 2021), the class 4 antibody responses demonstrated
here may be more potently elicited by second-generation mRNA
vaccines encoding CoV1 RBDs tethered to the plasma
membrane.
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KEY RESOURCES TABLE

Reagent or Resource Source Identifier

Antibodies

Anti-human CD21-BV421 (Clone B-ly4) BD Bioscience Cat#562966; RRID: AB_2737921

Anti-human IgD-BV510 (Clone 1A6-2) BD Bioscience Cat#563034; RRID: AB_2737966

Anti-human CD10-BV605 (Clone HI10a) BD Bioscience Cat#562978; RRID: AB_2737929

Anti-human CD19-BV711 (Clone SJ25C1) BD Bioscience Cat#563038; RRID: AB_2737970

Anti-human CD20-APC-H7 (Clone H27) BD Bioscience Cat#560853; RRID: AB_10561681

Anti-human IgG-BV786 (Clone G18-145) BD Bioscience Cat#564230; RRID: AB_2738684

Anti-human CD27-PE CF594 (Clone
M-T271)

Anti-human CD3-BB700 (Clone HIT3a)
anti-human IgK FITC (Clone MHK-49)
Anti-mouse IgK-biotin (Clone 187.1)
Anti-mouse 1gG1-BUV395 (Clone 10.9)
Anti-mouse Fas-PeCy7 (Clone Jo2)
Anti-mouse CD38-BV510 (Clone 90/CD38)
Anti-mouse CD4 -AF700 (Clone RM4-5)

Anti-mouse B220-BUV737 (Clone
RA3-6B2)

Anti-mouse CD11b-PE (Clone M1/70)
Anti-mouse TCRB-BV711 (H57-597)
Anti-mouse IgD APCCy7 (Clone 11-26c.2a)
unlabelled anti-CD16/32

unlabelled anti-CD16/32

BD Bioscience

BD Bioscience
Biolegend

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences

BD Biosciences
BD Bioscience
Biolegend
ebioscience

BD Biosciences

Cat#562297; RRID:

Cat#742207; RRID:
Cat#316506; RRID:
Cat#559750; RRID:
Cat#743265; RRID:
Cat#557653; RRID:
Cat#740129; RRID:
Cat#557956; RRID:
Cat#612839; RRID:

Cat#553311; RRID:
Cat#109243; RRID:
Cat#405716; RRID:

AB_11154596

AB_2871428
AB_493611
AB_397314
AB_2741388
AB_396768
AB_2739886
AB_396956
AB_2870161

AB_394775
AB_2629564
AB_10662544

Cat#14016186; RRID: AB_467135

Cat#553142; RRID:

AB_394657

Biological samples

Convalescent donor blood samples

The Kirby Institute, UNSW

https://kirby.unsw.edu.au/project/natural-
history-cohort-following-sars-cov-2-

infection
Chemicals, peptides, and recombinant proteins
Streptavidin- alkaline phosphatase Sigma Cat#S2890
Sigmafast P-Nitrophenl Phosphate Tablets Sigma Cat#N1891
Fixable Viability Stain 700 BD Bioscience Cat#564997
7AAD Biolegend Cat#420403
N-(8-Dimethylaminopropyl)-N- Sigma Cat#E7750
ethylcarbodimide hydrochloride
Horse Blood in Alsevers Applied Biological Products Cat#HBBX0050
Sheep Blood in Alsevers Applied Biological Products Cat#SHBA0050
Bovine Serum Albumin Bovogen Cat#BSAS-NZ
SA-BV605 Biolegend Cat#405229
protein G Sepharose Genscript Cat# L00209
pCEP4 mammalian expression vector Thermo Fisher Scientific Cat#V/04450
EZ-Link NHS-PEG4-Biotinylation reagent Thermo Fisher Scientific Cat#21330
Critical commercial assays
Chromium Single Cell 5" Gel Bead and 10x Genomics Cat#1000263
Library Kit v2
AF488 or AF647 conjugation kits Invitrogen Cat#A20181
High-binding plates Corning Cat#3700
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Reagent or Resource Source Identifier

70 pum cell strainer Falcon, Corning, NY, USA Cat#352350

ZebaSpin columns Thermo Fisher Scientific Cat#89890

Amicon Ultracel centrifugal columns Merck Millipore Ltd Cat#UFC501096

Deposited data

Crystallography
SC-RNaseq data

PDB entry
Mendeley data

Accession # 7msq
https://doi.org/10.17632/kxcmhj7p27.1

Experimental models: Cell lines

Expi293 cells
Lenti-X 293T

Thermo Fisher Scientific
Clontech Laboratories

Cat#A14527
Cat#632180

Experimental models: Organisms/strains

Mouse: C57BL/6JAusb

Mouse: Balb/C

Mouse: FVB

Mouse: Trianni
Mouse: B6.Cg-Tg(K18-hACE2)2Primn/J
Mouse: CR3022 Knock in

Australian BioResources

Australian BioResources

Australian BioResources

Dr Hans Martin-Jack
JAX Laboratories
This paper

https://www.abr.org.au/animals/
inbred-mice
https://www.abr.org.au/animals/
inbred-mice

https://www.abr.org.au/animals/
inbred-mice

https://trianni.com/
Cat#034860
N/A

Recombinant DNA

Spike protein plasmids

BEI Resources

Amanat et al., 2020

Software and algorithms

GraphPad Prism

FlowdJo version 10.7.1
R 4.0.2

GraphPad

Tree Star, Inc
The R Foundation

https://www.graphpad.com/scientific-
software/prism/

https://www.flowjo.com/

https://cran.r-project.org/bin/
windows/base/

RESOURCE AVAILABILITY

Lead contact

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

L. Burnett (d.burnett@garvan.org.au).

Material availability

CR3022 knock in mice generated in this study are available upon request and completion of a routine MTA.

Data and code availability

Crystallography for this project is uploaded to the PDB. Accession numbers are listed in the KRT.

The published article includes all datasets generated or analyzed during this study, including full scRNA-seq data in the accom-
panying tables, figures and supplementary material.

This study did not generate new code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

All mice used were housed at Australian BioResources and held at the Garvan Institute of Medical Research in specific pathogen-free
environments. TRIANNI mice (San Francisco, CA, USA), gained with permission from Hans-Martin Jack, expressing a fully humanized
variable antibody repertoire (Peter et al., 2021), were crossed with mice with a mutationin the «1,3 galactosyltransferase («1,3GT) gene
and lacked a-Gal epitopes on glycosylated proteins normally present in non-primate mammals (Saleh et al., 2020). This ensured that
they could form a more accurate model of a human antibody repertoire which is not tolerant to this epitope. Hemizygous male and
female K18-hACE2 mice (B6.Cg-Tg(K18-hACE2)2Primn/J, JAX stock #034860) were obtained from Jackson Laboratory. Transgenic
mice expressing the rearranged heavy and light chain genes of CR3022 were produced by the Mouse Engineering Garvan/ABR
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(MEGA) Facility using CRISPR/Cas9-mediated gene targeting in C57BL/6J embryos. Rearranged CR3022 L-VDJ heavy and L-VJ
kappa exons were linked to 5’ mouse Ighv and Igkv promoters and inserted 3’ of the endogenous Ighj4 and Igkj5 segments, respec-
tively. Mice hemizygous for both targeted loci were utilized for analysis. Mice were used between the ages of 7-12 weeks with both
male and female mice included. Mice were excluded if they showed any evidence of disease prior to recruitment.

Human samples
Convalescent COVID-19 donors The COSIN (Collection of COVID-19 Outbreak Samples in NSW) study is an ongoing prospective
cohort study evaluating the natural history of SARS-CoV-2 infection in New South Wales, Australia. Individuals with SARS-CoV-2
infection (confirmed by NAT) were eligible for enrolment, irrespective of disease severity. Participants were enrolled through seven
hospital in- and outpatient departments and referring microbiology laboratories in New South Wales between 6th March 2020 and
17th September 2020. In this study two female and one male patient with mild disease between the ages of 55 to 78 were used. Sam-
ples were collected at follow up visits 4 months following infection in August 2020.

Blood from two male and one female healthy control, between the ages of 25-48, were collected in July 2020 in Sydney, Australia,
where local transmission was very low at the time. None of these healthy controls had a history of COVID-19, were not close contacts
of cases of COVID-19 and were not health care workers. None had been given any COVID-19 vaccines.

Ethics statement

The Garvan Animal Ethics or Sydney Local Health District Animal Welfare Committees approved all mice protocols and procedures.
The protocol was approved by the Human Research Ethics Committees of the Northern Sydney Local Health District and the Uni-

versity of New South Wales, NSW Australia (ETH00520) and was conducted according to the Declaration of Helsinki and International

Conference on Harmonization Good Clinical Practice (ICH/GCP) guidelines and local regulatory requirements. Written informed con-

sent was obtained from all participants before study procedures.

METHOD DETAILS

Production of novel GM mouse lines using CRISPR/Cas9

CR3022 knock in GM mouse lines were produced by the Mouse Engineering Garvan/ABR (MEGA) Facility (Moss Vale and Sydney,
Australia) by CRISPR/Cas9 gene targeting in C57BL/6J mouse embryos following established molecular and animal husbandry tech-
niques (Yang et al., 2014). Embryos for microinjection were produced by mating stud males with super-ovulated C57BL/6J females.
Stud males were wild-type C57BL/6J mice. All embryos were microinjected with in vitro transcribed and polyadenylated mRNA en-
coding S.pyogenes Cas9 and either one or two in vitro transcribed sgRNAs. Microinjected embryos were cultured overnight and
introduced into pseudo-pregnant foster mothers. Pups were screened by PCR and Sanger sequencing of ear-punch DNA to identify
founder mice which were then crossed to C57BL/6J mice to establish each line.

Recombinant proteins

CoV sequences were taken from the literature in the field (Amanat et al., 2020; Zhang et al., 2020). Open reading frame of CoV proteins
were cloned into the pCEP4 mammalian expression vector (Thermo Fisher Scientific) with a N-terminal IgG leader sequence and
C-terminal Avitag and His tag for purification and transiently expressed in Expi293 cells (Thermo Fisher Scientific). Transfections
were performed as per the manufacturer’s instructions and the protein expressed for 7 days at 37°C, 5% CO,. Recombinant CoV
proteins were purified from cell culture supernatant using Talon resin (Takara). Fractions were further gel-filtration purified a S200
26/60 column plumbed with 25 mM Tris (pH 8.0), 150 mM NaCl as the running buffer. Finally, peak fractions were pooled and concen-
trated with spin filters (Amicon Ultracel 10KMWCO, Merck). The plasmid encoding the spike protein with C-terminal trimerization
domain and His tag was a gift from the Krammer lab (BEI Resources) (Amanat et al., 2020). The protein was further purified on a Se-
pharose 6 gel filtration column (GE Healthcare) using an AKTA Pure FPLC instrument (GE Healthcare) to isolate the trimeric protein.

Proteins were biotinylated by incubating for 30 min at room temperature with EZ-Link NHS-PEG4-Biotinylation reagent (Thermo
Fisher Scientific) at a 10:1 biotin-to-protein ratio. Free biotin was removed from the samples by repeating the buffer exchange
step in a second ZebaSpin column equilibrated with PBS. Following biotinylation proteins were conjugated to the relevant strepta-
vidin fluorophores at a 4:1 molar ratio for 1h at 4 degrees. Excess biotinylated protein that was not coupled to streptavidin was
removed by size exclusion through 30KMWCO Amicon Ultracel centrifugal columns (Merck Millipore Ltd). All recombinant protein
fluorophores were titrated prior to use. Tetramers were stored for a maximum of 4 weeks prior to use.

Antibodies were transiently expressed as human IgG1 in HEK293 cells using standard plate transfection and the Expi system (Life-
Technologies) and purified with protein G Sepharose (Genscript) according to the manufacturers’ recommendations. Buffer ex-
change was performed using Genescript desalting preparation columns. Quality control of proteins included SDS-Page and western
blots. Samples that failed to meet QC or were unable to be expressed at high concentrations (< 0.01mg/mL) were removed from the
analysis. Samples were frozen at —80 degrees prior to use.

Affinity measurements using biolayer interferometry (BLI)
Purified monoclonal IgG antibodies were buffer exchanged into PBS using equilibrated ZebaSpin columns (Thermo Fisher Scientific).
Affinity of interactions between biotinylated antibodies and purified soluble RBD proteins were measured Biolayer Interferometry
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(BLlItz, ForteBio). Streptavidin biosensors were rehydrated in PBS containing 0.1% w/v BSA for 1 h at room temperature. Biotinylated
antibody was loaded onto the sensors “on-line” and global fits were obtained for the binding kinetics by running associations and
dissociations of RBD proteins at a suitable range of molar concentrations. The global dissociation constant (KD) for each 1:1 binding
interaction was determined using the BlitzPro 1.2.1.3 software. For competition assays, biotinylated ACE2-Fc or CR3022 antibody
was loaded onto the streptavidin sensors on-line, and the binding kinetics determined using either 500 nM of soluble RBD, or 500nM
of soluble RBD pre-incubated with 1uM of IgG for 5min, using advanced kinetics protocol.

Structural studies

Crystals were grown in a vapor-diffusion hanging-drop format by combining equal volumes (2 uL) of protein complex (~5.5 mg/mL)
with well solution (100 mM BisTrisPropane (pH 6.9), 800 mM KSCN, 10% (v/v) glycerol, 18% (w/v) PEG8000). Initial crystallization hits
were obtained with a sparse-matrix commercial screen (PACT-premier (Molecular Dimensions), conditions E4, F4, G4 and H4),
dispensed with a Mosquito liquid handling robot (TTP Labtech), before optimizations were performed in 24 well plates. No explicit
cryoprotection protocol was employed, and crystals were directly flash frozen in liquid nitrogen. X-ray diffraction data were recorded
at the Australian Synchrotron on beamline MX2 using a Dectris Eiger X16M detector. A 360 degree sweep of data was recorded then
deconvolution into 3600 images (0.1° degree each). Reflections were indexed and integrated using XDS (Kabsch, 2010). Space
groups were determined with POINTLESS (Evans, 2011) and scaling and merging were performed with AIMLESS (Evans and Mur-
shudov, 2013), both part of the CCP4 suit of software (Winn et al., 2011). Data collection statistics are shown in Table S4. Structures
were determined by molecular replacement using PHASER (McCoy et al., 2007). The search model for the RBD component was
derived from PDB entry 7kzb (Rouet et al., 2021), while the Fab components were derived from PDB entry 7czx where the heavy
and light chains were split into variable (VH + VL) and constant (CH1 + CL) domain pairings. Two RBD-Fab complexes were found
in the asymmetric unit, consistent with a solvent content of ~54%. The model was iteratively improved via rounds of refinement per-
formed with REFMAC5 (Murshudov et al., 2011) and manual real-space inspection and adjustment performed with COOT (Emsley
et al., 2010). Model and refinement statistics are shown in Table S4. The final model comprises two essentially identical RBD-Fab
complexes.

Sheep red blood cells (SRBCs) conjugation and binding assays

Conjugation was performed as described previously (Burnett et al., 2018). Sheep Red Blood Cells (SRBCs) were washed in of Phos-
phate Buffered Saline (PBS) three times by centrifugation at 2,300 rpm (1,111 g) for 5 min at 4°C and then once in conjugation buffer.
SRBCs were then resuspended in a final volume of 1 mL conjugation buffer containing 10-30ug/mL of protein for conjugation. The
solution was mixed on a platform rocker on ice for 10 minutes. 10 mg N-(3-Dimethylaminopropyl)-N-ethylcarbodimide hydrochloride
(EDCI) (Sigma) was then added and the solution was mixed for a further 30 minutes on ice. SRBCs were then washed four times in
PBS. Confirmation of successful conjugation was performed by flow-cytometric analysis of SRBCs and shown to be proportional to
the concentration of conjugated antigen. Mice were immunized with 200,000 SRBCs per mouse intravenous via retroorbital injection.
For day 7 analyses mice were immunized once on day 0 and harvested on day 7. For day 20 analyses mice were immunized RBD
conjugated SRBCs on days 0 and 6, and RBD conjugated horse red blood cells (HRBC) on days 10 and 15.

For assays to assess the binding of expressed antibodies to CoV protein conjugated SRBCs, 10,000 SRBCs were aliquoted into
individual wells of a 96 well plate. 50uL of 10ug/mL of the relevant antibodies were added to each well and incubated for 30 mins on
ice. Samples were then washed by the addition of 100uL PBS and centrifuged at 2,300 rpm (1,111 g) for 1 min at 4°C. A further in-
cubation was then performed by adding 50uL per well of a 1:50 dilution of FITC anti-human IgK (Biolegend, Clone MHK-49), followed
by a further wash step prior to transfer to tubes for flow cytometry.

For antibody competition assays by flow cytometry, 100ug of EYBA or S309 IgG1 antibody was conjugated to AF488 or AF647
conjugation kits (Invitrogen), ACE2-FC dimers were biotinylated and incubated for 30 minutes with SA-BV605 (Biolegend). Antibodies
and ACE2 were titrated against CoV2 RBD-conjugated SRBCs to determine a sub-saturating dilution of the fluorescent antibody to
be used to measure competition with other unconjugated antibodies. The mean fluorescent intensity of binding of these fluorescent
antibodies to SARS-CoV-2 RBD conjugated SRBCs was measured after incubating the SRBCs with competing unconjugated anti-
bodies at 10ug/mL for 30 minutes on ice, compared to the MFI with no competing antibody measured in parallel. % inhibition = MFI
test/MFI no competitor x 100.

For assessment of the effects of EDCI on RBD proteins CoV2 RBD was resuspended at 10ug/mL in 1mL conjugation buffer. 10mg
of EDCI was added (or sample left as a control) and the sample was mixed for a further 30 minutes on ice. Following this incubation
2ug/mL EDCI conjugated or unconjugated CoV2 RBD was added to 1 million splenocytes from a mouse with a knocked in CR3022
heavy and light chain B cell receptor and sample was incubated for a further 30 minutes. Samples were then washed by the addition
of 100uL PBS and centrifuged at 2,300 rpm (1,111 g) for 1 min at 4°C. Samples were then incubated with S309- AF647 or ACE2FC-
BV605 generated as described above for 30 minutes, followed by a further wash step and transfer to flow tubes.

Flow cytometry

On the day of harvest organs were collected into PBS with 1% Bovine Serum Albumin (BSA) (Bovogen), cell suspensions passed
through a 70 um cell strainer (Falcon, Corning, NY, USA) and centrifuged 1,500 rpm (440 g) for 5 min at 4°C. Fc receptors were
blocked with unlabeled anti-CD16/32 (ebioscience or BD) before staining.
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Single cell suspensions were labeled with the following anti-mouse antibodies: IgG1-BUV395 (10.9, BD Biosciences), Fas-PeCy7
(Jo2, BD Biosciences), CD38-BV510 (90/CD38, BD Biosciences) CD4 -AF700 (RM4-5, BD Biosciences), B220-BUV737 (RA3-6B2,
BD Biosciences), CD11b-PE (M1/70, BD Biosciences), TCRB-BV711 (H57-597, BD Bioscience), IgD APCCy7 (11-26c.2a, Bio-
legend). Live dead discrimination was performed with 7AAD (Biolegend). B cells were determined as TCRB", CD4", CD11b",
B220" cells. Germinal centers were identified as Fas*, CD38", IgD".

Cells were filtered using 35um filter round-bottom FACS tubes (BD PharMingen) immediately before data acquisition on a LSR Il
analyzer (BD PharMingen) sorted samples were analyzed on a FACS ARIA Il or Ill (BD PharMingen). Forward- and side-scatter
threshold gates were applied to remove red blood cells and debris and approximately 2-5 x 108 events were collected per sample.
Cytometer files were analyzed with FlowJo software (FlowJo LLC, Ashland, Oregon, USA).

For flow cytometric epitope binding assays spleens from immunized day 20 TRIANNI mice were incubated with SARS-CoV-2 RBD
at 200ng/mL in 1% BSA. Unimmunized mice with knocked in CR3022 heavy and light chain B cell receptor were used as a staining
control as affinity maturation of the CR3002 antibody has been shown to be able to mature to bind different epitopes (Rouet et al.,
2021). 1IgG1-BUV395 (10.9, BD Biosciences), Fas-PeCy7 (Jo2, BD Biosciences), CD38-BV510 (90/CD38, BD Biosciences) CD4
-AF700 (RM4-5, BD Biosciences), B220-BUV737 (RA3-6B2, BD Biosciences), CD11b-PE (M1/70, BD Biosciences), TCRB-BV711
(H57-597, BD Bioscience), IgD APCCy7 (11-26¢.2a, Biolegend) as well as S309 conjugated to AF647 and EYBA conjugated to
AF488. Live dead discrimination was performed with 7AAD (Biolegend). Samples were then incubated with ACE2FC-BV605 gener-
ated as described above for 30 minutes. Between stains samples were washed by the addition of 100uL PBS and centrifuged at
2,300 rpm (1,111 g) for 1 min at 4°C. Gating of germinal center and memory B cells was performed as above.

For analysis of human samples, cryopreserved PBMCs were thawed rapidly in a 37-degree waterbath and washed with pre-warmed
RPMI media supplemented with 2 mM L-glutamine, IU/mL penicillin, 50 ng/mL streptomycin and 10% heat inactivated fetal calf serum
(Sigma). The cells were resuspended in PBS and counted. Single cell suspensions were labeled with the following anti-human antibodies
at the indicated dilutions 1:10 CD21-BV421 (B-ly4, BD Bioscience), 1:10 IgD-BV510 (IA6-2, BD Bioscience), 1:10 CD10-BV605 (HI10a,
BD Bioscience), 1:20 CD19-BV711 (SJ25C1, BD Bioscience), 1:10 CD20-APC-H7 (H27, BD Bioscience), 1:5 IgG-BV786 (G18-145, BD
Bioscience), 1:25 CD27-PE CF594 (M-T271, BD Bioscience), 1:50 CD3-BB700 (HIT3a, BD Bioscience). Live dead discrimination was
performed with Fixable Viability Stain 700 (BD Bioscience). Memory B cells were identified as CD3-, CD19+, CD20+, CD10+ IgD-.

Serum ELISA

High-binding plates (Corning, Corning, NY, USA) were coated with the relevant CoV recombinant proteins at 5ug/mL in a sodium
Biocarbonate buffer (0.3% NaHCO3, 0.2% NaCOg3, 0.01% MgCl,) overnight at 4 degrees. Wells were then blocked with 1% BSA
in PBS for 1h at 35 degrees, followed by incubation with mouse serum. Bound serum antibody quantified using IgK-biotin (187.1,
BD Biosciences) followed by Streptavidin- alkaline phosphatase (Sigma) and Sigmafast P-Nitrophenl Phosphate tablets (Sigma).

10x Genomics sequencing and analysis

For 10x experiments FACS-sorted single-cell germinal center B cell suspensions were used to generate barcoded single-cell 5 cDNA
libraries for each sample pool with the Chromium Single Cell 5’ Gel Bead and Library Kit v2 (10x Genomics). Libraries were assessed
with an Agilent BioAnalyzer High Sensitivity DNA chip, pooled, and quantified with gPCR (KAPA Library Quantification Kit). Denatured
libraries were loaded onto an lllumina NovaSeq 6000 and sequenced using a 150-cycle High-Output Kit. To process the sequencing
data, we used the 10x Genomics cellranger pipeline (v2.1.0), comprising the mkfastq stage. Using cellranger mkfastq, raw base call
files were demultiplexed into sample-specific FASTQ files. FASTQs were then processed with 10x Genomics cellranger vdj (v4.0.0)
using a custom reference that included the human /IGH and /IGK variable (V/D/J) genes and the mouse Igh and Igk constant region
genes. The resulting VDJ contigs were post-processed using stand-alone IgBLAST (v1.14) (Ye et al., 2013) to generate additional
alignment details. Clonal lineages were defined by independent clustering of the IGH and IGK using cd-hit (Li and Godzik, 2006).
IGH and IGK were subset by V gene, J gene and CDR3 length and CDR3 nucleotide sequences were clustered at 90% identity. Clonal
trees were generated using the linearham package (Dhar et al., 2020). Trees were visualized using the ggtree package (Yu, 2020).

Plate-based VDJ single cell sequencing and analysis

Following flow cytometry sorting of single cells into 96-well plates, Smart-Seg2 was performed by following the protocol of Picelli
et al. (Picelli et al., 2014) with the following modifications. Reactions were performed at half volumes, the IS PCR primer was reduced
to 50nM final concentration and the number of PCR cycles increased to 28. Sequencing libraries were prepared using the Nextera XT
Library Preparation Kit (Illumina) at one quarter of the recommended volume. Sequencing was performed using the lllumina NextSeq
500 instrumet with 150 bp paired-end reads to a median depth of ~1 million reads per cell. Paired heavy and light chain sequences
were assembled with mixcr. Paired fastgs for each cell were processed using mixcr (v3.0.9) using the analyze command with the
shotgun option (Bolotin et al., 2017). The resulting contigs were then processed with IgBLAST as for the 10x VDJ datasets.

Bulk repertoire sequencing

Follicular B cells (CD19+ CD23+ CD21+) of 12-14 week old female naive TRIANNI mice were FACS-sorted and total RNA was ex-
tracted from 10° cells per sample. First-strand cDNA was prepared with mouse C-region specific primers containing unique molec-
ular identifiers (UMI) and VDJ regions were amplified using pooled primers targeting human VH leader sequences (Kreer et al., 2020)
containing UMls.
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NGS was performed on the lllumina MiSeq platform with a MiSeq Reagent Kit V32 x 300 bp paired-end (lllumina). Read Quality
was ensured by FASTQC quality analysis. Quality filtering and Paired-end read merging was achieved with the pRESTO software
package (Vander Heiden et al., 2014).

Error correction was achieved with UMIs as part of the cDNA synthesis (10pb) and multiplex PCR Primers (4bp). PCR and
sequencing errors were corrected by UMI pattern matching and selecting reads containing valid UMIs. Reads with matching
UMIS were corrected to the most abundant read per UMI (1704 - 1954 unique UMlIs retained per sample). To exclude quantitative
bias introduced during multiplex PCR reads were normalized to unique mRNA sequences utilizing 10bp UMIs. VDJ annotation
was conducted with IMGT/HighV-QUEST (Alamyar et al., 2012) as well as the Change-O (Gupta et al., 2015) wrapper for IgBlast.
The sequences were further analyzed with the ARGalaxy immune receptor pipeline(Moorhouse et al., 2014).

Analysis of IGHV gene usage

IGHV gene usage, as defined by IgBLAST, was compared to relevant naive repertoires. For humans, IGH repertoire sequencing from
114 healthy human controls was obtained from SRA (BioProject: PRUNA491287) and processed as previously reported (Nielsen et al.,
2020). The naive compartment was defined as unmutated (< 0.5% median SHM) IgM clones and donors with at least 1000 unique IgM
clones were retained (n = 100). For TRIANNI mice, naive B cells were sorted from an unimmunised mouse and sequences and
analyzed using the 10x Genomics platform. To test if an IGHV gene’s usage differed between a response and the underlying naive
repertoire, the odds ratio and P value were determined by a Fisher’s exact test using the fisher.test function from the stats package in
R and plotted using the ggplot package with RStudio.

The IGHV usage among patient derived mAbs that bind RBD were extracted from the CoV-AbDab (release 16" June 2021) (Ray-
bould et al., 2021). The csv file was downloaded and subset for mAbs meeting the following criteria: Binds to = SARS-CoV2 or SARS-
CoV1, Protein + Epitope = RBD, Heavy V Gene = human IGHV, Origin = B cells from COV2 Patient. IGHV gene usage was quantified
using the reported ‘Heavy V Gene’ and neutralization information was collected from the ‘Neutralizing Vs’ field. Data manipulation
was performed in R using the tidyverse package.

SARS-CoV-2 infections in K18-hACE2 mice

Hemizygous male and female K18-hACE2 mice (B6.Cg-Tg(K18-hACE2)2Primn/J, JAX stock #034860) were obtained from Jackson
Laboratory. Mice were housed in groups and fed normal rodent chow. At 6-8 weeks age, mice were intranasally inoculated with 1 x
10* PFU SARS-CoV-2 (Isolate AUS/VIC01/2020) in a 30 ulL volume. Mice were weighed and monitored twice daily. Once mice lost
20% body weight, or showed any severe clinical disease, they were humanely euthanized and tissues collected for downstream
processing.

SARS-CoV-2 viral-cell fusion assay

For SARS-CoV-2 viral-cell fusion assays, stable ACE2-expressing Hek293T cells were generated by lentiviral transductions and len-
tiviral particles pseudotyped with SARS-CoV-2 Spike envelope were produced by co-transfection with a GFP encoding lentiviral
plasmids. Neutralization activity of sera was measured using a single round infection of ACE2-HEK293T with Spike-pseudotyped
lentiviral particles. Virus particles were incubated with serially diluted antibodies for 1 hour at 37°C and then added onto ACE2-
HEK293T cells. Following spinoculation at 1200 g for 1 hour at 18°C, the cells were moved to 37°C for 72 hours. Entry of Spike par-
ticles was imaged by GFP-positive cells (InCell Analyzer) followed by enumeration with InCarta software (Cytiva, USA). Neutralization
was measured by reduction in GFP expression relative to control group infected with the virus particles without antibody treatment.

High content live SARS-CoV-2 neutralization assay

Antibodies were serially diluted and mixed in duplicate with an equal volume of virus solution at 1.25x10* TCID50/mL. After 1 hour of
virus-antibody coincubation at 37°C, 40 L were added to an equal volume of Vero E6 or HEK293T cells (5x10° cells in suspension) in
384-well plates for a final MOI = 0.05. After 72h, cells were stained with NucBlue (Invitrogen, USA) and the entire well was imaged with
InCell Analyzer microscopy system (Cytiva). Nuclei counts were obtained for each well with InCarta software (Cytiva) as a proxy for
measuring cytopathic effect. Counts were compared between test antibody, mock controls (defined as 100% neutralization), and in-
fected controls (defined as 0% neutralization). Sample-mediated neutralization was calculated using the formula; % viral neutraliza-
tion = (D-(1-Q))x100/D, where Q = nuclei count normalized to average of mock controls, and D = 1-Q for average of infection controls.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism 8 (GraphPad Software, San Diego, USA) was used for data analysis. When the data were normally distributed, an
unpaired Student’s t test was performed for analysis. When data was not normally distributed Welsh’s correction was applied. For all
tests, p < 0.05 was considered as being statistically significant. Unless otherwise stated error bars represent arithmetic mean. For all
figures, data points indicate individual mice. * represents p < 0.05, ** represents p < 0.01, *** represents p < 0.001, *** represents
p < 0.0001.
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