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Glycan engineering of the SARS-CoV-2
receptor-binding domain elicits cross-neutralizing
antibodies for SARS-related viruses
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Broadly protective vaccines against SARS-related coronaviruses that may cause future outbreaks are urgently needed. The
SARS-CoV-2 spike receptor-binding domain (RBD) comprises two regions, the core-RBD and the receptor-binding motif (RBM);
the former is structurally conserved between SARS-CoV-2 and SARS-CoV. Here, in order to elicit humoral responses to the
more conserved core-RBD, we introduced N-linked glycans onto RBM surfaces of the SARS-CoV-2 RBD and used them as
immunogens in a mouse model. We found that glycan addition elicited higher proportions of the core-RBD-specific germinal
center (GC) B cells and antibody responses, thereby manifesting significant neutralizing activity for SARS-CoV, SARS-CoV-2,
and the bat WIV1-CoV. These results have implications for the design of SARS-like virus vaccines.

Introduction

The coronavirus disease 2019 (COVID-19) pandemic, caused by
the B-coronavirus severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2; herein called CoV-2), is a global health
crisis. Coronavirus entry into host cells is mediated by the virus
S protein, which forms trimeric spikes on the viral surface.
The entry receptor for CoV-2 and SARS-CoV (herein called CoV-1)
is the human cell-surface angiotensin converting enzyme
2 (ACE2), and the receptor-binding domain (RBD) of the spike
from both of these viruses binds ACE2 with high affinity. Hence,
the RBD is the primary target for neutralizing antibodies and has
become a promising vaccine candidate (Dai and Gao, 2021; Walls
et al., 2020).

Although the mutation rate of coronaviruses is low when
compared with other viruses such as influenza or HIV, certain
mutations in the S protein of CoV-2 have emerged in the setting
of the rapidly spreading pandemic. One such mutation, D614G,
which has now spread and become a dominant strain world-
wide, turned out not to affect the overall neutralizing ability of
patient sera (Korber et al., 2020), therefore, at least to some

extent, reducing concerns about reinfection with CoV-2
variants.

However, given that prior coronavirus epidemics (e.g., CoV-
1 and Middle East respiratory syndrome-CoV) have occurred
due to zoonotic coronaviruses crossing the species barrier
(Wacharapluesadee et al., 2021), the potential for the emergence
of similar viruses in the future poses a significant threat to
global public health, even in the face of effective vaccines for
current viruses. For instance, bat SARS-like coronavirus, WIV1-
CoV (WIV1; Wec et al., 2020), sharing 77% amino acid identity in
S proteins to CoV-2, has been shown to be able to infect human
ACE2-expressing cells (Ge et al., 2013; Menachery et al., 2016).
However, sera from CoV-2-infected individuals exhibited very
limited cross-neutralization of WIV1, except for rare individuals
with low levels of neutralizing antibodies (Garcia-Beltran et al.,
2021). This observation suggests that, although generation of
broadly neutralizing antibodies is possible, current infection and
vaccines are unlikely to provide protection against the emer-
gence of novel SARS-related viruses.
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The CoV-2 RBD is composed of two regions (Fig. 1 A). The
core-RBD consists of a central B sheet flanked by a-helices (in-
dicated in blue in Fig. 1 A) and presents a stable folded scaffold
for the receptor-binding motif (RBM; residues 437-508; indi-
cated in red in Fig. 1 A; Shang et al., 2020), which encodes ACE2
binding and receptor specificity (herein, the core-RBD and RBM-
encoded regions are called the core- and head-RBD subdomains,
respectively; Shang et al., 2020). Initial analysis of convalescent
sera from CoV-2-infected individuals demonstrated that many
neutralizing antibodies (class 1 and 2) recognize the head-RBD
subdomain (Fig. 1 B; Barnes et al., 2020a). However, in terms of
broadly protective responses, the following three lines of evi-
dence suggest that the core-RBD subdomain could be a more
promising target. First, sequences for this subdomain are well
conserved between CoV-1 and CoV-2 (Fig. S1 A). Second, non-
biased deep mutational scanning studies showed that the core-
RBD subdomain has more mutational constraint for protein
expression than the head-RBD subdomain (Starr et al., 2020).
Finally, a recent study showed that, among mAbs recognizing
the core-RBD from CoV-1-infected individuals in the 2003 SARS
outbreak, there exist potent cross-neutralizing antibodies for
CoV-2 and the bat SARS-like virus WIVI1. Moreover, several
CoV-2-infected individual-derived mAbs targeting the core-
RBD of CoV-2 exhibited cross-neutralizing activity against
CoV-1and other sarbecoviruses (Brouwer et al., 2020; Jette et al.,
2021 Preprint; Liu et al., 2020a).

One of the potential obstacles to targeting the core-RBD
subdomain for vaccine development is that the epitopes in
this subdomain seem to be immuno-subdominant (Dai and
Gao, 2021; Liu et al., 2020b). To circumvent this problem,
possibly directing immune responses to ordinarily immuno-
subdominant epitopes, and providing protection against
SARS-related CoV, at least two approaches can be considered:
(1) altering the immunogen surface through targeted point
mutations and deletions (Impagliazzo et al., 2015; Jardine et al.,
2013; Valkenburg et al., 2016); and (2) introducing N-linked
glycans believed to shield the neighboring epitopes by means
of the NxS/T sequons (Duan et al., 2018; Eggink et al., 2014). To
facilitate the immune responses to the core-RBD subdomain,
we introduced glycans into the CoV-2 head-RBD subdomain.
Here, we demonstrated that the glycan engineering facilitated
the elicitation of potent cross-neutralizing antibodies toward
CoV-1, WIV1, SARS related SHC014-CoV (SHCO14), and Pan-
golin CoV GX-P2V (PaGX; clade 1 sarbecoviruses; Ge et al., 2013;
Lam et al., 2020; Menachery et al., 2016). Thus, glycan engi-
neering onto the RBD could provide one of the promising de-
signs for SARS-related virus vaccines.

Results

Design of CoV-2 RBD glycan mutants

To engineer the CoV-2 head-RBD subdomain (Fig. 1 A), we in-
troduced N-linked glycosylation sites (NxT motif) in this sub-
domain (Barnes et al., 2020b), which contains essential residues
for ACE2 engagement (Fig. 1, A and C). The already established
mAbs recognizing CoV-2 RBD are classified into four types; as
shown in Fig. 1 B, class 1/2 and 3/4 recognize epitopes in the
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head-RBD and core-RBD subdomains, respectively. Five poten-
tial sites for the introduction of NxT sequons (GMI4) were
identified based on the following criteria: (1) surface residues on
the class 1 or 2 epitope; (2) residues outside the class 3 and 4
epitopes in the core-RBD subdomain (Fig. 1 C; Barnes et al.,
2020b); (3) residues within, or conformationally close to, the
nonconserved patches of the head-RBD subdomain (Fig. S1 A);
(4) NxT mutations not expected to disrupt the overall structure
of RBD; and (5) not expected to reduce RBD protein expression
or stability (Starr et al., 2020). Although the N415 site is some-
what distal from the head-RBD subdomain (Fig. 1 C), this site
was already reported to be a part of the epitope recognized by
the class 1 mAb CB6 (Shi et al., 2020). We designed two glycan
mutants, GM9 and GM14, that have three and five additional
glycosylation sites, respectively. Structural modeling predicted
that these additional glycans would prevent antigen recognition
by class 1 and 2 antibodies (Barnes et al., 2020b; Yuan et al.,
2020).

The glycan mutants were coupled with 6xHis-Avi-tag at the C
terminus and expressed in mammalian Expi293 cells. They ex-
hibited a higher molecular weight than WT RBD in SDS-PAGE
(Fig. S1 B). The glycan occupancy of each introduced glycosyla-
tion sites was determined by liquid chromatography/mass
spectrometry (LC/MS). All added glycosylation sites had occu-
pancies >75% except the added N494 and N502 glycans from
GM9, which showed 70% and 57%, respectively (Fig. 1 D). The
process of N-glycosylation in the ER is affected by conforma-
tional constraints (Breitling and Aebi, 2013). The somewhat
lower glycan occupancy at N494 and N502 could be due to
limited accessibility of oligosaccharyl transferases to these as-
paragine residues, which are positioned in close proximity to
each other.

We then investigated whether the glycan modifications
prevent binding of class 1/2 antibodies but maintain antigenic
epitopes for class 3/4 antibodies. In ELISA, all tested antibodies
were strong binders to WT RBD (Fig. 1 E). mAb CB6, a stereo-
typic class 1 neutralizing antibody, completely failed to bind to
either of the glycan mutants (GM9 and GM14). Although the
binding of mAb C002, a class 2 antibody (Robbiani et al., 2020),
to RBD was abolished by GM14, this mAb still bound weakly to
GM9, indicating that the five mutations are required for com-
plete inhibition of class 2 mAb C002. In contrast, core-RBD
subdomain targeting mAb S309 (class 3; Pinto et al., 2020),
mAb CR3022 (class 4; Yuan et al., 2020), and mAb EY6A (class 4;
Zhou et al., 2020) bound to WT RBD, GM9, or GM14 at a similar
level, indicating that the introduced mutations for additional
glycosylation do not affect overall structure of the core-RBD
subdomain (Fig. 1 E).

Glycan engineering of the CoV-2 head-RBD generated more
antibodies toward the core-RBD with higher affinity

To overcome the limited immunogenicity of the relatively small
CoV-2 RBD, we multivalently displayed it on streptavidin poly-
styrene nanoparticles. Consistent with a previous report (Walls
et al., 2020), in contrast to soluble monomeric RBD, the partic-
ulate RBD gave rise to more robust primary antibody responses
(Fig. S1 C). These particulate antigens (WT RBD, GM9, or GM14)
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Figure 1. Design of CoV-2 RBD glycan engineering mutants. (A) Structure of RBD of CoV-2 S (Protein Data Bank accession no. 6YZ5) that engages the ACE2
ectodomain (Protein Data Bank accession no. 6MOJ). Head and core subdomains are colored in red and blue, respectively. ACE2 is colored in gray. (B) Epitopes
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of representative anti-CoV-2 mAbs. (C) Schematic illustration of glycosylation sites in CoV-2 RBD WT, GM9, and GM14. The native and additional glycosylation
sites are shown in black and yellow, respectively. Ribbon models of GM9 and GM14 are shown on the right. The yellow spheres are the introduced N-glycan
sites. (D) Glycan occupancy at N-linked glycosylation sites of CoV-2 RBD WT, GM9, and GM14 determined by LC/MS. The bars indicate the percentage of glycan
occupancy for each site. (E) ELISA binding of previously reported mAbs against CoV-2 RBD (CB6, C002, S309, CR3022, and EY6A) to CoV-2 RBD WT, GM9, and
GM14. Anti-Candida albicans human IgG1 mAb 23B12 was used for a negative control. Heatmap shows the percentage of binding (the value of the area under
the curve [AUC] in ELISA for CoV-2 RBD WT is set at 100% for each mAb). Representative results from three independent experiments are shown. conc.,

concentration.

were injected intramuscularly into BALB/c mice with AddaVax
adjuvant. The mice were boosted with respective nonparticulate
antigens 3 wk after priming (Fig. 2 A). We tested sera taken at 7 d
after boosting for reactivity to CoV-2 RBD. Since, like alum,
AddaVax dominantly induces IgGl-type antibody in the mouse
(Sato et al., 2020), we measured the IgG1 response. To first ad-
dress the possibility that the mice may have mounted an im-
mune response toward neo-epitopes generated by glycan
engineering that the parental CoV-2 RBD probe would not de-
tect, we examined serum and germinal center (GC) B cell re-
sponses from the respective immunization protocols using
immunogen-matched glycosylation mutant and parental probes.
ELISA analysis indicated similar RBD-specific serum titers be-
tween the probe sets; by flow cytometry analysis, ~10 or 15% of
GC B cells bound to only immunogen-matched glycosylation
mutant probes (Fig. S2, A and B). Hence, to some extent, B cells
recognizing neo-epitopes appear to emerge upon GM9 or GM14
immunization. Nevertheless, 80-90% of the responding cells
were reactive to the parental CoV-2 RBD probe; thus, we usu-
ally used the parental CoV-2 RBD probe in our assays.

The IgGl from mice immunized with glycan mutants dis-
played similar reactivity to CoV-2, assessed by ELISA, to that by
WT RBD immunization (Fig. 2 B, left). In regard to the reactivity
to CoV-1, GM9-, or GMI14-immunized mice exhibited about
eightfold higher than WT RBD immunization (Fig. 2 B, right).
Given the sequence conservation of the RBD-core subdomain
between CoV-2 and CoV-1 ( Fig. S1 A), it is most likely that the
enhanced reactivity to CoV-1 by GM9 or GM14 immunization is
due to generation of more IgGl toward the conserved RBD-core
subdomain of CoV-2. Supporting this possibility, when we used
CoV-1RBD-coated ELISA, CoV-1-reactive IgGl elicited by GM9 or
GM14 immunization was ~90 or 85% inhibited by pretreatment
of verified class 3/4 anti-CoV-2 core-RBD antibodies (mixtures
of mAb S309, mAb CR3022, and mAb EY6A), respectively, like
WT RBD immunization (Fig. 2 C). Instead, when we used class
1 mAb (mAb S230) toward the CoV-1 head-RBD subdomain
(Rockx et al., 2008), we couldn’t detect inhibition (Fig. S2 C).
Thus, it is reasonable to conclude that cross-reactive antibodies
to CoV-1, mainly targeted to the conserved RBD-core subdomain,
are generated with low levels even though by WT CoV-2 RBD
immunization, and their generation is facilitated by GM9 or
GMI4 immunization.

Next, we characterized the affinity of cross-reactive IgGl
elicited by GM9 or GM14 immunization. The affinity of IgG1 for
CoV-1 RBD was measured using an affinity ELISA that was
modified from the nitrophenyl system (Wang et al., 2015); this
assay measures the ratio of high-affinity to all-affinity binding
IgGl. As shown in Fig. 2 D, in contrast to WT RBD immunization,
cross-reactive IgGl elicited by GM9 or GM14 immunization had

Shinnakasu et al.
Glycan-engineered RBD induces bnAbs for SARS-CoVs

significantly higher affinity. Together, glycan engineering of the
CoV-2 head-RBD subdomain facilitates the generation of core-
RBD subdomain specific antibodies with higher affinity.

Glycan engineering of the CoV-2 head-RBD elicited cross-
neutralizing antibodies against CoV-1 and other related
coronaviruses

To determine neutralizing activity, we majorly employed a ve-
sicular stomatitis virus (VSV)-based pseudovirus method (Nie
et al., 2020) and calculated half-maximal neutralization titers
(NT50s). CoV-2 WT RBD, GM9, or GM14 immunization gave rise
to similar neutralizing activity to CoV-2. GM9 or GM14 immu-
nization manifested somewhat increased or decreased activity,
respectively, compared with CoV-2 WT RBD immunization
(Fig. 3 A). By using virus neutralizing assay, this tendency by
GM9 or GM14 immunization was also observed (Fig. S2 D).

For neutralization activity toward CoV-2 variants, we used a
VSV-based pseudovirus carrying K417N/E484K/N501Y mutation
derived from B.1.351 variant (Hoffmann et al., 2021), demon-
strating that even CoV-2 WT RBD immunization evoked some-
what higher neutralization activity, compared with using WT
CoV-2 (Fig. S2 E). Given that human sera upon mRNA vacci-
nation showed reduced neutralization activity against viruses
containing an E484K mutation (Chen et al., 2021), it is possible
that our immunization regimen may generate more resistant
sera. Alternatively, this might be attributable to differences
between mouse and human immune systems.

Then we measured cross-neutralization activity against
SARS-related viruses. Toward CoV-1, antisera elicited by GM9 or
GM14 immunization possessed neutralizing activity with ~15- or
10-fold higher potency, respectively, than CoV-2 WT RBD im-
munization, assessed by the pseudovirus method (Fig. 3 A).
Similarly, these sera exhibited substantial neutralizing activity
against WIV1, SHCO14, and PaGX (Figs. 3 A and S3; Menachery
et al., 2015; Lam et al., 2020; Menachery et al., 2016). Impor-
tantly, the levels of cross-neutralization we observed after GM9
or GM14 immunization were similar to convalescent plasma
samples from CoV-2-infected individuals for their neutralizing
activity of CoV-2, analyzed by the same laboratory in the same
assay format (Fig. 3, B and C). Given that the major epitopes of
the CoV-1-reactive antibodies elicited by GM9 or GM14 immu-
nization are located in the core-RBD subdomain (Fig. 2 C), it is
most likely that these anti-core-RBD antibodies contribute to
cross-neutralization of CoV-1, WIV1, SHC014, and PaGX.

Previous studies of CoV-1 and other viruses have sug-
gested that antibody-dependent enhancement (ADE) of infec-
tion might take place after vaccination (Smatti et al., 2018). In
the case of dengue virus, in vitro modeling of ADE has attributed
enhanced pathogenesis to FcyR-mediated viral entry, rather than
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canonical viral receptor-mediated entry (Bournazos et al.,
2020). To examine this possibility, VSV-based pseudovirus
was incubated with serially diluted sera from immunized mice
and then inoculated on Raji, a human B lymphoma cell line that
is often used to assess ADE activity of SARS-CoVs (Wang et al.,
2020). As a positive control for this assay, we showed that in-
fection of the CoV-2 S pseudovirus was robustly enhanced by
addition of anti-CoV-2 RBD MWO5 chimeric human/mouse IgGl
antibody (Fig. 3 D, middle; Wang et al., 2020). In this experi-
mental setting, like sera from mice immunized with CoV-2 WT
RBD, sera from GM9- or GM14-immunized mice did not show
significant ADE activity (Fig. 3 D, right).

Reactivity profiles of cross-reactive GC B cells

To complement the above serological characterization, we assessed
the reactivity of GC B cells isolated after priming. As demonstrated
by FACS analysis, WT RBD, GM9, or GM14 immunization gave rise
to similar levels of overall GC B cells (Fig. 4 A). Among the CoV-2*
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cells, the frequency of GC B cells positive for both CoV-2 and CoV-
1 probes was increased by immunization of GM9 or GM14, com-
pared with WT RBD immunization (Fig. 4, B and C).

To examine cross-reactivity profiles for each CoV-2*/CoV-1*
GC B cell, we characterized mAbs from single cell sorted GC
B cells from four individual mice (GM9-1, GM9-2, GM14-1, or
GM14-2). Sequence analysis revealed that, in each mouse, >85%
of the isolated mAbs were members of expanded clonal lineages.
Particularly in GM14-1 or GM14-2 mice, almost all the mAbs
were encoded by the same combination of VH/VK with different
DH and JK segments: GM14-1 (VH14-3-DH3-2-JH4 /VK4-111-JK2),
and GM14-2 (VH14-3-DH2-3-JH4/ VV4-111-JK1; Table S1).

Among all the analyzed mAbs, many of them showed
blockade of their binding to CoV-2 RBD by authentic class 4
mAbs, except that mAbs derived from VHI14-1/VK8-27 gene
pairing were blocked by authentic class 3 mAb (Table S1). For
assessment of the breath of recognition to sarbecovirus RBDs by
the above mAbs, we assigned a relative binding index to each
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Figure 3. Glycan engineering of the CoV-2 head-RBD elicited cross-neutralizing activities against CoV-1 and WIV1. (A) BALB/c mice were prime-boost-
immunized with CoV-2 RBD WT, GM9, GM14, or CoV-1 RBD WT as shown in Fig. 2. Sera were collected 7 d after boost and preincubated with CoV-2 S, PaGX S,
SHCO014 S, WIV1'S, or CoV-1 S-pseudotyped VSVAG-luc for 1 h. The mixture was incubated with VeroE6 TMPRESS2 cells overnight. CoV-2 RBD WT (n = 11);
GM9 (n = 11); GM14 (n = 11); CoV-1 RBD WT (n = 8). (B) Neutralization activities of plasma samples from prepandemic healthy donors (HC, n = 8) or con-
valescent COVID-19 patients (n = 24) against CoV-2, CoV-1, and WIV1 S-pseudotyped VSVAG-luc. (C) Donor information. (D) ADE assay. Schematic repre-
sentation of ADE assay (left). ADE of infection of Raji cells by MWO5 mouse IgG1 mAb (middle). CoV-2 S-pseudotyped VSVAG-luc was preincubated with
different concentrations of MWO5 mouse IgG1 mAb, or control mouse 1gG1, and then added onto Raji cells. The luciferase activity was measured at 16 h after
infection. Serially diluted sera from immunized mice showed no significant ADE activity (right). MWO5 mouse IgG1 and irrelevant mouse 1gG1 (0.1 pg/ml) were
used for positive and negative control, respectively. CoV-2 WT (n = 4); GM9 (n = 5); GM14 (n = 5); CoV-1 WT (n = 4); preimmune sera (n = 3). Representative
results from two or three independent experiments are shown (A-D). Data are mean + SEM (D). Dotted lines in the graphs (NT50 = 20) represent the lower
limit of detection (A and B). *, P < 0.05; **, P < 0.01; ***, P < 0.001; unpaired Student’s t test (A and B).
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Figure 4. Immunization with CoV-2 GM antigens leads to the activation of CoV-1 and CoV-2 cross-reactive GC B cells. (A) Representative flow cy-
tometry plots analyzing GC B cells (CD138-B220*IgD~IgM~GL7*Fas*) from draining lymph nodes (dLNs) of mice 3 wk after primary immunization with each
antigen. The plots are representative of findings from two independent experiments (left). Quantification of absolute numbers of GC B cells (right) from
multiple mice in one experiment. Results are representative of two independent experiments. CoV-2 RBD WT (n = 5); GM9 (n = 5); GM14 (n = 5). (B) Rep-
resentative flow cytometry plots analyzing CoV-2 RBD-binding dLN GC B cells (CD138-B220*IgD-IgM-GL7*Fas*CoV-2 RBD*). Plots are representative of
findings from two independent experiments (left). Quantification of absolute numbers of GC B cells (right) from multiple mice in one experiment. Results are
representative of two independent experiments. CoV-2 RBD WT (n = 6); GM9 (n = 6); GM14 (n = 6). (C) Cross-reactivity of CoV-2 RBD-binding dLN GC B cells
(CD138-B220*IgD"IgM~-GL7*Fas*CoV-2 RBD [APC]* CoV-2 RBD [PE-Cy7]*) with CoV-1 RBD assessed by flow cytometry. Plots are representative of findings
from two independent experiments (left). The frequency of CoV-1 and CoV-2 RBD cross-reactive GC B cells (right) from multiple mice in one experiment.
Results are representative of two independent experiments. CoV-2 RBD WT (n = 6); GM9 (n = 6); GM14 (n = 6). Horizontal lines indicate mean values; each
symbol indicates one mouse. *, P < 0.05; **, P < 0.01; unpaired Student’s t test.

antibody by using flow cytometry-based measurement (Fig. 5 A;
Bajic et al., 2019; Leach et al., 2019); the relative binding indexes
represented well RMax of bivalent IgG antibodies measured by
Octet kinetics assay (Fig. S4 A). We selected RBDs from distantly
related clade 2 (bat CoV Anlong-103 [AL-103], bat CoV Rs4081
[Rs4081], and bat CoV Rf1/2004 [Rf1/2004]) and clade 3 (bat CoV
BM48-31 [BM48-31]) (Lau et al., 2020; Letko et al., 2020), in
addition to clade 1 (CoV-1, WIV1, SHC014 as clade 1a, and CoV-2,

Shinnakasu et al.
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PaGX as clade 1b) (Fig. S3). As expected, almost all the isolated
mAbs from GM9-1, GM9-2, GM14-1, or GM14-2 mice displayed
binding reactivity to clade 1a and 1b RBDs. The relative binding
indexes were well correlated between CoV-1/WIV1/SHCO014/
PaGX and CoV-2 in GM9- or GM14-immunized mice (Fig. 5 B). In
regard to clade 2 and 3 RBDs, some of the isolated mAbs from
GM9-1 or GM9-2, and only a few from the GM14-1 mouse, ex-
hibited their significant binding reactivity (Fig. 5 A).
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Figure 5. Binding properties of GC-derived mAbs. (A) Clonality, VH and VK mutations, binding to S RBDs of CoV-1, WIV1, SHC014, CoV-2, PaGX, AL-103,
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Then we evaluated the neutralization activities of each mAb
toward CoV-1, WIV1, SHCO14, CoV-2, or PaGX by the afore-
mentioned VSV-based pseudotype assays (Fig. 5 A and Table S1).
Because of the large number of antibodies, we screened and
focused on nine mAbs using the following two criteria (Fig. 5 C).
First, the neutralization activities are <10 pg/ml half-maximal
inhibitory concentration (IC50) toward at least two types of
viruses among five. Second, the highest potency toward these
viruses is <3 pg/ml IC50. As shown in Fig. 5 D, like authentic
mAb S309 or CR3022, these mAbs possessed higher IC50s for
CoV-2 than those observed for CoV-1 or WIV1. In VH14-3-DH3-2-
JH4/VK4-111-JK2 (GM14-1) or VHI4-3-DH2-3-JH4/VK4-111-JK1
(GM14-2) lineage, mAbs with similar or higher binding indexes
to that of the mAb (antibodies 129, 130, 283, or 132) for CoV-2
(Fig. 5 C) do not possess high potency of neutralization activity
toward CoV-2 (Fig. S4 B and Table S1). Thus, antibody neu-
tralization potency is likely governed at least in part by factors
beyond binding affinity.

Elicitation of cross-reactive long-lived plasma cells and
memory B cells

Most successful vaccine approaches rely on the generation of
memory B cells and long-lived plasma cells. As shown in Fig. 6 A,
analysis was performed at 7 wk. At this time, CoV-2* class-
switched IgG type memory B cells were similarly generated by
WT RBD, GM9, or GM14 immunization, although GM9 and GM14
gave rise to more CoV-1*CoV-2* cells (Fig. 6 B). Furthermore, as
assessed by CoV-1-specific antibody-secreting cells (ASCs) in the
bone marrow, GM9 or GM14 immunization induced more CoV-
1* ASC (Fig. 6 C), together indicating that both cross-reactive
memory compartments are more efficiently generated by our
immunization protocol using GM9 or GM14, compared with WT
RBD immunization.

Discussion

Despite its potency in eliciting neutralizing antibodies for CoV-2,
the native CoV-2 RBD vaccine was incapable of eliciting signif-
icant neutralizing activity for CoV-1 or WIV1 in our mouse
model. These mouse data, together with the recent human evi-
dence that convalescent sera from CoV-2-infected individuals
lacked cross-neutralization activity for WIV1, highlight the need
to develop broadly protective interventions (next-generation
vaccines) to prevent future coronavirus pandemics (Garcia-
Beltran et al., 2021). In this context, we hypothesized that the
well conserved core-RBD subdomain could be a promising target
for inducing broadly neutralizing antibodies. However, this
subdomain seems to be immuno-subdominant in its natural
configuration. Hence, we introduced glycans into the nor-
mally immuno-dominant head-RBD subdomain to focus the
immune response more to the core-RBD. Here, we showed that
glycan engineering was capable of eliciting cross-neutralizing
responses toward PaGX, SHCO14, WIV1, and CoV-1, due to
increased generation of anti-core RBD-specific antibodies,
therefore providing one of the frameworks for immunogen
design for SARS-related virus vaccines. It should be mentioned
that the S protein has several conserved epitopes outside of
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Glycan-engineered RBD induces bnAbs for SARS-CoVs

RBD, which can be recognized by cross-neutralizing antibodies
(Song et al.,, 202L; Sauer et al., 2021; Wang et al., 2021).
Therefore, in order to develop more broadly protective inter-
ventions, designs might be necessary to induce cross-reactive
antibodies against both the core-RBD and conserved regions
outside RBD.

One of the potential weak points of glycan engineering is that
this method seems to rely on the expense of decreased neu-
tralization of authentic CoV-2, potentially causing suboptimal
protection against the original virus. Glycan addition has been
currently thought to redirect and/or select the B cell receptors
(BCRs) with the most fitness for the modified epitopes rather
than simply masking or obscuring epitopes (Duan et al., 2018).
For instance, added glycans nearest to the class 1 or 2 site in the
head-RBD subdomain may have restricted the approach angles
from which epitope 1/2-specific BCR could access these sites.
Hence, it might be possible to find out the appropriate glycan
combination on the head-RBD subdomain that selects the class
1/2 BCR with highest neutralizing potency while suppressing
overall immuno-dominance of the head-RBD subdomain. In-
deed, in the case of HIV vaccination, glycan fine-tuning on
vaccines is successfully developed to select rare broadly neu-
tralizing antibody VRCO1 (Duan et al., 2018).

As discussed above, glycan addition was initially intended as
a method to mitigate off-target immune responses. Neverthe-
less, the risk for creating undesired neo-epitopes seems to co-
exist in this method, too. In fact, in contrast to GM9 (three
additional mutants), GM14 (five additional mutants) generated
more GC B cells recognizing such neo-epitopes (Fig. S2 B), which
might account for causing the reduced neutralizing activity
against native CoV-2 (Fig. 3 A).

As an initial step for glycan engineering on CoV-2 RBD, here
we used simple criteria for its design. Despite enhancement of
the immune responses to the conserved core-RBD subdomain by
current glycan engineering, the CoV-2*Cov-1- (likely recogniz-
ing the head-RBD subdomain) populations were still largely
remaining, indicating that the head-RBD subdomain still acts as
antigenic immuno-dominant. Taking account of the above sev-
eral aspects, more extended glycan combination studies are
required to suppress immuno-dominance of the head-RBD
subdomain, to select the class 1/2 BCR with high neutralizing
potency, and to minimize generation of the undesired neo-
epitopes.

How might the data from this study inform SARS-related
vaccine strategy? CoV-l-infected individuals, albeit rare ones,
possess conserved RBD-directed cross-neutralizing antibodies,
some of which recognize the overlapping site with the authentic
CR3022 epitope (class 4) in the core-RBD subdomain (Wec et al.,
2020). Similarly, mice can produce core-RBD-directed anti-
bodies predominantly recognizing overlapping site on the
authentic class 4 mAb epitope, and some of them manifest cross-
neutralization. Both human and mouse antibodies are likely to
require GC processes to acquire their cross-neutralizing activ-
ities. Such similar properties of the antibodies highly suggest
that the core-RBD could be one of the useful components for
SARS-related virus vaccine and that the mouse data from this
study are applicable to human vaccine development.
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Figure 6. Generation of cross-reactive memory B cells and long-lived plasma cells in mice immunized with GM9 or GM14. (A) Schematic overview of
the experimental design. (B) The cross-reactivity of CoV-2 RBD-specific memory B cells (CD138-B220*IgG*CD38*GL7- CoV-2 RBD[APC]* CoV-2 RBD[PE-Cy7]*)
with CoV-1 RBD from spleen of mice 1 mo after boost immunization with each antigen was assessed by flow cytometry. The plots are representative of finding from two
independent experiments (left). Frequency of CoV-1and CoV-2 RBD cross-reactive memory B cells (middle) and quantification of absolute numbers of total CoV-2 RBD-
specific memory B cells (right) from multiple mice in one experiment. Results are representative of two independent experiments. CoV-2 RBD WT (n = 5); GM9 (n = 5);
GM14 (n = 5). (C) ELISPOT analysis of CoV-1 RBD- (left) or CoV-2 RBD- (right) specific IgG1 ASC responses of bone marrow (BM) cells from preimmune (Pre-imm) mice,
or mice 1 mo after boost immunizations with each antigen. Results are representative of two independent experiments. Preimmune (n = 1); CoV-2 RBD WT (n = 4); GM9
(n = 4); GM14 (n = 4). Horizontal lines indicate mean values; each symbol indicates one mouse. *, P < 0.05; **, P < 0.01; ***, P < 0.001; unpaired Student’s t test.

Materials and methods

Mice

BALB/c mice were purchased from SLC Japan and maintained
under specific pathogen-free conditions. Sex-matched 7-8-wk-
old mice were used for all experiments. All animal experiments
were conducted in accordance with the animal experiment
guidelines of Osaka University.

Human subjects

Human blood samples were collected at Tokyo Shinagawa
Hospital, and plasma was isolated using Vacutainer CPT Tubes
(BD Bioscience). The study protocol was approved by the Na-
tional Institute of Infectious Diseases Ethic Review Board for
Human Subjects, the ethics committees of Tokyo Shinagawa
Hospital, and Osaka University. All participants provided written
informed consent in accordance with the Declaration of Helsinki.

Vaccine design
The mammalian expression constructs for parental and glycan
mutant rRBD (pCAGGS-CoV-2 RBDwt-His-Avi, pCAGGS-GM9-

Shinnakasu et al.
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His-Avi, and pCAGGS-GMI4-His-Avi) encode aa 331-529 of
SARSCoV-2 S, Middle East respiratory syndrome S protein-
derived signal peptide (MIHSVFLLMFLLTPTESYVD) at the N
terminus, and a 6XHis-Avi-tag (HHHHHHGLNDIFEAQKIEWHE)
at the C terminus. For glycan masking, we introduced NxT se-
quons in the RBD surface residues shown in Fig. S1. Mutations
expected to disrupt the structure of RBD or with the low
glycosylation score (<0.5) by NetNGlyc (http://www.cbs.dtu.
dk/services/NetNGlyc/) were avoided. The candidate constructs
were transfected into Expi293F cells to examine whether added
glycosylation prevented RBD expression. Antigenicity of the
GM mutants was evaluated by ELISA using previously pub-
lished anti-RBD antibodies.

Recombinant protein expression and purification

The plasmids for the recombinant CoV-2 RBD (RefSeq accession
no. NC_045512.2) and GM mutants, CoV-1 RBD (GenBank ac-
cession no. AY278741.1), and SARS-related CoV RBDs (PaGX,
GenBank accession no. MT072864.1; WIV1, GenBank accession
no. KF367457.1; SHC014, GenBank accession no. AGZ48806.1; bat
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CoV AL103, GenBank accession no. ARI44799.1; Rs4081, GenBank
accession no. KY417143.1; Rf1/2004, GenBank accession no.
DQ412042.1; and BM48-31, RefSeq accession no. YP_003858584.
1) were transiently transfected into Expi293F cells (Thermo
Fisher Scientific) with the ExpiFectamine 293 Transfection Kit
(Thermo Fisher Scientific) according to the manufacturer’s
protocol. After 3-4 d, supernatants were collected and passed
through a 0.45-um filter. The recombinant proteins were puri-
fied from supernatants by Talon metal affinity resin (Takara)
according to the manufacturer’s protocol. The elute from the
resin was concentrated using an Amicon Ultra 4 10,000 NWML,
in which the elution buffer was exchanged with PBS. For
nanoparticle antigens and probes, post-translational bio-
tinylation of rRBD and GM mutants was performed in culture
via coexpression of the BirA enzyme by cotransfection of a
BirA-Flag expression vector (Addgene; Leach et al., 2019).
Cells were maintained in culture supplemented with 100 pM
biotin (Sigma-Aldrich) after transfection as described above.

For preparation of ELISA or ELISPOT antigens, mammalian
expression constructs of CoV-2 RBD WT, GM9, GM14, and CoV-
1 RBD containing a thrombin cleavage site (LVPRGS) in front of
the C-terminal 6XHis-Avi-tag were transiently transfected into
Expi293F cells. Purified proteins were treated with thrombin
using a Thrombin kit (Merck) according to the manufacturer’s
protocol. The cleaved 6XHis-AviTag and thrombin were re-
moved by Talon metal affinity resin (Takara) and Benzamidine
Sepharose (GE), respectively. Purity or biotinylation efficiency
of recombinant proteins was confirmed by SDS-PAGE.

Anti-CoV-2 S RBD mAbs

DNA fragments encoding heavy and « or A chain variable re-
gions from previously published anti-CoV-2 mAbs (Pinto et al.,
2020; Shi et al., 2020; Yuan et al., 2020; Zhou et al., 2020) were
synthesized (Eurofins) and cloned into human IgGl, Igk, and IgA
expression vectors, respectively. The heavy and light chain ex-
pression vectors were cotransfected into Expi293F. Respective
mAbs were purified with Protein G Sepharose (GE) according to
the manufacturer’s protocol.

N-linked glycan occupancy analysis by LC/MS

Sample preparation was performed by referring to a previous
report (Tajiri-Tsukada et al., 2020). Briefly, the sample protein
(10 pg) was treated using MPEX PTS Reagents (GL Sciences).
The reduced and carboxymethylated protein was digested with
2 pg of chymotrypsin (1 pg/ml; Promega) at 37°C for 3 d. The
resulting peptides were desalted using an Oasis HLB pElution
plate (Waters), and dried and dissolved in 50 ul of 0.1% formic
acid solution. The sample solution was analyzed by LC/MS using
the parallel acquisition mode using higher-energy collisional
dissociation (HCD) and electron-transfer/HCD. The LC/MS
system and HCD-MS/MS conditions were in accordance with
our previous report (Tajiri-Tsukada et al., 2020). The electron-
transfer/HCD-MS/MS condition was as follows: 23% of supple-
mental activation collision energy, m/z 2 of isolation window,
and 100 ms of maximum injection time. The peptide identi-
fications were performed by database searching using Bio-
Pharma Finder 3.1 (Thermo Fisher Scientific). The search
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parameters were as follows: a mass tolerance of +5 ppm, confi-
dence score of >80, and identification type of MS2. Carbox-
ymethylation (+58.005 dalton) was set as a static modification of
Cys residues. A human glycan database stored in the software
was used for glycopeptide identifications. The integrated peak
area of the multiple precursor ions from each glycopeptide was
calculated, and the glycan occupancy (%) was calculated by the
following formula:

Glycan occupancy (%)=
The total relative peak

area of glycopeptides
The total relative peak area of

x 100

glycopeptides and nonglycosylated peptide

Nanoparticle coating

Streptavidin-coated 0.11-um nanoparticles (Bangs Laboratories)
were washed twice with PBS, and 150 pg nanoparticles were
incubated with 50 pg biotinylated proteins in 80 pl PBS per one
mouse for 5 h at 4°C. Coating efficiency was measured by flow
cytometry.

Immunization

At 7-8 wk of age, each antigen group was vaccinated with a
prime immunization, and 3 wk later, mice were boosted with
a second vaccination. Prior to inoculation, immunogen sus-
pensions were gently mixed 2:1 vol/vol with AddaVax adju-
vant (Invivogen) to reach a final concentration of 0.4 mg/ml
antigen. Mice were injected intramuscularly using a 29 G x 1/
2 needle syringe (Terumo) with 60 pl per injection site (120 pl
total) of immunogen under isoflurane anesthesia. For prime
immunization, antigens were used as nanoparticles, and
for boost immunization, antigens were used as monomeric
proteins.

Flow cytometry

Single-cell suspensions were prepared from inguinal and iliac
lymph nodes or spleen. Inguinal and iliac lymph nodes were
collected and pooled for individual mice. Detection of CoV-1 RBD,
CoV-2 RBD WT, GM9, and GM14-specific B cells was performed
using biotinylated rRBD prelabeled with fluorophore-conjugated
streptavidin. To exclude induced 6XHis-, AviTag-, biotin-, and
streptavidin-specific B cells, samples were prestained with de-
coy probe. Cell samples were analyzed using an Attune NxT
flow cytometer (Thermo Fisher Scientific) and sorted using a
FACS Aria II cell sorter (BD Bioscience). APC-eFluor780-B220,
eFluor450-GL7, and FITC-IgM antibodies and APC-streptavidin
and PerCP-Cy5.5-streptavidin were purchased from Thermo
Fisher Scientific. BV510-IgD, FITC-IgGl (for IgG mix), FITC-
IgG2a (for IgG mix), FITC-IgG3 (for IgG mix), FITC-CD95,
BV786-CD38, BV711-CD38, BV786-CD138, and CD16/32 (as Fc
blocker) antibodies and PE-streptavidin and PE-Cy7-streptavi-
din were purchased from BD Bioscience. Alexa Fluor 700-IgD
and FITC-IgG2b (for IgG mix) antibodies and BV510-streptavidin
and 7-AAD (as viability dye) were purchased from BioLegend.
Data were analyzed using Flow]Jo software V10 (Tree Star).
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BCR cloning and antibody expression

CoV-1 and CoV-2 RBD cross-reactive GC B cells were single-cell
sorted from a lymph node of mice 3 wk after primary immu-
nization. Cloning and expression of antibodies were performed
as described previously (Inoue et al., 2021) with the following
modifications. PCR-amplified Igys and Igk V(D)] transcripts
were cloned into the mouse Igy2c/Igk-expression vector (this
vector replaces the human IgGl and Igk constant regions of
pVITRO1-dV-IgGl/x [Addgene #52213; Dodev et al., 2014] with
mouse IgG2c and Igr constant regions, respectively), or human
Fab-expression vector (this vector replaces the human IgGl
constant regions of pVITRO1-dV-IgGl/k with His-tag) using the
seamless ligation cloning extract method. mAbs were expressed
using the Expi293 Expression System (Thermo Fisher Scientific)
and purified from the culture supernatants of Expi293F cells by
Protein G Sepharose (GE) for full antibodies or by Talon metal
affinity resin (Takara) for His-tagged Fab antibodies.

Flow cytometry analysis of mAb binding to the antigen
Anti-mouse Igk microparticles and negative control particles
(BD CompBeads) were mixed at a 1:1 ratio. The beads were then
mixed with 250 ng of purified mAbs (mIgG2c/mlgk) for 20 min,
washed with PBS containing 2% FBS, and labeled with PE-
conjugated antigen for 20 min. Binding capacity of mAbs to
antigen was assessed by flow cytometry (BD FACSCanto II and
FACS Aria II).

ELISA
Nunc Maxisorp Immuno plates (Thermo Fisher Scientific) were
coated with each rRBD (100 ng/50 pl). Blocking was performed
using BlockingOne solution (Nacalai Tesque). Plates were se-
quentially incubated with serially diluted serum samples or mAb
for standard and IgGl-HRP detection antibody (Southern Bio-
tech). Detection was performed using KPL SureBlue TMB Mi-
crowell Peroxidase Substrate (SeraCare). The CR3022 mouse
IgGle3 mAb (Invivogen) was used as a standard.

For mAb-based epitope-blocking ELISA, CoV-1 RBD- or CoV-
2 RBD-coated plates for serum samples or cloned mAbs, re-
spectively, were prepared. After blocking step to block sites in
the well not occupied by rRBDs, the following were added alone
or in a mixture: CR3022 (class 4), EY6A (class 4), and/or S309
(class 3) human IgGl mAbs (150 ng/50 pl each) or S230 (anti-
CoV-1 head-RBD [class 1 type]) human IgGl mAb (150 ng/50 ul;
Absolute Antibody Ltd.). After incubation at room temperature
for 3 h, the plate was washed with PBS with 0.05% Tween20,
and then serially diluted serum samples or cloned mAbs were
added and incubated at 37°C for 1 h. After three washes, HRP-
conjugated goat anti-mouse IgGl (Southern Biotech) for serum
samples or IgG2c (Southern Biotech) for cloned mAb samples
were added and incubated for 1 h at room temperature. Occupancy
of class 3/4 or class 1 type antibodies in whole anti CoV-1 RBD
antibodies was calculated by subtraction of titers measured by
epitope-blocking ELISA and conventional serum titer ELISA and
then shown as a percentage. The CR3022 mouse IgGle3 mAb
(Invivogen) was used as a standard. For detection of human mAbs
used as blocking antibody, HRP-conjugated goat anti-human IgG
(Southern Biotech) was used.

Shinnakasu et al.
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For affinity ELISAs, serially diluted sera were incubated on
plates coated with 1 pg/ml CoV-1 RBD protein (low density) or
8 pg/ml CoV-1 RBD (high density). The affinity of CoV-1 RBD-
specific IgG1 was expressed as a ratio of binding to low-density:
high-density CoV-1 RBD-coated plates as in a previous report
(Wang et al., 2015). The CR3022 mouse IgGle3 mAb (Invivogen)
was used as a standard.

ELISPOT assay

Plates with a cellulose membrane bottom were coated with CoV-
1RBD or CoV-2 RBD (100 ng/50 pl). 2 x 107 cells/ml and 1:3 serial
dilutions of bone marrow cells were added to the wells and in-
cubated in 200 pl RPMI-1640 medium supplemented with 10%
FBS, 50 uM 2-ME, and 2 mM sodium pyruvate for 5 h at 37°C
under 5% CO,. After washing with PBS with 0.05% Tween20,
goat anti-mouse IgGl Ab was added to the wells followed by
addition of alkaline phosphatase-labeled anti-goat IgG Ab. Spots
were visualized by 5-bromo-4-chloro-3-indolyl phosphate/nitro
blue tetrazolium substrate (Promega) and counted.

Pseudovirus assay

Preparation of SARS CoV S protein-pseudotyped VSVAG-luc has
been described elsewhere (Tani et al., 2010; Yoshida et al., 2021).
In brief, HEK293T cells were transfected with expression plas-
mids for respective CoV S proteins (CoV-2 Wuhan strain S, CoV-
2 Wuhan S K417N/E484K/N501Y mutant, PaGX S, SHCO014 S,
CoV-1S, and WIV1 S) by usingTransIT-LT1 (Mirus) according to
the manufacturer’s instructions. At 24 h after transfection,
VSVAG-luc virus (multiplicity of infection = 0.1) was inoculated
onto the transfectants. After 2 h incubation, cells were washed
with DMEM and were further cultivated for an additional 24-48
h. Cell-free supernatant was harvested and used for the neu-
tralizing assay as described previously (Nie et al., 2020). Mouse
sera and human plasma samples were incubated at 56°C for
30 min and then serially diluted from 1/20 in culture medium.
CoV-1 S-pseudotyped VSVAG-luc was incubated with different
dilutions of mouse sera, human plasma, or recombinant anti-
bodies for 1 h at 4°C, and then inoculated onto a monolayer
culture of VeroE6-TMRPSS2 (JCRBI1819; NIBION) in a 96-well
plate. At 16 h after inoculation, cells were washed with PBS
and then lysed with luciferase cell culture lysis reagent (Prom-
ega). After centrifugation, cleared cell lysates were incubated
with firefly luciferase assay substrate (Promega) in 96-well
white polystyrene plates (Corning). Luciferase activity was
measured by GloMax Discover luminometer (Promega). NT50 or
I1C50 was calculated by Prism software (GraphPad).

ADE assay

Raji cells (American Type Culture Collection) were maintained
in RPMI-1640 (Fujifilm) containing 10% heat-inactivated FBS.
For the expression vector of human/mouse chimera MWOS5, the
variable regions from heavy and light chains of human antibody
clone MWO5 (Wang et al., 2020) were synthesized to be fused
with mouse IgGl and mlgr constant regions, respectively.
MWO05 mouse IgGl was prepared as described above. ADE of
infection was assayed as described elsewhere (Wang et al.,
2020). Briefly, CoV-2 S pseudotyped VSVAG was preincubated
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with different concentration of MWO5 mouse IgGl or control
mouse IgGl (Southern Biotech), or mouse sera in culture me-
dium. After 1 h incubation, the mixture was added onto Raji cells
(0.1 million/well) in a 96-well plate. Then cells were cultivated
for 16 h. Luciferase activity of infected cells was measured
as above.

Virus neutralization assay

A mixture of 100 TCID50 of CoV-2 Wuhan strain WK-521 (2019-
nCoV/Japan/WK-521/TY/2020 [National Institute of Infectious
Diseases, Pathogen Genomics Center, Japan]) and serially di-
luted, heat-inactivated plasma samples (twofold serial dilutions
starting from 1:40 dilution) were incubated at 37°C for 1 h before
being placed on VeroE6-TMPRSS2 cells seeded in 96-well flat-
bottom plates (TPP). VeroE6-TMPRSS2 cells were maintained in
low glucose DMEM (Fujifilm) containing 10% heat-inactivated
FBS, 1 mg/ml geneticin (Thermo Fisher Scientific), and 100 U/ml
penicillin/streptomycin (Thermo Fisher Scientific) at 37°C sup-
plied with 5% CO,. After culturing for 4 d, cells were fixed with
20% formalin (Fujifilm) and stained with crystal violet solution
(Sigma-Aldrich). Cutoff dilution index with >50% cytopathic
effect was presented as microneutralization titer. Micro-
neutralization titer of the sample below the detection limit
(1:40 dilution) was set as 20.

Biolayer interferometry assay

The kinetics of mAb binding to antigen was determined with the
OctetRED96e system (ForteBio) at 30°C with shaking at 1,000
rpm. Biotinylated-RBD proteins from CoV-1, WIV1, SHC014, CoV-
2, PaGX, AL-103, Rs4081, Rf1/2004, and BM48-31 were loaded at
6 pg/ml in 1x kinetics buffer (0.1% BSA and 0.02% Tween-20 in
PBS) for 900 s onto streptavidin biosensors (ForteBio) and incu-
bated with serially diluted Fab antibodies (100, 33.3, 11.1, and 0 nM
for CoV-1, WIV1, CoV-2, PaGX, AL-103, Rf4081, Rf1/2004, and
BM48-31 and 900, 300, 100, and 0 nM for SHCO14) for 120 s,
followed by immersion in 1x kinetics buffer for 300 s of dissoci-
ation time. The binding curves were fit in a 11 (CoV-1, WIV1, CoV-
2, PaGX, AL-103, Rf4081, Rf1/2004, and BM48-31) or 2:1 (SHCO14)
binding model, and the dissociation constant values were calcu-
lated by Octet Data Analysis software (ForteBio).

Phylogenetic analysis of antibody clones

For each cell, V, D, ] genes and CDR3 assignment were conducted
on the full-length BCR sequences using Igblast and the ImMu-
noGeneTics mouse references. Clones were defined separately
for each experiment, on the basis of their heavy chain only,
using the DefineClones function of the Change-O package, and
38/38 cells of GM14#1 and 26/31 cells of GM14#2 were consid-
ered the same clone. Clonal tree reconstruction was thus per-
formed for these two major clones using the Alakazam (both
Change-O and Alakasam are part of the Immcantation analysis
framework; Gupta et al., 2015). Finally, reconstructed clonal
trees were plotted using Cytoscape.

Phylogenetic analysis of RBD of sarbecoviruses
RBD regions of selected sarbecovirus Spike proteins were ex-
tracted based on multiple sequence alignment of the entire Spike
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proteins calculated by Multiple Alignment using Fast Fourier
Transform (Katoh et al., 2019) with the L-INS-i algorithm. A
phylogenetic tree was constructed following a workflow
offered by Phylogeny.fr (Dereeper et al., 2008) by using the
Jones-Taylor-Thornton substitution model with 100 times
bootstrapping.

Statistics

Statistical analyses were performed by a two-tailed unpaired
and paired Student’s t test using GraphPad Prism software. P
values <0.05 were considered significant. Error bars denote
mean + SEM.

Online supplemental material

Fig. S1 shows the conserved residues between CoV-1 and CoV-2,
design and characterization of GM9 and GM14, and the effective
induction of anti-RBD IgG1 by multivalent nanoparticles of CoV-
2 RBD WT (related to Fig. 1). Fig. S2 shows that immunization of
GM9 and GM14 induces antibodies targeting the conserved re-
gions of RBD through GC reaction (related to Fig. 2) and serum
neutralizing activity against authentic CoV-2 (Wuhan) and CoV-
2 S K417N/E484K/N501Y pseudovirus. Fig. S3 shows phylogeny
of RBD sequences from representative sarbecoviruses. Fig. S4
shows correlation between geometric mean fluorescence in-
tensity (gMFI) from bead-based flow-cytometric assay and
Rmax from biolayer interferometry (Octet) assay (related to
Fig. 5 B), and phylogeny of representative clonal lineages of
GC-derived clones from GM14-1 and GM14-2 mice (related to
Fig. 5 D). Table Sl lists information on mAbs generated from
GC B cells of mice immunized with GM9 or GM14 (related to
Fig. 5 A).
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Figure S1. Design and expression of antigens, and effective induction of anti-CoV-2 RBD antibodies after immunization with nanoparticle antigen.
(A) RBD-ACE2 complex. Non-conserved residues between CoV-1and CoV-2 are colored in white. (B) The parental amino acid sequences and introduced NXT
sequons (left). SDS-PAGE of RBD WT, GM9, and GM14 (right). (C) ELISA plots for CoV-2 RBD WT probe recognition of sera from respective biotin (+) RBD/
Streptavidin nanoparticles, biotin (~) RBD/Streptavidin nanoparticles, or only biotin (+) RBD-immunized mice 3 wk after primary immunization or preimmune
mice. The CR3022 mouse IgG1 mAb (Invivogen) was used as a standard. Representative of two independent experiments. Horizontal lines indicate mean values.
Biotin (+) RBD/Streptavidin nanoparticles (n = 5); biotin (~) RBD/Streptavidin nanoparticles (n = 5); only biotin (+) RBD (n = 5); preimmune sera (n = 3). Dotted
lines indicate detection limit. Horizontal lines indicate mean values; each symbol indicates one mouse. *, P < 0.05; **, P < 0.01; unpaired Student’s test. Ag,
antigen.
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Figure S2. Antibody response of mice immunized with CoV-2 RBD WT, GM9, GM14, and CoV-1 RBD WT. (A) ELISA plots for CoV-2 RBD WT and GM9-
GM14 probes of sera from GM9 or GM14-immunized mice. Sera were collected at 3 wk after primary immunization. Representative results from three
independent experiments are shown. (B) The representative FACS plots of GC B cells from dLNs after immunization are shown. Cells were gated for antigen-
binding IgG* GC B cells (CD138-B220*IgG*GL7*Fas*). The graph shows the percentage of positive cells for RBD WT binding among GM9- or GM14-binding cells.
GMO (n = 4); GM14 (n = 4). (C) CoV-1 head-RBD subdomain specific serum antibodies from CoV-2 RBD WT-, GM9-, or GM14-immunized mice were measured
by epitope-blocking ELISA with $230 human IgG1 mAb as shown in Fig. 2 C. ELISA binding of 5230 human mAb against CoV-1 head-RBD to plate-coated CoV-
1RBD (left). Percentages of CoV-1head-RBD subdomain specific serum antibodies in whole CoV-1 RBD reactive antibodies (right). Samples were pooled from
two independent experiments. The CR3022 mouse IgG1 mAb (Invivogen) was used as a standard. CoV-2 RBD WT (n = 8); GM9 (n = 8); GM14 (n = 8). (D) Serum
neutralization against authentic CoV-2. A mixture of 100 TCID50 virus and serially diluted, heat-inactivated plasma samples (twofold serial dilutions starting
from 1:40 dilution) were incubated at 37°C for 1 h before being placed on VeroE6-TMPRSS2 cells seeded in 96-well plates. After culturing for 4 d, cells were
fixed with formalin and stained with crystal violet solution. Cutoff dilution index with >50% cytopathic effect was presented as microneutralization titer.
Microneutralization titer of the sample below the detection limit (1:40 dilution) was set at 20. (E) Pseudovirus assay using VSV-AGluc carrying CoV-2 S K417N/
E484K/N501Y. Horizontal lines indicate mean values; each symbol indicates one mouse. *, P < 0.05; **, P < 0.01; ***, P < 0.001; unpaired Student’s test (D and
E). Ab, antibody.
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flow-cytometric assays and biolayer interferometry (Fig. 5) are shown in bold. The percentages of sequence identity of RBDs from these viruses compared with
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Figure S4. Reactivity and phylogenetic analysis of mAbs. (A) Correlation between gMFI from bead-based flow-cytometric assay and Rmax from biolayer
interferometry (Octet) assay. gMFI and dissociation constant [KD(M)], maximal R (RMax), association rate (kon; 1/ms), and dissociation rate (koff) of bivalent
mAb-CoV-2 RBD interactions. Spearman coefficient and P value were calculated by Prism software. (B) The phylogenetic tree of clonal lineages of GC-derived
clones from GM14-1and GM14-2 mice. The root is unmutated germline ancestor. The blue circles are inferred sequences. The white and red colors of the circles
indicate the intensity of CoV-2 RBD binding in bead-based flow-cytometric assay (Table S1). The circles with stars are clones with high neutralization activity
against CoV-2 (Fig. 5 C).

Table S1is provided online as a separate file. Table S1 lists information on mAbs generated from GC B cells of mice immunized with
GM9 or GM14 (related to Fig. 5 A).
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