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ABSTRACT
Dynamic changes of the paired heavy and light chain B cell receptor (BCR) repertoire provide an essential insight into
understanding the humoral immune response post-SARS-CoV-2 infection and vaccination. However, differences
between the endogenous paired BCR repertoire kinetics in SARS-CoV-2 infection and previously recovered/naïve
subjects treated with the inactivated vaccine remain largely unknown. We performed single-cell V(D)J sequencing of
B cells from six healthy donors with three shots of inactivated SARS-CoV-2 vaccine (BBIBP-CorV), five people who
received the BBIBP-CorV vaccine after having recovered from COVID-19, five unvaccinated COVID-19 recovered
patients and then integrated with public data of B cells from four SARS-CoV-2-infected subjects. We discovered that
BCR variable (V) genes were more prominently used in the SARS-CoV-2 exposed groups (both in the group with
active infection and in the group that had recovered) than in the vaccinated groups. The VH gene that expanded the
most after SARS-CoV-2 infection was IGHV3-33, while IGHV3-23 in the vaccinated groups. SARS-CoV-2-infected group
enhanced more BCR clonal expansion and somatic hypermutation than the vaccinated healthy group. A small
proportion of public clonotypes were shared between the SARS-CoV-2 infected, vaccinated healthy, and recovered
groups. Moreover, several public antibodies had been identified against SARS-CoV-2 spike protein. We
comprehensively characterize the paired heavy and light chain BCR repertoire from SARS-CoV-2 infection to
vaccination, providing further guidance for the development of the next-generation precision vaccine.
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Introduction

The distinctive severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), which caused the 2019
coronavirus disease (COVID-19), has posed a severe
threat to global health. Vaccines are the most effective
measures to prevent and control the SARS-CoV-2
pandemic [1]. Eleven SARS-CoV-2 vaccines were
granted emergency use listing by WHO (https://

covid19.trackvaccines.org/agency/who/), including
BNT16b2, mRNA-1273, ChAdOx1 nCoV-19 and
BBIBP-CorV vaccines and others. B cells are critical
for producing antibodies and conferring protective
immunity to SARS-CoV-2 infection and vaccination
[2]. Naïve B cells recognize various antigens of a
pathogen at the early phase of infection and then
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undergo affinity maturation in a germinal center
through somatic hypermutation (SHM) and class-
switch recombination (CSR). Mature B cells can
react strongly to foreign antigens, resulting in B cell
stimulation, clonal expansion, and ultimately, the
secretion of high-affinity antibodies in the blood [3].
During B cell development, single variable (V), diver-
sity (D), and joining (J) genes are selected from mul-
tiple distinct copies and imprecisely joined to create
a B cell receptor (BCR) [4].

Global features of the BCR repertoire have been
studied by high-throughput bulk RNA sequencing of
immunoglobulin heavy chain (IgH) genes [5–7]. IgH
BCR repertoires studies showed different usage of V
gene and immunoglobulin isotype switch post several
types of COVID-19 vaccination or virus infection in
subjects [8]. The usage of IGHV1-24 was increased
in the severely infected group during the early stage,
while no similar trend was observed post-BNT162B2
SARS-CoV-2 vaccination [8]. V genes usage in the
IGHV1-69D, IGKV1D-39, and IGLV5-45 were
observed to increase after the Ad5-based recombinant
SARS-CoV-2 vaccine (Ad5-nCoV, trade name: Convi-
decia™) [9]. For the inactivated COVID-19 vacci-
nation, IGHV1-18, IGHV3-11, IGHV3-23, IGHV4-
34 and IGHV4-59 were predominantly used in the
total IgH repertoire [10]. IgM and IgA accounted for
the highest ratio post inactivated COVID-19 vacci-
nation, while IgG post mRNA vaccination [8,10].
However, knowledge about the endogenous pairing
of heavy and light chain repertoires is lost in most
studies.

As SARS-CoV-2 natural infection induces stronger
and more long-lasting protective immune responses
than vaccination, the BCR repertoire can be expected
to be different between them, which can affect the
efficacy of both the acute response to viral infection
and the quality and longevity of the memory response
[8]. However, we still lack an understanding of the
overall landscape of BCR repertoires in subjects with
on-going SARS-CoV-2 infection and in previously
recovered/naïve subjects who received an inactivated
SARS-CoV-2 vaccine, especially at the single-cell
level. To learn those insights, we tracked the develop-
ment of paired heavy and light chain BCR repertoires
in longitudinal samples collected from six healthy reci-
pients of inactivated SARS-CoV-2 vaccine (BBIBP-
CorV), five people who received the BBIBP-CorV vac-
cine after having recovered from COVID-19, five
unvaccinated COVID-19 recovered people and then
integrated with public data of B cells from four
SARS-CoV-2 infected patients. Via single-cell V(D)J
sequencing, we mapped 163,161 heavy and light
paired B cells from the above groups. Preferential V
genes usage, immunoglobulin isotypes, clonal expan-
sion, SHM, and public antibody clonotypes were
characterized in this study. Our study provided

detailed insights on BCR repertoire signatures in the
varying nature landscape of SARS-CoV-2 exposure,
contributing to a better understanding of the humoral
immune response and optimizing the next generation
of infectious disease vaccines.

Material and methods

Study design and participants

Six healthy donors with three shots of inactivated
SARS-CoV-2 vaccine (BBIBP-CorV), five people
who received the BBIBP-CorV vaccine after having
recovered from COVID-19 and five unvaccinated
COVID-19 recovered patients were enrolled in this
study. Four SARS-CoV-2 infected patients’ infor-
mation from public data was integrated with the
above data [11]. All study procedures were approved
by the Research Ethics Committee of School of Public
Health (Shenzhen), Sun Yat-sen University, China.

Cell hashing

To avoid possible sample-specific batch effects, cell
hashing was used to distinct samples. It uses a series
of oligo-labelled antibodies against CD298 and β2
microglobulin with different barcodes to uniquely
label the cells from different individuals, and then
they were pooled in one scRNA-seq run.

Sorted cells from those above subjects were pooled
into one tube and stained with a mixture of oligo-
labelled antibodies against target surface proteins.
The detailed methods were generated as previously
described [12].

Single-cell V(D)J sequencing

Peripheral blood mononuclear cells (PBMCs) were
isolated from the blood of the above samples using a
human lymphocyte separation medium. Cells were
stained and mixed with DNA-barcoded antigens and
other fluorescent antibodies. After sorted by FACS
with a MoFlo Astrios EQ Flow Cytometer (Beckman).
All B cells were loaded on a 10X Chromium A Chip.
Single-cell lysis and RNA first-strand synthesis were
performed using 10X Chromium Single-cell 50
Library & Gel Bead Kit according to the manufac-
turer’s protocol. The following RNA and V(D)J library
preparation were performed according to the manu-
facturer’s protocol (Chromium Single-cell V(D)J
Reagent Kits, 10X Genomics). The detailed methods
were generated as previously described[12].

V(D)J sequencing analysis

Single-cell V(D)J sequencing data were initially pro-
cessed with Cell Ranger (v.5.0.0) vdj pipeline against
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the GRCh38 reference genome. BCR contigs con-
tained in “filtered_contigs.fasta” and “filtered_conti-
g_annotations.csv” from Cell Ranger vdj output were
consequently preprocessed by the dandelion Python
package [13]. Dandelion was performed to reannotate
v(d)j sequence with “igblastn” using the IMGT data-
base as a reference and quantify SHM. BCR Contigs
with only one heavy chain and one light chain were
continued for clonotypes analysis using scirpy pack-
age(v.0.10.1) [14]. Clonotypes were defined according
to whether the v(d)j nucleotide sequences were ident-
ified. We used two different definitions for analysis of
shared clonotypes: similar CDR3 amino acid sequence
with and without the same VJ gene usage in both
heavy and light chains [15]. The BLOSUM62 matrix
was applied to all of the repertoires to calculate the dis-
tance between sequences based on pairwise sequence
alignment by scirpy.pp.ir_dist with cut-off = 10.
Then scirpy was performed to define clonotype clus-
ters or shared clonotypes that have different CDR3
nucleotide sequences but might recognize the same
antigen because they have the same or similar CDR3
amino acid sequence. Shared clonotypes (shared
CDR3 only) were shown with clonotype network
plots. Upset plots were drawn to exhibit shared clono-
types with the same VJ usage. Besides, clonal expan-
sion, VJ genes usage, isotype, etc. were also taken for
analysis.

Monoclonal antibody expression and
purification

Antibodies were generated as previously described
[16,17]. The convergent paired monoclonal antibodies
(mAbs) were synthesized and cloned into expression
vectors containing the IgG constant regions of the
human using SalI and XhoI restriction enzymes
(Monad MF02201 and MF03001). IgG mAbs were
expressed by transfecting HEK293T cells with equal
amounts of heavy- and light-chain plasmids using
polyethylenimine (PEI) and cultured for 5 days. The
supernatant was collected and purified using protein
A agarose beads.

Enzyme-linked immunosorbent assay (ELISA)

High-protein binding microtiter plates (Costar) were
coated with 2 µg/ml SARS-CoV-2 S1, and S2 recombi-
nant protein in PBS overnight at 4°C, respectively.
After blocking with 3% BSA in 1 × PBS, serially diluted
(1:3 ratio) mAbs starting at 10 µg/ml were added to the
plates and incubated for 1 h at 37°C. Plates were
washed six times with PBST and then incubated with
HRP (horse radish peroxidase) conjugated goat anti-
human IgG (or IgA and IgM) (JACKON). The plate
was developed with Super Aquablue ELISA substrate

(eBiosciences). Absorbance was measured at 405 nm
on a microplate spectrophotometer (BioTek).

Statistical analysis

Statistical analyses were performed with R soft (R ver-
sion 4.1.1) and Python (version 3.5). Fisher’s exact test
was used to assess differences in the use of VH gene
segments and immunoglobulin isotypes. Two-side t-
tests or Wilcoxon rank-sum tests were used to analyze
differences in CDRH3 length and SHM rate among
different groups. Spearman’s rank correlation was
used to analyze the correlation between CDRH3
length and immunoglobulin isotype proportion. In
all analyses statistical significance was tested, signifi-
cance was defined as *p value < 0.05; **p value <
0.01; ***p value < 0.001 and **** p value < 0.0001;
not significant (ns): p-value >0.05.

Results

Preferential BCR V gene segments usage bias
wasmore prominent in the SARS-CoV-2 infected
group than that in the vaccinated healthy
group

To compare the global difference of paired BCR reper-
toire between SARS-CoV-2 infection and vaccination,
we collected PBMCs from six healthy recipients with
three shots of BBIBP-CorV (the Vaccinated Healthy
group), and those people in 0 d before vaccination
(the Healthy group) were considered as the baseline,
five people who had recovered from COVID-19 and
had received a single dose of SARS-CoV-2 inactivated
virus vaccine (the Vaccinated Recovered group), and
five COVID-19 recovered people (the Unvaccinated
Recovered group), respectively.

We sorted the sub-populations of B cells (CD19+

CD27+ memory B cells, and CD19+ CD27high

CD38high plasma cells) (Figure S1). The sorted cells
were then subjected to 10X Chromium, and then
single-cell V(D)J sequencing was performed (Figure 1
(A)). Moreover, the BCR repertoire from four SARS-
CoV-2-infected patients (the Infected group), col-
lected from public data, were integrated into this
study. The detailed basic information of the above
groups is shown in Tables S1–S4. The sorting strategy
of the above four infected samples was similar to our
study [11].

To study the preferential BCR V genes usage bias by
SARS-CoV-2 infection or a SARS-CoV-2 inactivated
vaccine at a single-cell level, 163,161 paired heavy
and light chains BCR clones were obtained, including
22678, 81236, 33770, 13121 and 12356 heavy and
light pair BCR clones in the infected, vaccinated
healthy, vaccinated recovered, unvaccinated recovered
and healthy groups, respectively. The preferential
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Figure 1. Preferential V Gene Segments Usage of BCR in SARS-CoV-2 Infection and Vaccination. (A) Schematic overview of the 10X
Genomics single-cell V(D)J sequencing process. The global BCR repertoire characterization in different nature of SARS-CoV-2
exposure. (B)The distribution of the top 5 paired heavy and light chains in SARS-CoV-2-infected (Inf.Grp.), healthy (Hlty.Grp.), vac-
cinated healthy (Vac.Hlty.Grp.), vaccinated recovered (Vac.Rec.Grp.) and unvaccinated recovered groups (Unvac. Rec.Grp.). (C) San-
key diagram shows total BCR-specific heavy and light VJ pairs that occurred more than once. (D–G) The frequency and differential
analysis of VH gene segments between healthy and infected groups (D), healthy and vaccinated healthy groups (E), vaccinated
healthy and infected groups (F), unvaccinated recovered and vaccinated recovered groups (G). The colours represent the p-value
of the significant positive or negative. Red: p < 0.05, grey: p > 0.05. Fisher’s exact test, p-value less than 0.05, was considered to be
statistically significant. (H) The polar plot shows the relative changes of VH genes usage in SARS-CoV-2-infected (Inf.Grp), vacci-
nated1st.15d healthy (Vac1st.15d.Hlty.Grp.) vaccinated1st.28d healthy (Vac1st.28d.Hlty.Grp.), vaccinated2nd.28d healthy (Vac2nd.28d.Hlty.Gr-
p.)and vaccinated3rd.28d healthy(Vac3rd.28d.Hlty.Grp.) groups. The VH gene usage proportion of the healthy group (Hlty.Grp.) was
considered as the baseline. The relative changes in VH gene usage were calculated by the following method: the proportion of VH
gene at a certain time point minus above the baseline. (I) The polar plot shows the relative changes of VH genes usage in vacci-
nated1st.0d recovered (Vac1st.0d.Rec.Grp.), vaccinated1st.15d recovered (Vac1st.15d.Rec.Grp.), vaccinated1st.28d recovered
(Vac1st.28d.Rec.Grp.) and unvaccinated recovered (Unvac.Rec.Grp.) groups. The calculation method of relative changes in VH
genes usage was the same as in Figure 1(H).
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usage bias of the top 5 paired BCR clones are shown in
Figure 1(B). The top five paired BCR clonotypes in the
infected group were different from that in the healthy
group. The top five paired clonotypes in the vaccinated
healthy group were still similar to that of the healthy
group (Figure 1(B)). Among these, the first and third
highest frequency paired clonotypes were the same
(IGHV3-23/IGKV3-20, IGHV3-23/IGKV3-15). While
the second highest frequency paired clonotypes in
the infected group and the vaccinated recovered
group were the same (IGHV4-59/IGKV3-20). The
most frequent heavy and light VJ pair in all groups
was IGHV3-23-IGHJ4-IGKV3-20-IGKJ1, followed by
IGHV3-23-IGHJ4-IGKV1-5-IGKJ1 and IGHV3-23-
IGHJ4-IGKV3-11-IGKJ4 (Figure 1(C)).

In most antibodies, the heavy chain is generally
considered to play a major role in antigen-binding
interactions in most antibodies. Hence, we explored
the usage bias of VH gene segments. Compared with
the healthy group, fourteen VH gene segments (four-
teen heavy chains) significantly increased in the
infected group (p< 0.05) (Figure 1(D)). IGHV3-33
was the dominant VH gene expanded post-infection,
followed by IGHV3-73 and IGHV4-31(Figure 1(D)).
However, in the vaccinated healthy group, only four
VH gene segments were increased (p < 0.05), in
which IGHV3-74 was the dominant expanded VH
gene (Figure 1(E)). Compared with the vaccinated
healthy group, the infected group had remarkably
increased usage of twelve VH gene segments (p <
0.05) (Figure 1(F)). Thirteen VH gene segment usage
increased in the vaccinated recovered group compared
to the unvaccinated recovered group (p < 0.05) (Figure
1(G)).

Then we explored the longitudinal VH genes seg-
ment usage bias dynamics of SARS-CoV-2 infection
and vaccination, by analyzing relative changes in VH
gene usage. When considering the VH gene usage pro-
portion of 0 day before vaccination as the baseline,
relative changes in VH gene usage could be calculated.
As Figure 1(H) shows, VH gene segment usage is
extremely different between infection and vaccination,
the proportions of some VH genes, such as IGHV3-33,
IGHV4-31, IGHV3-73, were sharply increased, while
IGHV3-23 and IGHV3-7 were relatively decreased.
IGHV3-30 accounted for the highest proportion in
15 days post recovered people first shot with the inac-
tivated vaccine (vaccinated1st.15d recovered group),
then go back to steady state at 28 days post-vacci-
nation (the vaccinated1st.28d recovered group, Figure 1
(I)). Biased relative changes in VK/VL-gene usages
were conspicuous to observe between the infected
and vaccinated healthy groups (Figure S2A–C), the
unvaccinated recovered and vaccinated recovered
groups (Figure S2B–D).

Taken together, these results highlighted V genes
usage bias in the SARS-CoV-2-infected group was

more prominent than that in the vaccinated healthy
group. The different usage bias of VH/VL gene seg-
ments indicated antibody specificity elicited by infec-
tion and vaccination were very different. These
findings indicated that it can distinguish the sample’s
immune status by the V gene usage.

Immunoglobulin isotypes were dominated by
IgA and IgG post-infection, and by IgM post-
inactivated vaccine

After activation, B cells may undergo CSR to change
the isotype of their BCR from IgM and IgD to IgG,
IgA, or IgE [3,18]. We first compared the usage fre-
quency of different immunoglobulin isotypes among
SARS-CoV-2 infection and vaccination. IgM pre-
sented the highest proportion in total BCR repertoire
(39%) in all groups, except the infected group (Figure 2
(A,B)). The proportions of IgA1 and IgG1 were
increased in the infected group compared to the vacci-
nated healthy group (p < 0.05) (Figure 2(C)). The
usage of IgA1, IgA2 and IgG2 increased significantly
in the vaccinated recovered group compared to the
vaccinated healthy group (p < 0.05) (Figure 2(D)).
However, there were no statistical differences in
IgA2 and IgG4 between the vaccinated healthy and
healthy groups (Figure 2(E)). Inactivated vaccine
induced an infirm immunoglobulin isotype switch
response, which is similar to that of the healthy group.

Next, we analyzed the paired heavy and light chain
usage bias of different immunoglobulin isotypes in the
infected, vaccinated healthy and vaccinated recovered
groups. For IgA isotype, the paired heavy and light
chain IGHV3-33/IGLV2-14, IGHV3-23/IGKV3-20
and IGHV4-59/IGKV3-20 were the dominant usage
BCR gene in the infected, vaccinated healthy and vac-
cinated recovered groups, respectively (Figure 2(F)).
For IgG isotype, the dominant usage was IGHV4-59/
IGKV3-20, IGHV3-23/IGKV3-20 and IGHV3-23/
IGKV3-20, respectively (Figure 2(F)). Altogether,
immunoglobulin isotypes class switching following
SARS-CoV-2 vaccination was less pronounced than
after infection. The clonal expansion was most promi-
nent in IgA post-infection but IgM after inactivated
vaccine. The increasing percentage of IgA indicates
that IgA may be synthesized and migrate widely to
the respiratory tract and or other mucosal sites to
play an early immune function to clear virus [19].
This informed the next-generation vaccine strategy
should target a strong mucosal IgA response.

Greater breadth of BCR clonal expansion
following SARS-CoV-2 infection compared with
the vaccination

Clonal expansion is a sign of positive selection. To
compare the differences in BCR clonal expansion
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Figure 2. Immunoglobulin Isotypes Signature Analysis of SARS-CoV-2 Infection and Vaccination. (A) The bar graph shows immu-
noglobulin isotype distribution in Total, SARS-CoV-2 infected, vaccinated healthy, vaccinated recovered, unvaccinated recovered
and healthy groups. (B) The bar graph shows immunoglobulin isotype distribution in SARS-CoV-2 infected, healthy, vaccina-
ted1st.15d healthy, vaccinated1st.28d healthy, vaccinated2nd.28d healthy, vaccinated3rd.28d healthy, vaccinated1st.0d recovered, vacci-
nated1st.15d recovered, vaccinated1st.28d recovered and unvaccinated recovered groups. (C–E) The frequency and differential
analysis of immunoglobulin isotypes between vaccinated healthy and infected groups(C), vaccinated healthy and unvaccinated
recovered groups(D) and healthy and vaccinated healthy groups(E). The colours represent the p-value of the significant positive or
negative, red: p < 0.05, grey: p > 0.05. Fisher’s exact test, p-value less than 0.05 was considered to be statistically significant. (F)
Combination of V genes of heavy chain and light chain. The combination of V genes of heavy chain and light chain of IgA and IgG
in infected vaccinated healthy and vaccinated recovered groups.
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after SARS-CoV-2 infection and vaccination, we ana-
lyzed the clone size distribution in all samples. The
SARS-CoV-2-infected group had higher proportion
of expanded clones (>50%; clone size≥ 2) than the
vaccinated by SARS-CoV-2-inactivated virus vaccine
(<20%, Figure 3(A)). All the four SARS-CoV-2-
infected patients have high clonal expansion (clone
size≥2), especially in the SCoV13 subject, in which
the proportion of clone size≥10 was even more than
70% (Figure 3(B)). IgA is the dominant isotype in
the highly expanded clones (clone size≥10), followed
by IgG in all groups (Figure 3(C)). Significant expan-
sion of BCR clones in IgA/IgG/IgM isotypes was
found in the SARS-CoV-2 infected group than that
in other groups (Figure 3(D)). The top 1 clonal expan-
sion antibody gene (IGHV3-33, IGHJ4, IGLV2-14,
IGLJ3) was synthesized and subjected to antibody pro-
duction in HEK293 cells. I40 exhibited high-affinity
binding against SARS-CoV-2 S2 protein (Figure 3
(E)). We found that the infected individuals show
higher clonal expansion than the healthy and vacci-
nated healthy individuals. These results indicated
that SARS-CoV-2 infection greatly enhanced BCR clo-
nal expansion compared with the vaccinated by SARS-
CoV-2 inactivated virus vaccine, especially in the IgA
isotype.

SARS-CoV-2 infection induced higher SHM
compared with vaccination

SHM introduces point mutations in the antibody vari-
able region that encodes the antigen-binding sites,
thus promoting affinity maturation [20]. We next
explored the difference in the SHM ratio in the
above groups. SHM rate in the infected group was sig-
nificantly higher than that in other groups (p < 0.05),
and the vaccinated healthy group had the lowest
level of SHM ratio (Figure 4(A)). We further investi-
gated the SHM rate over time. In the vaccinated
healthy and vaccinated recovered groups, the highest
SHM rate was found in the vaccinated 1st.15d recovered
group (Figure 4(B)). For the SHM rate in various
immunoglobulin isotypes, IgA accounted for the high-
est SHM rate and the lowest SHM rate appeared in
IgM (p < 0.05, Figure 4(C,D)). Interestingly, the
SHM rate in IgG1 or IgG3-expressing B cells of the
infected group was prominently lower than that of
other groups (Figure 4(E) and S3A).

Then we wondered whether the SHM rate of heavy,
kappa and lambda chains differed between SARS-
CoV-2 infection and vaccination. The top 10 heavy,
kappa and lambda genes were selected to be analyzed,
respectively (Figure 4(F, H) and S3B-D). The SHM
rate of IGHV3-23, IGHV1-18 and IGHV5-51 in the
SARS-CoV-2 infected and vaccinated recovered
groups were higher than that in the vaccinated healthy
and unvaccinated recovered groups (p < 0.05, Figure 4

(F) and Figure S3B). The SHM rates of the top 10 light
chain genes were different in the various groups
(Figure 4(G,H) and S3C-D). Altogether, these results
implied that higher SHM were induced by SARS-
CoV-2 infection, with or without subsequent vacci-
nation, compared with the vaccinated healthy group,
although the SHM ratio is different in different
isotypes.

Paired public clonotypes are shared between
SARS-CoV-2 infected and vaccinated groups

To investigate the potential convergent antibody
response elicited by SARS-CoV-2 infection and vacci-
nation, we performed a shared cluster analysis. Two
definitions were used for the clonotype sharing: simi-
lar complementarity-determining region 3 (CDR3)
amino acid (aa) sequence matches, or similar CDR3
aa sequence matches plus exact V and J gene usage.
The python Scirpy package was used to calculate the
BCR distance. The CDR3 aa alignment distance cut-
off values of both heavy and light chains less than or
equal to 10 were considered as a clonotype cluster.
We first examined the clonotype cluster network dia-
gram among the SARS-CoV-2 infected, vaccinated
healthy, healthy, vaccinated recovered and unvacci-
nated recovered groups only based on CDR3 aa. A
large number of clonotype clusters were shared in
the above groups, such as clusters 380, 3230 and
6167 (only clonotype cluster nodes≥ 10 are shown
in Figure 5(A) and S4A). Besides, clonotype clusters
containing dominant clonotypes were identified in
the infected and unvaccinated recovered groups. Sev-
eral clonotypes with clone sizes of more than 20 were
found in clusters 111111, 111098 and 100842 (Figure 5
(A)). Interestingly, two BCR clonotypes (C5P4FS and
C7P4FS) in cluster 100842 were SARS-CoV-2 RBD-
reactive in our previous research [12]. The detailed
information about clonotype clusters 380, 100842
and 111111 is shown in Table S1.

To understand the BCR repertoire evolution of
SARS-CoV-2 infection and vaccination, we clustered
CDR3 aa sequence matches plus exactly matched V
and J gene usage, analyzing the convergent clusters
(also named public antibody clonotypes) shared by
the SARS-CoV-2 infected, vaccinated healthy, vacci-
nated recovered and unvaccinated recovered groups.
Paired public antibody clonotypes were defined by
sharing the same heavy chain (VH/JH) and light
chain variable genes (VK/JK or VL/JL) and similar
CDR3 amino acid sequences. Three hundred forty-
three convergent clusters met the criterion in the
SARS-CoV-2 infected, vaccinated healthy, vaccinated
recovered and unvaccinated recovered groups, with
35 clusters in the infected group and 165 clusters in
the vaccinated healthy group (Figure 5(B)). Ten con-
vergent clusters spanned more than six groups (Figure
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Figure 3. BCR Clonal Expansion Following SARS-CoV-2 Infection and Vaccination. (A) The Bar plot shows clonal expansion distri-
bution in SARS-CoV-2 infected, healthy, vaccinated1st.15d healthy, vaccinated1st.28d healthy, vaccinated2nd.28d healthy, vaccina-
ted3rd.28d healthy, vaccinated1st.0d recovered, vaccinated1st.15d recovered, vaccinated1st.28d recovered and unvaccinated
recovered groups. The different colours represent the clone size. (B) The Bar plot shows the clonal expansion distribution in
each sample. (C) The Bar plot shows clonal expansion distribution in different immunoglobulin isotypes, including IgM, IgA1,
IgA2, IgG1, IgG2, IgG3, IgG4 and IgD. (D) The Bar plot shows the clonal expansion distribution of different immunoglobulin iso-
types in different groups. (E) Binding of top1 dominant antibody to SARS-CoV-2 S2 antigen by ELISA.
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5(C)). The sequences of several multi-groups shared
clonotype clusters (4, 758, 256 and 340) are shown
in supplemental Table S2.

Next, we further explored the convergent clusters
between the different time points following in the
vaccinated healthy, vaccinated recovered and infected
groups, respectively. The convergent clusters shared
between vaccinated1st28d healthy and vaccina-
ted2nd.28d healthy groups were the top 1 cluster in
the vaccinated healthy group over time (Figure 5
(D)). Seventy convergent clusters were found
among the three shots of the SARS-CoV-2 inacti-
vated virus vaccine (Figure 5(D)). Sixty-nine public
clonotypes were spanning in the four infected sub-
jects (Figure 5(E)). Besides, the convergent clusters
shared between the vaccinated recovered and unvac-
cinated recovered groups, and the infected and vac-
cinated healthy groups are present in Figure S4B,C,
respectively. The vaccinated recovered group gener-
ated a higher number of convergent clusters than
the healthy subjects with BBIBP-CorV vaccination

(421 VS 237) at day 0 and day 28 (Figure S4D,E).
To identify the antigen specificity of the convergent
clonotypes with paired heavy and light chains, we
generated several convergent mAbs from the
HEK293 cells. Four public antibodies from different
individuals (infected, vaccinated healthy and vacci-
nated recovered groups) were confirmed as SARS-
CoV-2 spike-specific (Figure 5(F)).

Briefly, a small proportion of convergent clusters
were shared among the SARS-CoV-2 infected, vacci-
nated healthy, vaccinated recovered and unvaccinated
recovered groups, while numerous convergent clusters
were found across the SARS-CoV-2 infected patients.

Characteristics of CDRH3 in SARS-CoV-2
infection and vaccination

We explored the characteristics of CDRH3 sequences
of clonal expended BCR in SARS-CoV-2 infection and
vaccination. The length of CDRH3 in the SARS-CoV-
2 infected and vaccinated1st.15d recovered groups was

Figure 4. Characteristics of Somatic Hypermutation in Different Groups, Immunoglobulin isotypes and V genes. (A) The differential
analysis of SHM rate in SARS-CoV-2 infected vaccinated healthy, vaccinated recovered, unvaccinated recovered and healthy
groups. Statistical significance was evaluated using the Wilcoxon rank-sum test. Significance was defined as: *p-value < 0.05;
**p-value < 0.01; ***p-value < 0.001 and **** p-value < 0.0001; not significant (ns): p-value > 0.05. (B) The differential analysis
of SHM rate in SARS-CoV-2 infected, healthy, vaccinated1st.15d healthy, vaccinated1st.28d healthy, vaccinated2nd.28d healthy, vacci-
nated3rd.28d healthy, vaccinated1st.0d recovered, vaccinated1st.15d recovered, vaccinated1st.28d recovered and unvaccinated recov-
ered groups. Statistical significance was evaluated using the Wilcoxon rank-sum test. (C) The differential analysis of SHM rate
in IgM, IgA, IgG and IgD. (D) The differential analysis of SHM rate in IgM, IgA1, IgA2, IgG1, IgG2, IgG3, IgG4 and IgD. (E) SHM
rate of immunoglobulin isotypes subclass in the different groups. (F–H) SHM rate of immunoglobulin isotypes subclass in the
heavy chain (F), kappa chain(G) and lambda chain (H). The 10 most common IGHVs/IGKVs/IGLVs are ordered by frequency in
the patients.
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notably longer than that in the vaccinated healthy,
unvaccinated recovered and healthy groups (p < 0.05,
Figure 6(A)). The length of CDRH3 length varied
across different immunoglobulin isotypes. IgM had
the shortest CDRH3 length in all the immunoglobulin
isotypes (p < 0.05, Figure 6(B)). The immunoglobulin
isotypes in the infected group had a greater diversity of
the CDRH3 length than that in the vaccinated healthy
group, especially for the IgG3 subclass (Figure 6(C)).
Noteworthy, the strongest negative correlations were
seen between CDRH3 length and IgM proportion (r
=−0.915, p < 0.0001), and IgA2 proportion (r =
−0.771, p < 0.0001), especially in vaccinated healthy
and vaccinated recovered groups (Figure 6(D) and
S5A–D). There was the strongest positive correlation
between CDRH3 length and IgG1 proportion (r =
0.967, p < 0.0001), and IgD proportion (r = 0.950, p
< 0.0001), especially in the vaccinated recovered
group. However, there was no correlation between
CDRH3 length and IgA1 (Figure 6(D)). The short
length of CDRH3 preferred to use IGHV3-7/IGKV2-
30 or IGHV3-7/IGKV3-20, which in the long length
CDR3 were IGHV3-23/IGKV3-20 or IGHV3-30/
IGKV3-20, suggesting that the VH/VK genes bias

usage in different length of CDRH3 (Figure 6(E)).
Immunoglobulin isotypes and CDRH3 length between
the infected individuals and vaccinated individuals
were different at distinct time points (Figure S5E,F).
However, no obvious differences were observed
among the vaccinated individuals at different time
points. In summary, severe SARS-CoV-2 infection
was likely to induce longer CDRH3. A strong corre-
lation between CDRH3 length and IgG1, IgA2, and
IgM was found in the vaccinated healthy and vacci-
nated recovered groups, but not after SARS-CoV-2
infection alone.

Discussion

Clarifying signatures of single-cell paired heavy and
light chain BCR repertoire of SARS-CoV-2 infection
and vaccination can help expose the nature of
COVID-19 and guide therapeutic agent development
as well as vaccine design and assessment [7,21]. We
compared the global paired BCR repertoire signature
induced by SARS-CoV-2 infection and vaccination
via a single-cell V(D)J sequence. Our results revealed
preferential V genes usage was more prominent in

Figure 5. Convergent Paired Heavy and Light Sequences Shared between SARS-CoV-2 Infection and Vaccination. (A) The network
diagram of clonotype cluster among in SARS-CoV-2 infected, healthy, vaccinated1st.15d healthy, vaccinated1st.28d healthy, vaccina-
ted2nd.28d healthy, vaccinated3rd.28d healthy, vaccinated1st.0d recovered, vaccinated1st.15d recovered, vaccinated1st.28d recovered
and unvaccinated recovered groups. Only the nodes ≥10 clonotype clusters are shown in this figure. (B–E) Convergent paired
heavy and light clusters among different groups (the top panel). The sample distribution is indicated by the lines and dots
with the number of clusters sharing that group distribution indicated by the vertical histogram bars. The total number of con-
vergent clusters identified in each group is indicated in the histogram to the left of the plot. (F) Binding of convergent antibodies
to SARS-CoV-2 spike antigen by ELISA. Public antibody I47 was found among the infected, vaccinated recovered and vaccinated
healthy subjects, I90 and I91 in the infected subjects, and I93 in the vaccinated healthy and vaccinated recovered subjects.
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the SARS-CoV-2 infected group than that in the vac-
cinated healthy group. Natural infection enhanced
BCR clonal expansion and SHM compared with the
vaccinated SARS-CoV-2-inactivated virus vaccine.
Interestingly, a small proportion of public clonotypes
was shared by the SARS-CoV-2-infected, vaccinated
healthy, vaccinated recovered and unvaccinated
recovered groups.

Increasing our understanding of the paired BCR
repertoire in the context of COVID-19 is essential
given its role in defense against SARS-CoV-2 infec-
tion, and potentially in preventing secondary infection
and re-infection [8,10,22,23]. IGHV genes covered a
majority of pathogen-engaging regions of BCR,
including the three complementarity-determining
regions CDRH1, CDRH2, and a portion of CDRH3
[7]. Therefore, we investigated whether there are any
differences in V gene usage between SARS-CoV-2
infection and vaccination, which may indicate prefer-
ences relevant for response to a particular pathogen.
Our analysis revealed higher frequency changes in
the paired IGHV and IGLV of BCRs in SARS-CoV-2
infected compared with the vaccinated healthy
group. We found the preferential V gene segment
usage of BCR was more prominent in the SARS-

COV-2-infected group than that in the vaccinated
healthy group. IGHV3-33/IGLV2-14 was the top
paired BCR clonotype in the infected group, while
IGHV3-23/IGKV3-20 was the dominant paired clono-
type in the vaccinated healthy group. SARS-CoV-2
infection greatly enhanced BCR clonal expansion in
our study, it was the same as previous studies
[24,25], indicating that B cell activity and humoral
immune responses were strongly activated in infected
patients [25].

A higher SHM rate was observed in the SARS-CoV-
2-infected group compared to the vaccinated recov-
ered group, which may be due to the B cells continu-
ously being exposed to SARS-CoV-2 antigen during
infection in the human body (Figure 4(A)). Naturally,
infection often has a larger dose of the antigen and
longer time of antigen exposure than vaccination.
These antigens can make the B cells undergo SHM
and affinity maturation multiple times, causing higher
antibody response [11]. The vaccinated1st.15d recov-
ered group has the highest SHM rate among all the
groups at different time points, but the SHM rate
decreases sharply at 28 days post-vaccination (Figure
4(B)). It indicated that the exposure to SARS-CoV-2
antigen cannot last 28 days post-vaccination and likely

Figure 6. Characteristics of CDRH3 in SARS-CoV-2 Infection and Vaccination. (A) The differential analysis of CDRH3 length in SARS-
CoV-2 infected, healthy, vaccinated1st.15d healthy, vaccinated1st.28d healthy, vaccinated2nd.28d healthy, vaccinated3rd.28d healthy,
vaccinated1st.0d recovered, vaccinated1st.15d recovered, vaccinated1st.28d recovered and unvaccinated recovered groups. Statistical
significance was evaluated using the two-sided t-test. Significance was defined as: *p-value < 0.05; **p-value < 0.01; ***p-value <
0.001 and **** p-value < 0.0001; not significant (ns): p-value > 0.05. (B) The differential analysis of CDRH3 length in IgM, IgA1,
IgA2, IgG1, IgG2, IgG3, IgG4 and IgD. Statistical significance was evaluated using the two-sided t-test. (C) Distribution of CDR3
length of each group in different immunoglobulin isotypes. (D) The Bar plot shows the proportion of immunoglobulin isotypes
in different CDRH3 lengths, including IgM, IgA1, IgA2, IgG1, IgG2, IgG3, IgG4 and IgD. (E) The heavy and light genes usage, and
CDR3 motif of clonal BCR which CDR3 length is 9aa, 12aa, 15aa, 18aa, 21aa and 24aa.
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cannot drive B cells SHM anymore. Moreover, the
vaccinated recovered group has high SHM rates is
likely due to more prominent memory B cell reactiva-
tion than the vaccinated healthy group, due to pre-
vious SARS-CoV-2 exposure. Previously infected
SARS-CoV-2 subjects following vaccination with
mRNA BNT162b2, mRNA-1273 and Ad26.COV2.S
can induce potent and broad neutralizing antibody
responses [26–30]. If memory B cell responses evolve
similarly in naïve individuals who receive vaccines,
additional appropriately timed boosting with available
vaccines should lead to protective immunity against
circulating Variants of Concern (VOCs) [31].

Despite the diversity of antigen-driven antibody
responses, many researchers have previously identified
patterns of highly similar, “convergent” antibodies
shared by different individuals in response to patho-
gens, such as EBOV [32,33], dengue virus [34],
influenza virus [35] and HIV [36]. Similar phenomena
have been observed in patients infected by SARS-
CoV-2 [2,37–39]. Some convergent B cell clonotypes
presented cross-reactive against the SARS-CoV and
SARS-CoV-2 RBD [2]. Zhang reported that 21.7%
(168/774) published monoclonal antibodies (mAbs)
were found to have the same IGHV genes and at
least 80% CDRH3 aa sequence identity compared to
the BCR repertoires from COVID-19 recovered
patients. Thirty-six percent (61/168) of them showed
neutralizing ability against SARS-CoV-2 [20]. Chen
found that heavy chain germline-revertant forms of
public antibody clonotypes bind efficiently to spike
protein [40]. In our study, we approved that paired
heavy and light chain public clonotype antibodies
from different individuals after infection or vacci-
nation were SARS-CoV-2 spike-specific. These results
supported that SARS-CoV-2 induced convergent anti-
body response across different patients, which can be
identified by querying antibody sequencing reper-
toires if enough documented antigen-specific conver-
gent clonotypes are known.

As the SARS-CoV-2 epidemic continues, the
exposure history of the population to the virus is com-
plicated. Varying immune exposure history requires
different SARS-CoV-2 vaccination strategies. Learning
the dynamics and characteristics of the paired heavy
and light chain BCR repertoires following SARS-
CoV-2 infection and vaccination can lead us to under-
stand how the humoral immune response under
different immune exposure histories. We found that
BCR variable (V) genes were more prominently used
in the SARS-CoV-2 infected group than in the vacci-
nated healthy group. SARS-CoV-2 infection enhanced
BCR clonal expansion and more somatic hypermuta-
tion than the vaccinated healthy group.

Natural infection almost always caused better
immunity than vaccines [41]. The results indicated
that we can monitor the vaccine efficacy by identifying

the rate of BCR clonal expansion and somatic hyper-
mutation. Public clonotypes were shared by the
SARS-CoV-2 infected, vaccinated healthy and vacci-
nated recovered individuals and some of them were
SARS-CoV-2 spike-specific. Our study offered a com-
prehensive characterization of the paired BCR reper-
toire in the varying nature of SARS-CoV-2 exposure.
It would potentially inform the design of germline-tar-
geting SARS-CoV-2 antigen, to efficiently prime
specific protective B cells’ immune response with
special enriched types of VH genes or with antigen-
reactive public clonotypes VH genes.

Acknowledgements

We thank all participants in the study; B.H., designed and
performed experiments, analyzed data and wrote the manu-
script. S.N.L. and M.X.X. designed and performed exper-
iments and analyzed data. Y.Y.W., Y.Q.H., K.X.L., L.L.,
H.J.L., S.W.Z., P.B.L., Y.M., X.P.H, C.H.L. and Y.M.Z.
recruited patients and collected samples. G.Q.M, Y.D.Y,
Y.S.J, P.S.Z and M.S provided assistanace for the data analy-
sis. S.F.C., X.H.L and S.P.Y supplied critical materials and
provide critical help. All authors edited the manuscript.
J.Y.Y, Y.L.S. and Y.Q.C. conceived the project, supervised
the work, analyzed data and wrote the manuscript. We
appreciate the authors who publicly released the scRNA-
seq datasets on B cells from COVID-19 patients. We
thank Anna-Karin Palm for the insightful suggestions. We
thank Jinfeng Zeng for CDR analysis support.

Data availability statement

The raw sequencing data have been deposited into the Gen-
ome Sequence Archive of National Genomics Data Center
(CNCB), under accession code HRA002583 at https://
ngdc.cncb.ac.cn/gsa-human/. The authors declare that the
code used for the current study is available from the lead
contact (Prof. Yao-Qing Chen, chenyaoqing@mail.sysu.
edu.cn) upon request.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This study was supported by the National Natural Science
Foundation of China [92169104 and 31970881 to Y.Q.C.],
Shenzhen Science and Technology Program
[RCJC20210706092009004 and JCYJ20190807154603596 to
Y.Q.C.], Shenzhen Science and Technology Program
[KQTD20200820145822023 to M.S.], Shenzhen Science and
Technology Program [JSGG20200225152008136 to Y.L.S.]
and National Natural Science Foundation of China
[82041046 to M.S.].

ORCID

Yuedong Yang http://orcid.org/0000-0002-6782-2813
Yao-Qing Chen http://orcid.org/0000-0002-4659-1550

2018 B. HE ET AL.

https://ngdc.cncb.ac.cn/gsa-human/
https://ngdc.cncb.ac.cn/gsa-human/
mailto:chenyaoqing@mail.sysu.edu.cn
mailto:chenyaoqing@mail.sysu.edu.cn
http://orcid.org/0000-0002-6782-2813
http://orcid.org/0000-0002-4659-1550


References

[1] Li F, Luo M, Zhou W, et al. Single cell RNA and
immune repertoire profiling of COVID-19 patients
reveal novel neutralizing antibody. Protein Cell. 2021
Oct;12(10):751–755.

[2] Nielsen SCA, Yang F, Jackson KJL, et al. Human B cell
clonal expansion and convergent antibody responses
to SARS-CoV-2. Cell Host Microbe. 2020 Oct 7;28
(4):516–525 e5.

[3] Cyster JG, Allen CDC. B cell responses: cell interaction
dynamics and decisions. Cell. 2019 Apr 18;177
(3):524–540.

[4] Kotagiri P, Mescia F, Rae WM, et al. B cell receptor
repertoire kinetics after SARS-CoV-2 infection and
vaccination. Cell Rep. 2022 Feb 15;38(7):110393.

[5] Bashford-Rogers RJM, Bergamaschi L, McKinney EF,
et al. Analysis of the B cell receptor repertoire in six
immune-mediated diseases. Nature. 2019 Oct;574
(7776):122–126.

[6] Chen H, Zhang Y, Ye AY, et al. BCR selection and
affinity maturation in Peyer’s patch germinal centres.
Nature. 2020 Jun;582(7812):421–425.

[7] Montague Z, Lv H, Otwinowski J, et al. Dynamics of B
cell repertoires and emergence of cross-reactive
responses in patients with different severities of
COVID-19. Cell Rep. 2021 May 25;35(8):109173.

[8] Kotagiri P, Mescia F, Rae WM, et al. B cell receptor
repertoire kinetics after SARS-CoV-2 infection and
vaccination. Cell Rep. 2022 Feb 15;38(7):110393.

[9] Cao Q, Wu S, Xiao C, et al. Integrated single-cell
analysis revealed immune dynamics during Ad5-
nCoV immunization. Cell Discov. 2021 Aug 10;7
(1):64.

[10] Lin K, Zhou Y, Ai J, et al. B cell receptor signatures
associated with strong and poor SARS-CoV-2 vaccine
responses. Emerg Microbes Infect. 2022 Dec;11
(1):452–464.

[11] Sokal A, Chappert P, Barba-Spaeth G, et al.
Maturation and persistence of the anti-SARS-CoV-2
memory B cell response. Cell. 2021 Mar 4;184
(5):1201–1213e14.

[12] He B, Liu S, Wang Y, et al. Rapid isolation and
immune profiling of SARS-CoV-2 specific memory B
cell in convalescent COVID-19 patients via LIBRA-
seq. Signal Transduct Target Ther. 2021 May 17;6
(1):195.

[13] Stephenson E, Reynolds G, Botting RA, et al. Single-
cell multi-omics analysis of the immune response in
COVID-19. Nat Med. 2021 May;27(5):904–916.

[14] Sturm G, Szabo T, Fotakis G, et al. Scirpy: a scanpy
extension for analyzing single-cell T-cell receptor-
sequencing data. Bioinformatics. 2020;36(18):4817–
4818.

[15] Galson JD, Clutterbuck EA, Truck J, et al. BCR reper-
toire sequencing: different patterns of B-cell activation
after two meningococcal vaccines. Immunol Cell Biol.
2015 Nov;93(10):885–895.

[16] Chen Y-Q, Wohlbold TJ, Zheng N-Y, et al. Influenza
infection in humans induces broadly cross-reactive
and protective neuraminidase-reactive antibodies.
Cell. 2018;173(2):417–429.e10.

[17] Chen YQ, Lan LY, Huang M, et al. Hemagglutinin
Stalk-Reactive Antibodies Interfere with Influenza
Virus Neuraminidase Activity by Steric Hindrance. J
Virol. 2019 Feb 5;93(4):e01526-18.

[18] Sterlin D. Iga dominates the early neutralizing anti-
body response to SARS-CoV-2. Sci Transl Med.
2021;13(577):eabd2223.

[19] Macpherson AJ, McCoy KD, Johansen FE, et al. The
immune geography of IgA induction and function.
Mucosal Immunol. 2008 Jan;1(1):11–22.

[20] Yudi Zhang QY, Luo K, He P, et al. Analysis of B cell
receptor repertoires reveals key signatures of systemic
B cell response after SARS-CoV-2 infection. J Virol.
2022;96(4):e0160021.

[21] Jin X, ZhouW, LuoM, et al. Global characterization of
B cell receptor repertoire in COVID-19 patients by
single-cell V(D)J sequencing. Brief Bioinform. 2021
Nov 5;22(6):bbab192.

[22] Sureshchandra S, Lewis SA, Doratt BM, et al. Single-
cell profiling of T and B cell repertoires following
SARS-CoV-2 mRNA vaccine. JCI Insight. 2021 Dec
22;6(24):e153201.

[23] Galson JD, Schaetzle S, Bashford-Rogers RJM, et al.
Deep sequencing of B cell receptor repertoires from
COVID-19 patients reveals strong convergent
immune signatures. Front Immunol. 2020;11:605170.

[24] Zhang F, Gan R, Zhen Z, et al. Adaptive immune
responses to SARS-CoV-2 infection in severe versus
mild individuals. Signal Transduct Target Ther. 2020
Aug 14;5(1):156.

[25] Zhang JY, Wang XM, Xing X, et al. Single-cell
landscape of immunological responses in patients
with COVID-19. Nat Immunol. 2020 Sep;21
(9):1107–1118.

[26] Wratil PR, Stern M, Priller A, et al. Three exposures to
the spike protein of SARS-CoV-2 by either infection
or vaccination elicit superior neutralizing immunity
to all variants of concern. Nat Med. 2022 Mar;28
(3):496–503.

[27] Walls AC, Sprouse KR, Bowen JE, et al. SARS-CoV-2
breakthrough infections elicit potent, broad, and dur-
able neutralizing antibody responses. Cell. 2022 Mar
3;185(5):872-880.e3.

[28] Sokal A, Barba-Spaeth G, Fernandez I, et al. mRNA
vaccination of naive and COVID-19-recovered indi-
viduals elicits potent memory B cells that recognize
SARS-CoV-2 variants. Immunity. 2021 Dec 14;54
(12):2893–2907 e5.

[29] Ebinger JE, Fert-Bober J, Printsev I, et al. Antibody
responses to the BNT162b2 mRNA vaccine in individ-
uals previously infected with SARS-CoV-2. Nat Med.
2021 Jun;27(6):981–984.

[30] Andreano E, Paciello I, Piccini G, et al. Hybrid immu-
nity improves B cells and antibodies against SARS-
CoV-2 variants. Nature. 2021 Dec;600(7889):530–535.

[31] Wang Z, Muecksch F, Schaefer-Babajew D, et al.
Naturally enhanced neutralizing breadth against
SARS-CoV-2 one year after infection. Nature. 2021
Jul;595(7867):426–431.

[32] Davis CW, Jackson KJL, McElroy AK, et al.
Longitudinal analysis of the human B cell response
to ebola virus infection. Cell. 2019 May 30;177
(6):1566–1582.e17.

[33] Ehrhardt SA, Zehner M, Krahling V, et al. Polyclonal
and convergent antibody response to ebola virus vac-
cine rVSV-ZEBOV. Nat Med. 2019 Oct;25(10):1589–
1600.

[34] Parameswaran P, Liu Y, Roskin KM, et al. Convergent
antibody signatures in human dengue. Cell Host
Microbe. 2013 Jun 12;13(6):691–700.

EMERGING MICROBES & INFECTIONS 2019



[35] Jackson KJ, Liu Y, Roskin KM, et al. Human responses
to influenza vaccination show seroconversion signa-
tures and convergent antibody rearrangements. Cell
Host Microbe. 2014 Jul 9;16(1):105–114.

[36] Setliff I, McDonnell WJ, Raju N, et al. Multi-Donor
longitudinal antibody repertoire sequencing reveals the
existence of public antibody clonotypes in HIV-1 infec-
tion. Cell Host Microbe. 2018 Jun 13;23(6):845–854.e6.

[37] Meng Yuan HL,Wu NC, Lee C-CD. Structural basis of
a shared antibody response to SARS-CoV-2. Science.
2020;369(6507):1119–1123.

[38] Andreano E, Nicastri E, Paciello I, et al. Extremely
potent human monoclonal antibodies from COVID-

19 convalescent patients. Cell. 2021 Apr 1;184
(7):1821–1835e16.

[39] Robbiani DF, Gaebler C, Muecksch F, et al.
Convergent antibody responses to SARS-CoV-2 in
convalescent individuals. Nature. 2020 Aug;584
(7821):437–442.

[40] Chen EC, Gilchuk P, Zost SJ, et al. Convergent anti-
body responses to the SARS-CoV-2 spike protein in
convalescent and vaccinated individuals. Cell Rep.
2021 Aug 24;36(8):109604.

[41] Wadman M. SARS-CoV-2 infection confers greater
immunity than shots. Science. 2021 Sep 3;373
(6559):1067–1068.

2020 B. HE ET AL.


	Abstract
	Introduction
	Material and methods
	Study design and participants
	Cell hashing
	Single-cell V(D)J sequencing
	V(D)J sequencing analysis
	Monoclonal antibody expression and purification
	Enzyme-linked immunosorbent assay (ELISA)
	Statistical analysis

	Results
	Preferential BCR V gene segments usage bias was more prominent in the SARS-CoV-2 infected group than that in the vaccinated healthy group
	Immunoglobulin isotypes were dominated by IgA and IgG post-infection, and by IgM post-inactivated vaccine
	Greater breadth of BCR clonal expansion following SARS-CoV-2 infection compared with the vaccination
	SARS-CoV-2 infection induced higher SHM compared with vaccination
	Paired public clonotypes are shared between SARS-CoV-2 infected and vaccinated groups
	Characteristics of CDRH3 in SARS-CoV-2 infection and vaccination

	Discussion
	Acknowledgements
	Data availability statement
	Disclosure statement
	ORCID
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.245 841.846]
>> setpagedevice


