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ABSTRACT

B cell-mediated immune responses play important roles in controlling SARS-CoV infection. Here, we performed
the single-cell B cell receptor sequencing (scBCR-seq) of the PBMC samples from eleven healthy controls, five
asymptomatic subjects and 33 symptomatic COVID-19 patients with various clinical presentations, and subse-
quently analyzed the abundance and diversity of the BCR repertoires in different groups, respectively. We
revealed the skewed usage of the IGHV, IGLV and IGKV genes and identified a number of heavy or light chain
VDJ gene pairs and combinational preference in each group, such as IGKV3-7 and IGKV2-24 enriched in the
asymptomatic subjects, whereas IGHV3-13, IGHV3-23-IGHJ4, IGHV1-18-IGLV3-19, IGHV1-18-IGLV3-21, and
IGHV1-18-IGLV3-25 enriched in the recovery patients with severe diseases. We also observed the differential
expression of IGHV3-23 in various B cell clusters by analysis of the scRNA-seq data. Additional dock analysis
indicated that IGHV3-13 could bind to the spike protein of SARS-CoV-2. These findings may advance our un-
derstanding of the humoral immune responses in COVID-19 patients and help develop novel vaccine candidates

as well as therapeutical antibodies against SASR-CoV-2 infections.

1. Introduction

The pandemic of the coronavirus disease 2019 (COVID-19) has posed
unprecedented challenges to the international communities. As of
August 5, 2022, the cumulative number of coronavirus disease-19
(COVID-19) has exceeded 579 million confirmed cases, including over
6.4 million deaths worldwide [1]. In addition, the emerging variants of
SARS-CoV-2, such as the Alpha, Beta, Gamma, Delta, and Omicron have
generated great concerns across the international communities [2-6]. In
particular, the existing vaccines and convalescent serums have shown
reduced neutralization activities against these SARS-CoV-2 variants [7,
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8].

SARS-CoV-2 infection may exhibit diverse clinical presentations,
ranging from asymptomatic infection (AS) to critical conditions. While
many studies have been conducted to understand the pathogenesis of
the moderate disease (MD) and the severe disease (SD), the AS remains
poorly characterized [9-15]. Further characterization of the immune
responses in AS may help us understand the protective immunity against
SARS-CoV-2 infection [16]. Previous studies have shown that asymp-
tomatic individuals developed specific IgM, memory B cells and T cells
against the S1 and N proteins of SARS-CoV2, whereas the recovered
patients developed SARS-CoV-2-specific IgG antibodies as well as
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Table 1
Characteristics of the study cohort and main laboratory tests.
Entire cohort (n = 49) HC(n =11) AS(n = 5) SM(n = 33) p value SD(n = 10) SDR(n =11) p value

Age, years (sd) 54.2(14.3) 43.1(7.9) 41.6(20.5) 59.8(11.6) <0.01 65.0(9.9) 63.6(11.5) 0.76
Gender 0.86 0.16
Female 25(51.0%) 6(54.5%) 2(40.0%) 17(51.5%) NA 1(10%) 4(36.4%) NA
Male 24(49.0%) 5(45.5%) 3(60.0%) 16(48.5%) NA 9(90%) 7(63.6%) NA
Mortality 1(2.0%) 0 0 1(3.0%) 0.78 1(10%) 0 0.28
Diagnostic tests
Chest CT abnormal 33(67.3%) 0 0 33(100%) <0.01 10(100%) 11(100%) NA
Nucleic acid test (+) 38(77.6%) 0 5(100%) 33(100%) <0.01 10(100%) 11(100%) NA
SARS-COV-2 IgM (+) 22(50%) 0 0 22(66.7%) <0.01 9(90%) 6(54.5%) 0.07
SARS-COV-2 IgG (+) 36(73.5%) 0 3(60.0%) 33(100%) <0.01 10(100%) 11(100%) NA
Laboratory tests (sd)
WBC x 10° /L 6.73(2.84) NA 7.66(2.93) 6.58(2.85) 0.23 7.46(4.49) 5.74(1.88) 0.60
Neutrophil x 10° /L 4.70(2.72) NA 4.90(2.19) 4.67(2.82) 0.65 6.25(4.37) 4.5(1.82) 0.41
Lymphocyte x 10° /L 1.30(0.69) NA 1.79(0.81) 1.22(0.66) 0.12 0.71(0.31) 0.99(0.55) 0.19
CRP, mg/L 53.13(36.10) NA 26.3(n=1) 54.4(36.48) 0.58 59.2(39.6) 63.7(36.5) 0.82
IL-2, pg/mL 4.25(1.90) NA 3.80(0.46) 4.33(2.07) 0.65 3.90(0.29) 6.77(4.32) NA
IL-4, pg/mL 3.07(0.51) NA 2.99(0.14) 3.09(0.56) 0.77 3.58(0.50) 3.32(1.05) NA
IL-6, pg/mL 22.74(52.43) NA 14.05(16.69) 24.12(56.23) 0.57 87.6(110.0) 6.38(5.15) NA
IL-10, pg/mL 8.02(6.17) NA 10.26(9.43) 7.60(5.72) 0.82 15.8(10.2) 5.7(2.8) NA
CD16"56%, /uL 160.7(125.5) NA 158.0(75.8) 161.1(131.7) 0.96 84.4(49.9) 97.0(38.7) 0.56
CD19%, /uL 220.2(155.1) NA 383.8(116.5) 199.1(147.9) 0.04 124.4(88.6) 244.6(181.0) 0.09
IgM, g/L 0.95(0.35) NA 0.93(0.54) 0.95(0.34) 0.92 0.97(0.47) 0.98(0.34) 0.94
1gG, g/L 12.95(4.86) NA 11.68(2.43) 13.04(4.99) 0.70 14.77(7.14) 12.97(4.41) 0.48
Complement C3, g/L 1.084(0.184) NA 1.260(0.424) 1.073(0.184) 0.14 1.093(0.135) 1.007(0.201) 0.21
Complement C4, g/L 0.280(0.106) NA 0.284(0.117) 0.279(0.108) 1.00 0.329(0.666) 0.240(0.095) 0.04

Notes: NA: not available. Data are n (%) or mean-tstandard deviation (SD), unless otherwise stated. For statistical analyses, the Mann-Whitney U test was done for
continuous variables that didn’t conform to normal distribution and for homogeneity of variance, whereas Pearson’s y2 test was done for categorical variables. The p
value less than 0.05 was considered statistically significant. For laboratory tests, some of the data were not available (see Supplementary Table S1 for more infor-
mation). HC: Healthy control; AS: Asymptomatic subjects; SM: Symptomatic patients, including the patients with severe disease (SD) and the patients recovered from

the severe disease recovery (SDR).

memory B and T cells [17-20]. Since convalescent plasma has been
successfully used for treatment of COVID-19 patients, additional study
of convalescent patients may help us understand the humoral immunity
and develop novel strategies against COVID-19 [21,22].

The B-cell receptor (BCR) is an immunoglobulin molecule to recog-
nize specific antigen. The variable (V), diversity (D) and joining (J) gene
segments of the immunoglobulin variable region undergo random
rearrangements to give different antigenic characteristics of B cells, and
thus form a huge BCR repertoires. Therefore, investigation of the
abundance and diversity of the BCR repertoires in different type of
COVID-19 patients may help develop B cell-based therapeutic antibodies
and vaccines. Previous studies have demonstrated the crucial roles of the
B cell-mediated immune responses against SARS-COV-2 infection and
the BCR bias in the recovery patients [23,24]. However, a comparative
study of BCR repertoires in COVID-19 patients with various clinical
presentations has not reported yet.

Here, we performed the single-cell BCR sequencing (scBCR-seq) and
analyzed the BCR repertoires in the asymptomatic (AS) and symptom-
atic (SM) COVID-19 patients as well as the healthy controls (HC). We
revealed the skewed usage of the IGHV, IGLV and IGKV genes in AS and
SM, respectively. Moreover, we identified a number of unique heavy or
light chain VDJ gene pairs and combinational preferences in each group.
These findings may advance our understanding of the humoral immune
responses in COVID-19 patients and help develop novel vaccine candi-
dates and therapeutical antibodies against SASR-CoV-2 infections.

2. Materials and method
2.1. Study cohort and blood sample collection

This study was approved by the Ethics Committee of The First affil-
iated Hospital of Xi’an Jiaotong University (XJTU1AF2020LSK-015) and
The Renmin Hospital of Wuhan University (WDRY2020-K130). All
participants enrolled in this study offered the written informed consent,
or the oral consent from the patients or their family members, whereas
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written informed consent was waived by the Provincial and National
Health Commissions in China under the exceptional circumstances for
investigation of an ongoing disease outbreak.

The definition and classification of all COVID-19 patients in this
study follow the Guidelines of the World Health Organization and the
“Guidelines on the Diagnosis and Treatment of the Novel Coronavirus
Infected Pneumonia” developed by the National Health Commission of
People’s Republic of China [25-27]. The study cohort included eleven
healthy controls (HC, n = 11) and 38 SARS-CoV-2-infected individuals
(COV, n = 38) consisting of five asymptomatic subjects (AS, n = 5) and
33 symptomatic patients (SM, n = 33) (Table 1, Supplementary
Table S1). Moreover, severe disease (SD, n = 10) and SD recovery (SDR,
n = 10) group could be further classified from SM. The peripheral blood
was collected into the standard EDTA-K2 Vacuette Blood Collection
Tubes (Jiangsu Yuli Medical Equipment Co., Ltd, China; Cat.
Y09012282) and stored at room temperature or 4 °C until processed.
The peripheral blood mononuclear cells (PBMCs) were prepared from
these study subjects, including two patients (ID: C19 and C26) with
blood samples collected at two different time points during this study.
PBMCs were stored in the liquid nitrogen storage tank (-196 °C) until
being used for the studies. All experimental procedures were completed
inside a biosafety level 2 (BSL-2) laboratory at the Department of Clin-
ical Diagnostic Laboratories, Renmin Hospital of Wuhan University.

2.2. Preparation of single-cell suspensions

Retrieving the PBMC-containing cryo-tubes from the liquid nitrogen
storage tank and placing them in a 37 °C water bath for rapid thawing.
PBMCs were mixed with 10 mL washing medium (90% DMEM-+10%
FBS) in a 15-mL polypropylene tube and centrifuged at 500 g for 20 min.
The supernatant was then aspirated (repeat twice). The cell pellets were
resuspended with 500 plx PBS (0.04% BSA) in the sterile RNase-free
vacutainer tubes and added with 5 ml 1x red blood cell lysis buffer
(MACS 130-094-183, 10x) and incubated at room temperature for 10
min to lyse remaining red blood cells. After incubation, the suspension
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was centrifuged at 500 g for 20 min at room temperature. The suspen-
sion was resuspended in 100 pl Dead Cell Removal MicroBeads (MACS
130-090-101) and remove dead cells using Miltenyi Dead Cell Removal
Kit (MACS 130-090-101). Then the suspension was resuspended in 1x
PBS (0.04% BSA) and centrifuged at 300 g for 3 min at 4 °C (repeat
twice). The cell pellet was resuspended in 50 pl of 1x PBS (0.04% BSA).
The overall cell viability was confirmed by trypan blue exclusion, which
needed to be above 85%, and the single-cell suspensions were counted
using a Countess II Automated Cell Counter and the cell concentration
was adjusted to 700-1200 cells/pl.

2.3. Chromium 10x genomics library construction and sequencing

Approximately 5000 single cells each sample were captured using
the Chromium Single-Cell 5 kit (V1) according to the manufacturer’s
instructions (10x Genomics), followed by ¢cDNA amplification and li-
brary construction performed according to the standard protocols. The
libraries were sequenced on an Illumina NovaSeq 6000 sequencing
platform (paired-end multiplexing run, 150 bp) by LC-Bio Technology
Co. Ltd., (Hangzhou, China) at a minimum depth of 20,000 reads per
cell. To avoid batch effects, the scRNA-seq data sets were generated by
the same operators at the same laboratories using the standard operation
protocols (SOPs) for cell dissociation, library preparation and
sequencing.

2.4. Single-cell RNA-seq data processing

The sequencing results were demultiplexed and converted to FASTQ
format using Illumina bcl2fastq software. Sample demultiplexing, bar-
code processing and single-cell 5' gene counting were completed by
using the Cell Ranger pipeline (https://support.10xgenomics.com/si
ngle-cell geneexpression/software/pipelines/latest/what-is-cell-ranger,
version 3.1.0) and the scRNA-seq data were aligned to Ensembl
genome GRCh38 reference genome. A total of 222,457 single cells
captured from eleven healthy controls and 42 COVID-19 patient samples
were processed using 10x Genomics Chromium Single Cell 5’ Solution.
The Cell Ranger Seurat (version 3.1.1) was used for dimensional
reduction, clustering, and analysis of scRNA-seq data. Overall, 207,718
cells passed the quality control threshold: all genes expressed in less than
one cell were removed, number of genes expressed per cell >500 as low
cut-off, UMI counts less than 500, and the percentage of mitochondrial-
DNA derived gene-expression < 25%. To visualize the data, we further
reduced the dimensionality of all 207,718 cells by Seurat and used t-
Distributed Stochastic Neighbor Embedding (t-SNE) to project the cells
into 2D space. The steps included: (1) Using the LogNormalize method of
the "Normalization" function of the Seurat software to calculate the
expression level of genes; (2) The principal component analysis (PCA)
was performed using the normalized expression level, within all the PCs,
the top 10 PCs were used to do clustering and t-SNE analysis; (3) Using
weighted Shared Nearest Neighbor (SNN) graph-based clustering
method to find clusters. The marker genes for each cluster were iden-
tified with the "bimod"(Likelihood-ratio test) with default parameters
via the FindAllMarkers function in Seurat. This selects marker genes that
were expressed in more than 10% of the cells in a cluster and the average
log (Fold Change) of greater than 0.26. To further avoid interference of
putative multiplets (where more than one cell was loaded into a given
well on an array), cells in a defined cluster that had high expression of
more than one cell type canonical marker gene were filtered to ensure
the data quality. As a result, a total of 119,799 cells were used for the
final analysis in this study. The nine cell types were integrated for
further sub-clustering. After integration, genes were scaled to unit
variance. Scaling, principal component analysis and clustering were
performed as described above.
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2.5. BCR sequencing and analysis

The Barcoded, full-length BCR V(D)J segments were enriched from
the amplified 5’ ¢cDNA libraries using the Chromium Single-Cell V(D)J
Enrichment kit according to the manufacturer’s protocol (10X Geno-
mics). If both T cells were expected to be present in the partitioned cell
population, BCR transcripts were enriched in separate reactions from the
same amplified cDNA material. Cell Ranger pipeline (https://support.10
xgenomics.com/single-cell-vdj) that processes Chromium single cell 5’
RNA-seq output for V(D)J was employed to assemble, quantify, and
annotate paired V(D)J transcript sequences. The workflow of Cell
Ranger started by demultiplexing the Illumina sequencer’s base call files
(BCLs) for each flow cell directory into FASTQ files. Cell calling was
performed independently of V(D)J read filtering and assembly. A clo-
notype was a set of cells that shared the same paired receptor sequences
(presumably derived from the same progenitor cell). Cell barcodes were
grouped into clonotypes if they shared the same set of productive CDR3
nucleotides sequences by exact match. The repertoire information of all
samples was exhibited using a set of basic features: CDR3 abundance,
CDR3 bases length, Variable (V) and Joining (J) segment usage (the
frequency of associated reads for each V/J gene presented in the sam-
ples), the length of V/J gene in CDR3 region, and V-J gene paired fre-
quency in CDR3 junctions. We used the hierarchical cluster (https://stat.
ethz.ch/R-manual/Rdevel/library/stats/html/hclust.html) and Krus-
kal’s Non-metric Multidimensional Scaling (isoMDS, https://cran.
r-project.org/web/ packages/MASS/MASS.pdf) to estimate Immune
Repertoires similarity. To avoid batch effects, as recommended by the
standard 10X protocol, the data sets were generated with the same op-
erators and were also produced in the same laboratories using the same
cell dissociation protocols, library preparation approaches and/or
sequencing platforms.

2.6. Dock analysis

The homology modeling of IGHV3-13 was performed based on the
experimental structure (P01766) using SWISS-MODEL (https://www.sw
issmodel.expasy.org). The S protein of SARS-CoV-2 and IGHV3-13 were
docked using HADDOCK server (https://bianca.science.uu.nl/haddoc
k2.4/) with the default parameters [28,29]. The detailed statistical
data are displayed for each cluster, representing the average values
calculated over the top four best-scoring structures within each cluster.
The most reliable cluster was selected by the Z-score (the lower the
better) according to HADDOCK. The Z-score indicates how many stan-
dard deviations from the average this cluster is located.

2.7. Laboratory tests

All laboratory tests were conducted in the Renmin Hospital of Wuhan
University, including white blood cells, neutrophils and lymphocytes
(XN2800, SYSMEX, Japan); CRP, IL-2, IL-4, IL-6, IL-10 (AU5400,
Beckman Coulter, Inc. USA); CD16/56 NK cells, CD19 B cells (CytoFLEX
LX, Beckman Coulter, Inc. USA), and the specific IgM antibodies
(Cat#20,203,400,769, YHLO Biotech) and IgG antibodies
(Cat#20,203,400,770, YHLO Biotech) against the S and/or N proteins of
SARS-COV-2.

2.8. Statistical analysis

All statistical analyses were performed by SPSS (Statistical Package
for the Social Sciences) version 23.0 software (SPSS Inc) unless other-
wise stated. Diagrams plotting were performed using GraphPad Prism
8.0.2 and R [30]. R packages ggplot2, pheatmap, UpSetR and ggseqlogo
were used. Categorical variables were described as frequency rates and
percentages, and continuous variables were described using mean with
standard deviation. For two groups, using independent group t-tests
when the data were normally distributed; otherwise, the Mann-Whitney
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Fig. 1. The Study cohort and overview of the single-cell BCR sequencing.

(A) schematic diagram showing the study cohort and the workflow of the single-cell B cell receptor sequencing (BCR-seq). This cohort consisted of eleven health
controls (HC), five asymptomatic subjects (AS) and 33 symptomatic COVID-19 patients (SM). The SM included ten patients with severe disease (SD, n = 10) and ten
recovery patients from SD (SDR, n = 10). Peripheral blood mononuclear cells (PBMCs) were collected and followed by scRNA-seq and BCR-seq using the 10xGe-
nomics platform. (B) The T-distributed stochastic neighbor embedding (t-SNE) plots showing the marker genes used for identification of the B cell types described
above. naive B (IL4R), memory B (IGHA1), activated B (CRIP2, ITGB1) and marginal zone B (FCRL5, FGR). The plots are color-labelled based on the expression level
of the respective marker gene in log scale, which was calculated via LogNormalize method of the "NormalizeData" function of the Seurat software. (C) The ridge plot
shows the distribution identity of these marker genes in four clusters of B cells. Cell clusters were showed in different colors. (D) The relative percentage of B cells in
HC, AS and SM groups. (E) The relative percentage of B cells in SD and SDR groups. The bars in Fig. 1D and E showing the mean value + standard deviation (sd), p

value < 0.05 was considered significant.

test was used. For three groups, One-way Anova test conducted which
was normally distributed and homoscedasticity, otherwise,
Kruskal-Wallis was used. Besides, for the multiple comparisons, Bon-
ferrion correction was used. Proportions for categorical variables were
compared using the 2 test, although the Fisher exact test was used when
the data were limited. The statistical details of the experiments were
provided in the respective table/figure legends.

3. Data availability

The raw sequence data reported in this paper have been deposited in
GEO, under accession code GSE165080 and GSE180118 are publicly
accessible at  https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE165080 [31] and https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE180118. Other supporting raw data are
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Fig. 2. Detection of BCR clonal expansions in various groups.

(A) The t-SNE plot shows the B cell expansions in the HC, AS, SM, SD and SDR, clonal was marked with red color. (B) The BCR clonal expansion status and frequency
of the clonotype in each sample. The number of color blocks represents the complexity of the clonal states. Some individuals’ data were not available due to the
limitation of the sequencing technology. (C) The number of highly expanded clones (above the dotted line) in HC, AS, and SM, respectively. The highly expanded
clone was defined as the clone comprising 10% or more of all BCR sequences. (D) The number of highly expanded clones (above the dotted line) in SD and SDR,
respectively. In Fig. 2C and 2D, the bars showing mean + sd, HC (n = 4), AS (n = 3), SM (n = 15), SD (n = 3) and SDR (n = 6). Samples with the percentage of
expanded clones<0 were not shown.

available from the corresponding author upon reasonable request. 4. Results
Source data are provided with this paper.

4.1. The study cohort and the single-cell BCR sequencing of PBMCs

To identify the immune cell alternations in COVID-19 patients, we
first performed deep single-cell RNA sequencing on peripheral blood
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Fig. 3. BCR repertoire in asymptomatic and symptomatic COVID-19 patients.

(A) The skewed usage of IGKV genes in HC, AS and SM group, respectively. (B) The motif logo plot showing the CDR3 length distribution and amino acids frequency
of IGKV1-9 in AS. The relative size of the letters indicated their frequency in the sequences and the total height of the letters depicts the information content of the
position in bits. (C) The Heatmaps showing the VJ gene pairs of IGH, IGK and IGL in AS and SM. The color range indicating the usage counts of specific V-J gene pairs.
(D) The Upset view showing the common and unique VJ pairs of IGH, IGK and IGL in HC, AS and SM group, respectively. (E). The motif logo plot showing the CDR3
length distribution and amino acids frequency of IGHV3-23.IGHJ4 in AS and SM. (F) The Heatmaps showing the V gene heavy and light chain combinations in AS.
The color range indicating the usage counts. The error bars in Fig. 3A represent mean + sd. p < 0.05 was considered significant. The samples include HC (n = 11), AS
(n = 5) and SM (n = 35, total 33 patients and two patients were sampled twice at different disease stages).
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Table 2
BCR clonotypes identified in this study compared with the antibodies reported in the CoV-AbDab.
ID IG V gene IG J gene Binds Protein & Epitope Group Oringin Source
No.1 IGKV2-24 IGKJ2 SARS-CoV2 Unknow AS human This study
NA?
No.2 IGKV3-7 IGKJ1 SARS-CoV2 Unknow AS human This study
F26G3 IGKV3-7 IGKJ1 SARS-CoV1 Unknow mouse Michael Gubbins et al. [40]
No.3 IGHV3-23 IGHJ4 SARS-CoV2 Unknow SM, SDR human This study
CQTS127 IGHV3-23 IGHJ4 SARS-CoV2 S; RBD human [41]
No.4 IGKV3-20 IGKJ1, 2 SARS-CoV2 Unknow SM, SDR human This study
CQTS127 IGKV3-20 IGKJ2 SARS-CoV2 S; RBD human [42]
No. 5 IGKV1D-39 IGKJ1 SARS-CoV2 Unknow SM, SDR human This study
NA
No.6 IGLV1-44 IGLJ3 SARS-CoV2 Unknow SM, SDR human This study
12E; 15D et al. IGLV1-44 IGLJ3 SARS-CoV1,2 S; RBD human [43,44]
No.7 IGLV2-14 IGLJ2 SARS-CoV2 Unknow SM, SDR human This study
BLN2 IGLV2-14 IGLJ2 SARS-CoV2 S; NTD Phage display [45]

Note: This Supplementary Table Shows the V J gene usage and bias in different groups. The clonotypes were compared with public data in CoV-AbDab [32]. NA: not
available. HC: Healthy control; AS: Asymptomatic subjects; SM: Symptomatic patients, including the patients with severe disease (SD) and the patients recovered from

the severe disease recovery (SDR).

mononuclear cells (PBMCs) and illustrated the immune landscape of B
cells (Fig. 1A). We subsequently completed the scBCR-seq and analyzed
the abundance and diversity of the BCR repertoires in eleven health
controls (HC), five asymptomatic subjects (AS), and 33 symptomatic
COVID-19 patients (SM) that included ten patients with severe disease
(SD) and ten recovery patients from the severe disease (SDR) (Fig. 1A,
Supplementary Table S1). The T-distributed stochastic neighbor
embedding (t-SNE) plots showed that four clusters of B cells: naive B,
memory B, activated B and marginal zone B cells. Moreover, represen-
tative marker genes included IL4R (naive B), IGHA1(memory B), CRIP2
and ITGBI(activated B) as well as FCRL5 and FGR (marginal zone B)
(Fig. 1B) [31]. The ridge plot shows the distribution identity of these
marker genes in four clusters of B cells (Fig. 1C). Furthermore, more than
90% BCRs were matched to the B cells, and there was no biased pro-
portion of BCRs from a single donor here (Supplementary Fig. S1A, 1B,
Supplementary Table S1). We then calculated the relative percentage of
B cells in each group. While some of these groups (e.g., SM vs AS, SDR vs
SD) had relatively higher percentage (mean) of B cells, there were no
significant difference among these groups (Fig. 1D, 1E). However, when
we compared the routine laboratory testing results, we found that
CD19" B cells were significantly higher in AS than SM (383.8 + 116.5,
199.1 4 147.9, p = 0.036), and the count of CD19" B cells decreased in
SD compared with SDR patients (244.6 + 181.0, 124.4 + 88.6, p = 0.09)
(Table 1). These results suggested that B cell alternations were associ-
ated with SARS-CoV-2 infections.

4.2. Identification of BCR clonal expansions in SM and SDR patients

Here, we also performed scBCR-seq to assess the status of clonal
expansions in PBMCs derived from the COVID-19 patients and the
healthy controls. We found that more clonal expansions occurred in SM
group compared with HC and AS. Of note, SDR had much more clonal
cells than SD patients. In addition, memory B and activated B cells
exhibited high clonal expansions in SM and SDR (Fig. 2A, Supplemen-
tary Fig. S1C). We revealed that most SM patients exhibited highly
expanded clones at the individual level (more than 10%) compared with
the healthy or asymptomatic subjects (less than 5%) (Fig. 2B, Supple-
mentary Table S2). We also observed that the recovery patients (SDR)
had higher expanded clones than the SD patients (Fig. 2B, Supplemen-
tary Table S2). Moreover, quantification of the most highly expanded
clones for each patient and healthy control found that SM had the
highest percentages of the maximum clones (2/15) compared with HC
and AS group. Furthermore, we revealed that the maximum clone
numbers were higher in SDR (1/6) than SD group (Fig. 2C, D).
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4.3. B-cell immune repertoire in asymptomatic and symptomatic COVID-
19 patients

To study the specific changes and preference gene usages of BCR in
COVID-19 patients with various clinical presentations, we compared the
usage of VDJ genes in asymptomatic subjects (AS), symptomatic patients
(SM) and health controls (HC). We found that IGKV2-24 and IGKV3-7
were highly enriched in the AS subjects compared with the SM and HC
groups, whereas IGKV1-9 was preferred in the HC group (Fig. 3A,
Supplementary Fig. S2A-C, Supplementary Table S3). CDR3 (comple-
mentary determining region 3) is the most important region of an
antibody structure, which interacts with the antigen. Usually, CDR3
region has a conserved length of amino acids with antigen specificity. To
explore the relationship of gene usage and V-J pairs with the clonal
expansions resulting from SARS-CoV-2 infection, we identified the CDR3
structures of IgG-BCR expressed on IGKV1-9. We found that eleven
amino acids in IGKV1-9 had highest frequencies at specific lengths from
HC and AS (Fig. 3B). Furthermore, IGHV3-23.1GHJ4, IGLV1-44.1GLJ3
and IGKV3-20IGKJ1 were the top V-J pairs in all groups, and the
highest frequency was observed in SM (Fig. 3C, Supplementary Fig. S2D-
F, Supplementary Table S4-6). The Upset View showed the common and
unique VJ pairs in HC, AS and SM group. There were three IGH, five IGK
and two IGL VJ pairs in AS patients, respectively. However, the fre-
quency of these VJ pairs was low (Fig. 3D, Supplementary Table S4-6).
We also analyzed the expression of IGHV3-23 and IGHJ4 pair in AS and
SM, and found ten (12, 13, 15-22 amino acids) and four (14, 16, 17 and
20 amino acids) types of amino acids lengths in AS and SM group,
respectively (Fig. 3E, Supplementary Fig. S2G), suggesting that these
CDR3 region structures had a high variability and SARS-CoV-2 speci-
ficity. Additional analysis coupled with the scRNA-seq data demon-
strated that IGHV3-23 was differentially expressed in naive and memory
B cells among four clusters (Supplementary Fig. S2K, Supplementary
Table S8). Moreover, the skewed usage and the frequency of VH/VL
combinations were detected among different groups. For instance, the
IGHV4-44.1GLV1-44 combination was highly enriched in AS and SM
group, the IGHV4-341GKV1D-39 combination had the highest fre-
quencies in SM (Fig. 3F, Supplementary Fig. S2H), whereas
IGLV3—9.IGHV6-1 and IGLV3-27IGHV7—4-1 combinations were
specifically enriched in AS (Supplementary Fig. S2I, 2 J, Supplementary
Table S7), suggesting that the expanded BCR repertoire were associated
with the viral infection states. Some of these findings are consistent with
the published data (CoV-AbDab) [32], demonstrating the VJ gene usage
and bias in different groups (Table 2).
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Fig. 4. The skewed usage of BCRs in SD and SDR COVID-19 patients.

(A) The differential usage of IGH V genes in SD and SDR groups. (B) The differential usage of IGL V genes in SD and SDR groups. (C) The Heatmaps showing the VJ
gene pairs of IGH, IGK and IGL in SDR. The color range indicating the usage counts of specific V-J gene pairs. (D) The Venn diagram showing the common and unique
VJ pairs of IGH, IGK, and IGL in SD and SDR groups. (E) The motif logo plot showing the CDR3 length distribution and amino acids frequency of IGHV3-23_IGHJ4 in
SD and SDR. (F) The motif logo plot showing the CDR3 length distribution and amino acids frequency of IGLV2-14_IGHJ2 in SD and SDR. (G) The Heatmaps showing
the V gene heavy and light chain combinations in SDR. The color range indicating the usage counts. The error bars in Fig. 4A and B represent mean + sd. p < 0.05
was considered significant. The samples include SD (n = 11, total 10 patients and one patient was sampled twice) and SDR (n = 11, total 10 patients and one sample

was sampled twice).

4.4. The skewed usage of BCR repertoire in severe (SD) and recovery
(SDR) COVID-19 patients

To study the biased V(D)J rearrangements of the BCR in the severe
(SD) and recovery (SDR) COVID-19 patients, we compared the usage of
V(D)J genes between these groups. IGLV2-14 and IGHV1-69D were
dominant IGV genes in SD, whereas IGLV4-3 and several IGHV3 family
genes (IGHV3-13, IGHV3-20, IGHV3-43) were enriched in SDR
(Fig. 4A, B, Supplementary Fig. S3A-C, Supplementary Table S3). We
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also performed dock analysis and showed that IGHV3-13 may bind to
the S protein of SARS-CoV-2 (Supplementary Table S3). Moreover, we
compared the common and unique VJ pairs between SD and SDR group,
and found that the V-J pairs of IGKV1D39.IGKJ1, IGHV4-59.IGHJ4,
IGHV4-39.1GHJ4 and IGHV3-23.1GHJ4 enriched in SDR, indicating that
B cells might have undergone unique and specific V(D)J rearrangements
in the recovery patients (Fig. 4C-D, Supplementary Fig. S3D, 3E, Sup-
plementary Table S4-6). Furthermore, we identified the
IGHV3-23.1GHJ4 and IGLV2-14 IGLJ2 expressed in the CDR3 of BCR in
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SD and SDR, and revealed the length distribution ranging from 8 to 23
amino acids (Fig. 4E, F, Supplementary Figs. S3F, 3G). Finally, we
observed different IGHV-IGKV/LV combination preference in SD and
SDR (Fig. 4G, Supplementary Figs. S3H-J). For instance,
IGHV1-181IGLV3-19, IGHV1-18IGLV3-21 IGHV1-18.IGLV3-25,
IGHV3-13-IGLV3-9, and IGHV6-1IGLV4-60 specifically paired in
SDR. Our results suggested that skewed usage of V(D)J genes and
rearrangements may depend on the disease process and IGHV3-13 could
be a potential candidate immunotherapy.

5. Discussion

In this study, we identified a number of novel skewed usage of B-cell
receptors in the COVID-19 patients with various clinical presentations
using scBCR-seq coupled with the scRNA-seq data. In particular, we
revealed that IGKV3-7 was highly enriched in asymptomatic subjects
(AS). Interestingly, IGKV3-7 has been reported as the biased usage of
VDJ genes associated with the immune response in kidney trans-
plantation [33], suggesting that IGKV3-7 may play a role in discrimi-
nating self from non-self in humans, and consequently contribute to
fighting the invading SASR-CoV-2 viruses and maintaining the
symptom-free state of the AS individuals. Another significantly enriched
gene in AS, IGKV2-24, has not been reported yet but warrants further
studies (dock analysis, expression level test of the protein, flow
cytometry-based competition assay, SARS-CoV-2 authentic viruses
neutralization assay, functional repertoire analyses, etc.). On the other
hand, IGHV3-13 was highly enriched in the recovery patients from the
severe diseases (SDR). The dock analysis showed that IGHV3-13 could
bind to the S protein of SARS-CoV-2. Interestingly, IGHV3-13 was re-
ported to be associated with the protective antibodies against Ebola
virus [34], suggesting that IGHV3-13 might be associated with the
protective antibodies against SARS-CoV-2 infection.

We also examined and compared the usage of the V(D)J pairs and the
variability of CDR3 region structure in the COVID-19 patients. Our
finding that IGHV3-23.1GHJ4 was highly enriched in SM (compared
with AS and HC) and SDR (compared with SD) is consistent with the
result reported in a previous study [35,36]. In addition, our scRNA-seq
data showed that IGHV3-23 was differentially expressed in four B cells
clusters, suggesting that IGHV3-23.IGHJ4 might be involved in the
humoral immune responses against SARS-CoV-2 infection.

Furthermore, we identified a number of VDJ gene and VH/VL chain
combinational preference in SDR group, including IGHV3-23.IGHJ4,
IGHV1-181GLV3-19, IGHV1-181IGLV3-21, and IGHV1-1.IGLV3-25.
Of note, a similar VDJ gene combinational preference IGKV3-20.IGKJ1
was reported in the massive bias in the immunoglobulin gene repertoire
of primary vitreoretinal lymphoma [37]. In addition,
IGHV1-18_IGLV3-20 has been reported as the anti-RBD antibody of
SARS-COV-2 [38,39]. These results suggest that IGHV3-23.IGHJ4,
IGHV1-181GLV3-19, IGHV1-18.IGLV3-21, and IGHV1-18.IGLV3-25
may have neutralizing activities against SASR-CoV-2 infection.

The limitations of this study include the relatively small sample size
of the asymptomatic group, the variations in the time-points of sample
collections due to the challenges from the disease outbreak, and lack of
experimental validations on some of the novel skewed usage of B-cell
receptors.

In summary, we have identified a number of novel skewed usage of
B-cell receptors in COVID-19 patients with various clinical pre-
sentations. Our findings will not only advance the understanding of the
B cell-mediated immune responses in COVID-19 patients, but may also
help identify novel therapeutical antibodies against SARS-CoV-2
infection.
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