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Abstract

Background: Antibodies induced by viral infection can not only prevent subsequent virus infection, but can also mediate pathological
injury following infection. Therefore, understanding the B-cell receptor (BCR) repertoire of either specific neutralizing or pathological
antibodies from patients convalescing from Coronavirus disease 2019 (COVID-19) infection is of benefit for the preparation of therapeutic
or preventive antibodies, and may provide insight into the mechanisms of COVID-19 pathological injury. Methods: In this study, we
used a molecular approach of combining 5’ Rapid Amplification of cDNA Ends (5’-RACE) with PacBio sequencing to analyze the
BCR repertoire of all 5 [gH and 2 IgL genes in B-cells harvested from 35 convalescent patients after severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection. Results: We observed numerous BCR clonotypes within most COVID-19 patients, but not in
healthy controls, which validates the association of the disease with a prototypical immune response. In addition, many clonotypes were
found to be frequently shared between different patients or different classes of antibodies. Conclusions: These convergent clonotypes
provide a resource to identify potential therapeutic/prophylactic antibodies, or identify antibodies associated with pathological effects
following infection with SARS-CoV-2.
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1. Introduction diated by B-cells, can provide rapid and lasting immune
protection against pathogens, such as viruses, by produc-
ing antibodies and memory B-cells [5]. When a pathogen,
such as SARS-CoV-2, enters the body, a small group of B-
cells recognize antigens through the B-cell receptor (BCR)
on their surface. With the help of CD4+ T-cells, the B-cells
are activated and undergo clonal expansion, and, follow-
ing this, some rapidly differentiate into plasma cells that
secrete antibodies while others stop differentiation and be-
come memory B-cells which are critical in responding to
subsequent exposure to the same antigen [6,7].

The 2019 coronavirus disease (COVID-19) pandemic
was caused by severe acute respiratory syndrome coron-
avirus type 2 (SARS-CoV-2). As of April 2022, SARS-
CoV-2 has infected nearly 5 billion people in more than
185 countries and killed more than 6 million (see https:
//covid19.who.int/). Although a total of 112 billion vac-
cines have been administered globally, no vaccine can in-
duce a 100% protective effect. Moreover, there is, to date, a
lack of a long-term clinical evaluation of the effect of vari-
ous SARS-CoV-2 vaccines [ 1—4]. Therefore, there is urgent

need to develop more effective anti-SARS-CoV-2 therapeu-
tics, such as effective and safe neutralizing antibodies, to be
used for COVID-19 prevention and adoptive treatment.

The adaptive immune system is a core protective
mechanism against viral infection. Humoral immunity, me-

During the process of B-cell clonal expansion, two
events occur at the gene level. One of these events is
a somatic high-frequency mutation within the BCR vari-
able region gene which improves antibody affinity. The
second event is antibody class conversion where the ex-
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pression of IgM-class immunoglobulin is changed to ex-
pression of IgG, IgA, or IgE-class immunoglobulins. This
immunoglobulin class switching enhances the immune re-
sponse by allowing the body to take advantage of vari-
ous biological effects inherent in different immunoglobulin
classes [8,9]. Therefore, antibodies produced in response
to viral infection commonly have the characteristics of high
efficiency and affinity. At present, although some technolo-
gies, such as screening phage libraries, can quickly iden-
tify antibodies directed against SARS-CoV-2, using these
approaches it is difficult to obtain high affinity antibodies
due to the absence of antigen-induced affinity maturation
[10-12]. Therefore, from a therapeutic standpoint, the best
choice to obtain specific antibodies and gene sequences that
encode these antibodies is by the analysis of serum or mem-
ory B-cells from individuals infected with SARS-CoV-2.

Antibodies often present a double-edged sword during
immune response. One hand, B-cells activated to produce
pathogen-specific antibodies following viral infection play
an important immuno-protective role. In contrast, some
virus-specific antibodies can also enhance viral infection
through a process known as antibody-dependent enhance-
ment (ADE). For example, if the titer of virus-specific an-
tibodies in severe COVID-19 patients is higher than that
measured in healthy or patients with mild symptoms, it is
possible that this may signal that some antibodies also pro-
mote harmful effects. Additionally, endogenous antigens
released following tissue injury can also activate B-cells to
produce autoantibodies. Thus, the collective library of an-
tibodies in COVID-19 patients contains both beneficial and
harmful antibodies, and each will have unique variable re-
gion sequences arising in B-cell clones.

At present, the antibody sequences expressed by dif-
ferent B-cells can be obtained by analyzing the entire BCR
repertoire within a population of B-cells. Prototypical anti-
body quaternary structure is comprised of 4 peptide chains,
specifically, two covalently-linked identical heavy chains
and two identical light chains. Both the heavy and light
chains are divided into variable and constant regions and the
variable region of the heavy and the light chains, together,
determine the antigen-binding specificity of the antibody.
There is no complete reading frame in the variable region
locus of immunoglobulin genes as this region is composed
of many gene segments. The human heavy chain locus in-
cludes 65 functional variable (V) segments, 27 functional
diversity (D) segments, and 6 functional joining (J) seg-
ments. In contrast, the human light chains are encoded from
two distinct loci, and are termed the « and A genes. There
are 40 functional V segments, and 5 functional J segments
in the x chain gene, and 30 functional V segments and 5
functional J segments in the A chain gene. To produce ap-
propriate antigen-binding sequences, the variable region of
the heavy chain gene undergoes rearrangement among the
V, D and J segments. Following this, the variable region
of a light chain gene is randomly rearranged by splicing

one V segment to one J segment. These two events form
the complete reading frame of heavy chain and light chain
variable region, respectively [13]. Traditionally, the BCR
on the surface of each B-cell also has a unique rearrange-
ment pattern such that each B-cell has a unique specificity
of antigen recognition, and this leads to vast diversity in an-
tibodies that can be made by an individual. However, after
viral infection, some disease-specific B-cells will clonally
proliferate resulting in effector or memory B-cells express-
ing the same BCR variable region which can be detected in
peripheral blood.

Recently, numerous SARS-CoV-2-specific BCR se-
quences were obtained by single cell sequencing and mul-
tiple PCR-related next generation sequencing approaches
[14-17]. The analysis of the SARS-CoV-2-related BCR
repertoire was mainly focused on total Ig, or IgG and IgA
[18]. However, this approach overlooks the fact that all
classes of antibodies have immune defense effects and,
moreover, different types of BCR/Ig variable regions have
unique rearrangement patterns and antigen specificity [19].
This latter point further reduces the specific antibody pool
that can be produced. These recent studies also mainly fo-
cused on the V region but not the entire variable region
which includes V as well as D and J regions. However,
V(D)J recombination, somatic hypermutation, and diver-
sity of junctions between V, D and J gene segments drive
antibody diversity that recognize different antigens.

In this study, we used the 5° Rapid Amplification of
cDNA Ends (5’-RACE) combined with high-throughput
PacBio sequencing to investigate the BCR repertoire of 4
classes of heavy chains and the 2 types of light chains in pe-
ripheral blood CD19" B-cells harvested from convalescent
patients after SARS-CoV-2 infection, and also compare the
characteristics of the BCR repertoire in patients at different
stages of convalescence.

2. Materials and Methods
2.1 COVID-19 Convalescent Patients and Healthy Donors

15 confirmed COVID-19 patients of 2 weeks conva-
lescence were obtained from Fifth Medical Center of Chi-
nese PLA General Hospital, Beijing, China. The clin-
ical information of these patients was listed in Supple-
mentary Table 1. 20 confirmed COVID-19 patients of 6
months convalescence were obtained from General Hospi-
tal of Central Theater Command of PLA, Wuhan, China.

2.2 ELISA Quantification

ELISA plates were coated with S1 protein at 0.01
mg/mL in coating buffer (0.1 mol/L NayCOs3: 0.1 mol/L
NaHCO3 = 3:7) at 4 °C overnight. After standard wash-
ing and blocking, diluted sera (1:100) were applied to each
well. After a | h incubation at 37 °C, plates were washed
and incubated with 0.25 pg/mL goat anti-human Ig antibod-
ies conjugated with HRP (SouthernBiotech, Birmingham,
AL, USA) for 1 h at 37 °C. TMB was used as the substrate,

&% IMR Press


https://www.imrpress.com

and the reaction was ceased by 2 mol/L HoSO4. The ab-
sorbance at 450 nm was measured by a microplate reader.

2.3 Pseudovirus Neutralization Assay

The pseudovirus neutralization assays were performed
using HEK293-hACE2 cell lines, which express human
ACE2. 5 x 10%/well cells were added to the well and cul-
tured at 37 °C for 8 h. Serum diluted at 1:150 with PBS was
incubated with TCID50 of 5 x 10* TU SARS-CoV-2 pseu-
dovirus (purchased from Future Biotherapeutics, Suzhou,
Jiangsu, China) at 37 °C for 1 h. Then the mixed solution
of virus and serum was added to the cell and cultured for 18
h at 37 °C supplied with 5% COs. The cells were harvest
and washed with PBS and detected by flow cytometry.

2.4 Enrichment of B Cells from PBMC

B cells were isolated from fresh or previously frozen
PBMCs by immunomagnetic positive selection according
to the manufacturer’s protocol (EasySep™ Human CD19
Positive Selection Kit II, STEMCELL). Purified B cells
were eluted and washed with PBS containing 2% (v/v) fetal
bovine serum (FBS) and 1 mM/L EDTA.

2.5 RNA Extraction and cDNA Synthesized by 5°-RACE

According to the manufacturer’s instructions for
sorted B cells, total RNA was extracted using the Ra-
Pure Total RNA Micro Kit (Magen, R4012-02, Guangzhou,
Guangdong, China), then the cDNA was synthesized by 5’-
RACE using SMARTer® RACE 5°/3” Kit (Takara, 634859,
Mountain View, CA, USA) and generated a complete
cDNA copy with the additional specific sequence at the 5’
end (universal linker sequence).

2.6 Amplification of BCR Transcripts with Barcoded
Primers

The upstream primer was targeted on the universal
linker sequence from 5’-RACE, and the downstream primer
targeted constant-region for IGHG, IGHA, IGHM, IGHD,
IGK, and IGL genes in both of first-round and second-round
PCR. Especially, barcodes were added to the second-round
PCR primers that is convenient to distinguish BCRs from
different individuals. PCR program for both rounds were:
5 cycles at 94 °C for 30 s, 72 °C for 3 min, 5 cycles at 94 °C
for 30 s, 70 °C for 30 s, 72 °C for 3 min, and 25 cycles at
94 °C for 30 s, 68 °C for 30 s, 72 °C for 3 min (first-round
PCR) and 5 cycles at 94 °C for 30 s, 72 °C for 90 s, 5 cy-
cles at 94 °C for 30 s, 70 °C for 30 s, 72 °C for 90 s, and
25 cycles at 94 °C for 30 s, 68 °C for 30 s, 72 °C for 90
s (second-round PCR). The amplified DNA products were
recovered from the agarose gel using a DNA Recovery Kit
and sent to Novogene company for sequencing.

In addition, PCR was also performed to detect the ex-
pression of GAPDH. PCR condition for both cycles were:
95 °C for 5 min, 30 cycles at 95 °C for 30 s, 55 °C for 30
s, and 72 °C for 30 s, followed by a final extension at 72
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°C for 7 min. The PCR products were separated on 1.5%
agarose gel by electrophoresis. The primers used for PCR
are listed in Supplementary Tables 3,4,5.

2.7 PacBio Sequencing and Data Analysis

We measured the concentration of PCR products with
barcode and mixed the same amount of PCR products from
COVID-19 patients (products of COVID-19 patients of
2 weeks convalescence were mixed as one sample while
products of COVID-19 patients of 6 months convalescence
were mixed as another one sample). The mixed PCR prod-
ucts were separated with 2% agarose gel. Gel extraction
was performed and products were used for Pacbio sequenc-
ing. The obtained data was split according to barcodes by
using the FASTX-toolkit (version 0.0.13, Longlsland, NY,
USA). IMGT/High V-QUEST (version 1.7.1, Montpellier,
France) was used for sequence annotation to determine the
V(D)J genes and sequence of the variable region.

2.8 Statistical Analysis

All data were analyzed by normality and lognormality
tests to identify whether the data belong to a normal distri-
bution, which was decided by the p-value of the Shapiro-
Wilk test. Unpaired #-test was used in the condition of
normal distribution, or Mann-Whitney test was used in the
non-normal distribution (* p < 0.05, ** p < 0.01, *** p <
0.005, **** p < 0.0001). These are all executed in Graph-
Pad Prism.

3. Results

3.1 Spike Protein-Specific Antibodies with Neutralizing
Activity were Detectable in Recovered COVID-19 Patients
2 Weeks and 6 Months Post-Infection

COVID-19 patients at 2 weeks of convalescence were
discharged from Fifth Medical Center of Chinese PLA Gen-
eral Hospital from February 13 to March 3, 2020 were used
in this study. Eligible participants consisted of 7 female and
7 male patients who ranged from age 39 to 74, with a me-
dian of 64 years of age. All COVID-19 patients were con-
firmed to be SARS-CoV-2 infected by respiratory RT-PCR
tests. According to the guidelines for diagnosis and man-
agement of COVID-19 released by National Health Com-
mission of China, discharge criteria were listed as follows:
(1) Normal body temperature for more than three days; (2)
Significant improvement in respiratory symptoms; (3) Pul-
monary imaging shows a substantial reduction in pneumo-
nia; (4) Two consecutively negative SARS-CoV-2 RT-PCR
assays of respiratory tract specimens with a one-day sam-
pling interval. A peripheral blood sample was collected in
a BD Vacutainer and the plasma was separated by centrifu-
gation at 2000 rpm for 10 min (Supplementary Table 1).

COVID-19 patients with 6 months convalescence
were discharged from General Hospital of Central Theater
Command of PLA, Wuhan, China.
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The serum samples of COVID-19 patients 2 weeks,
and 6 months, after recovery were obtained, and the level
of specific IgM, IgG and IgA against the spike protein of
SARS-CoV-2 were measured by ELISA. Serum from 27
healthy subjects were used as negative controls. The re-
sults showed a higher level of specific IgM and IgA against
SARS-CoV-2 spike protein in recovered COVID-19 pa-
tients 2 weeks when compared to patients at the 6 month
mark. However, the IgG level was elevated in COVID-
19 patients 6 months after recovery, while no differences
were observed in viral-specific [gM and IgA levels between
COVID-19 patients 6 months after recovery and healthy
controls (Fig. 1A). Subsequently, serum samples from 26
COVID-19 patients after 2 weeks of convalescence and
139 COVID-19 patients after 6 months of convalescence
were used to analyze neutralization activity by blocking
SARS-CoV-2 pseudovirus infection of HEK293 cells over-
expressing human ACE2. The results showed that 27%
of 2 weeks convalescent COVID-19 patients and 37.4%
of the 6 months convalescent COVID-19 patients showed
more than 25% blocking activity. Moreover, 20% of 6
months convalescent COVID-19 patients displayed greater
than 50% blocking activity (Fig. 1B). Of note, approxi-
mately 42% of 6 months convalescent COVID-19 patients
showed elevated binding of the pseudovirus with HEK293
cells overexpressing human ACE2; however, the reason for
this observation is not clear. We also purified IgA and IgG
from the 2-week convalescent serum and analyzed the neu-
tralizing activity. Results showed that, 84.4% of IgG and
71.9% of IgA taken from these COVID-19 patients showed
more than 25% blocking activity, and 65.6% of IgG and
50% of IgA in COVID-19 patients showed more than 50%
blocking activity (Fig. 1C).

3.2 Study Design for Analysis of the BCR Repertoire of
COVID-19 Patients

Viral infection can trigger virus-specific memory B-
cell production, and this response can linger longer in the
body post-infection. While different from naive B-cells,
memory B-cells can express not only virus-specific IgM
and IgD immunoglobulins, but also highly effective, high
affinity virus-specific IgA, IgG or IgE antibodies [4,20,21].

We first collected the peripheral Blood Mononuclear
Cell (PBMC) from 35 COVID-19 donors at different stages
of recovery, including 15 donors 2 weeks after recovery, 10
donors with neutralizing antibodies 6 months after recov-
ery, 10 donors without neutralizing antibodies 6 months af-
ter recovery, and 11 healthy donors were used as controls.
CD19" B-cells were sorted via immunomagnetic beads,
and total RNA were extracted from these cells. Consid-
ering the diversity of BCR variable regions and a biased
amplification problem caused by common use of multiple
RT-PCR steps, we used a 5’-RACE reverse transcription kit
to generate a complete cDNA copy with additional specific
sequence at the 5’end of the amplicon. We designed the up-

stream primer to target 5° terminal specific nucleotides se-
quences, and downstream primers to target BCR constant
regions in 5 classes of BCR heavy chain, or the 2 types of
BCR light chains. In addition, because the length of 5°-
RACE products exceeded limits of some next-generation
sequencing platforms, we used the PacBio sequencing tech-
nology which can sequence the full length of the BCR vari-
able region (Fig. 2A).

We first amplified and obtained the V(D)J transcripts
of four classes of IgH (except IgE), and VI transcripts of
two types of IgL (Igx and Ig\) (Supplementary Fig. 1).
Using the PacBio sequencing platform and IMGT/HighV-
QUEST (version 1.7.1), a website that analyzes thousands
of immunoglobulin gene nucleotide sequences, we obtained
atotal of 157,245 BCR transcript reads from the 35 patients
we studied. As expected, sufficient diversity was observed
in the BCR transcripts that were obtained from each individ-
ual’s B-cells, and detailed data are shown in Supplemen-
tary Table 2.

Next, we analyzed whether the relative abundance and
inter-status variability of the V, D, J gene family was dif-
ferent between patients and healthy people (Fig. 2B,C). Our
results showed that although there is no significant differ-
ence in the overall landscape and inter-status variability of
each V(D)J gene family, some dominant recombination of
V, D and J families are significantly different between pa-
tients and healthy donors. For example, the VH3DH3JH4
recombination pattern was dominant in both COVID-19 pa-
tients and healthy subjects. In contrast, some increased VDJ
recombination patterns were more frequently observed in
COVID-19 patients than in healthy controls, such as the
increased VH4DH6JH6 and VHIDH6JHG6 patterns usually
found in IgG from COVID-19 patients, but not in healthy
controls. Increased VH7DH6JH4 and VH4DH3JH2 pat-
terns were usually observed in IgA from COVID-19 pa-
tients, and increased VH7DH3JH6 was observed in IgD
from COVID-19 patients.

3.3 Clonal Expansion and Common CDR3 Shared among
the COVID-19 Patients

Antibodies commonly display large levels of diversity
within the same individual or among different individuals.
Theoretically, there are few convergent clonotype antibod-
ies in an individual or between different individuals under
physiological conditions. However, after an antigenic chal-
lenge, the convergent clonotypes antibodies or memory B-
cells can be increased. In this study, we first analyzed the
clonal proliferation of B-cells from each individual, as a
whole, by analysis of the percentage of Top 10 CDR3 se-
quences (Fig. 3A). We found that B-cells expressing dif-
ferent types of Ig showed a certain degree of clonal bias
within each individual patient, an even in healthy individ-
uals, because they were previously infected by pathogens
other than the SARS-CoV-19 virus. As expected, higher
clonal bias of IgH chain and Ig\ were found in COVID-19
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Fig. 1. S-specific antibodies in the serum of COVID-19 patients 2-weeks and 6-months convalescence and the neutralizing activity.
(A) The concentration of S-specific IgM, IgG and IgA in serum of COVID-19 2-weeks and 6-months convalescence by ELISA assay.
Unpaired #-test, data are presented as mean == SEM, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (B) The neutralizing
activity of serum of COVID-19 patients 2-weeks and 6-months convalescence. Serum of healthy controls and COVID-19 patients
2-weeks and 6-months convalescence were pre-incubated with SARS-CoV-2 pseudovirus labeled with GFP and then incubated with
HEK293T overexpressed human ACE2. FACS was used to detect the fluorescence signal of GFP. Unpaired #-test, data are presented as
mean + SEM, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (C) The neutralizing activity of IgG and IgA purified from serum
of COVID-19 patients 2-weeks and 6-months convalescence. Unpaired z-test, data are presented as mean + SEM, *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001.
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convalescent patients, especially in patients 2 weeks after
recovery, while Igx showed no difference between healthy
subjects and COVID-19 patients. We noted that IgG dis-
played an even higher clonal bias in COVID-19 patients at
6 months, rather than 2 weeks, after recovery, and that this
finding is quite different from other IgH chains.

In addition, many convergent clonotypes were fre-
quently observed among the COVID-19 patients. Inter-
estingly, we found a time-shift appearance of convergent
clonotype pattern between different Ig classes in COVID-
19 patients after 2 weeks versus 6 months of recovery
(Fig. 3B,C). Shown is the shared convergent clonotypes
that were significantly increased in IgD, IgA, IgG and Igx
in COVID-19 patients 6 months rather than 2 weeks after
recovery. Of note, IgM showed an increased proportion
of shared convergent clonotypes in COVID-19 patients 2
weeks after recovery when compared to the 6 month conva-
lescence group. These results suggest that at least 2 weeks
after COVID-19 convalescence, expansion of B-cell clones
is dominated by the expression of IgM, which is converted
to IgG and IgA at the 6 month time point. In contrast with
COVID-19 patients, healthy subjects do not share CDR3
sequence among individuals.

3.4 Different Types of BCR Repertoire in an Individual
Show Their Unique Specificity, However, BCR in Patients
with COVID-19 Still Share V(D)J Usage Characteristics

In this study we analyzed the ratio of top 5 V(D)J
recombination patterns in COVID-19 patients and healthy
subjects (Fig. 4A), and found that the most frequently used
V(D)J recombination pattern in /GH genes were different
among individuals, while Ig\ showed conserved recombi-
nation pattern in both healthy subjects and COVID-19 pa-
tients. The percentage of the IgG-biased V(D)J recombi-
nation pattern displayed increases in COVID-19 patients 6
month after recovery when compared to healthy subjects,
while Ig) showed a decreased ratio of biased VJ recombi-
nation patterns in COVID-19 patients versus healthy sub-
jects.

We found that, among the individuals, significant di-
versity in recombination patterns within IgM, IgA, IgG, IgD
as well as Igk, but not in IgA (Fig. 5A). This finding indi-
cates that, under physiological conditions, the variable re-
gion of Ig\ is conserved in different individuals. In con-
trast, convergent recombination patterns were frequently
observed among the COVID-19 patients. Interestingly, we
found a time shift change of appearing convergent recom-
bination patterns between different Ig classes in COVID-
19 patients after recovery of 2 weeks to 6 months. These
shared convergent recombination pattern were significantly
increased in IgM and Igk, and moderately increased in IgA
in COVID-19 patients after a 2-week recovery. However,
when 6-month recovery COVID-19 patients were analyzed,
increased proportions of shared convergent recombination
pattern were converted into IgD, IgG and IgA class im-
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munoglobulins. These results suggest that at least 2 weeks
into COVID-19 convalescence, the expansion of the B-cell
clone is dominated by the expression of IgM and IgA, but
not IgG.

We next analyzed and compared the shared V(D)J
patterns between the different classes of Ig, which exist
only among COVID-19 patients after 2 weeks of recov-
ery (Fig. 5B,C). We found that the IgD class frequently
utilizes IGHV3-74\IGHD6-13\IGHJ4 (5/15), whereas IgA
tend to use IGHV4-39\IGHD3-22\IGHJ2 (9/15). 1gG were
likely to use IGHV1-8\IGHD3-22\IGHJ4 of (6/15), and Ig\
usually use IGLV3-21\IGLJ6 (8/15). Note that the IGHV 1-
I\IGHD3-10\[GHJ6 pattern was shared by IgM class im-
munoglobulins in all COVID-19 patients (15/15), and the
IGKV2D-29/1GKJ1 of Igxk was shared by 14 of 15 COVID-
19 patients. In addition, we also analyzed for differences
in the convergent clonotypes between moderate and severe
individuals, and found no significant difference between
the recovered moderate and severe individuals (data not
shown).

3.5 Different Classes of Ig Heavy Chain Showed Quite
Different CDR3 Sequences within the Same Individual in
COVID-19 Patients and Healthy Subjects

According to the classical clonal selection theory, dif-
ferent types of Ig produced by one B-cell all present the
same V(D)J combination and sequence. In other words,
different types of Ig detected from the same B-cell cluster
should present the same V(D)J combination pattern. How-
ever, our previous finding, revealed by single cell sequenc-
ing, was that one B-cell can express more than one classes
of Ig and, moreover, different classes of Ig express their
own unique variable region sequence, which is somewhat at
odds with the classical concept of Ig class switching [19]. In
this study, we further addressed if the same population of B-
cell-derived Ig classes display different V(D)J recombina-
tion patterns (Fig. 6A). Results showed that approximately
80% of V(D)J recombination patterns were uniquely ex-
pressed in one Ig heavy chain within the same healthy indi-
vidual (IgM: 77.39 £ 11.79; IgD: 78.25 £ 11.21; IgA: 78.16
+ 11.87; IgG: 78.37 + 11.45). In contrast, the percentage
of uniquely expressed V(D)J recombination patterns were
decreased in COVID-19 patients, especially in COVID-19
patients 2 weeks after recovery (COVID-19 2 weeks: IgD:
34.54 + 10.56; IgA: 43.57 £+ 7.521; 1gG: 35.57 £+ 10.84;
COVID-19 6 months: IgD: 60.55 + 8.2; IgA: 54.01 +
8.991; IgG: 51.66 + 8.883). It should be noted that the
percentage of unique V(D)J recombination patterns in IgM
were similar in COVID-19 patients 2 weeks after recovery
and healthy subjects (2weeks: 74.14 £+ 9.214) (Fig. 6A).
The percentage of uniquely expressed CDR3 of each Ig in
the same individual was significantly decreased in COVID-
19 patients especially in the 2 week convalescent patient
(2 weeks: IgM: 92.93 + 3.037; IgD: 72.93 + 13.64; IgA:
82.75 + 8.926; IgG: 74.4 4+ 8.53; 6 months: IgM: 98.25
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4 0.9742; IgD: 97.98 + 0.7597; IgA: 96.49 + 1.441; IgG:
96.3 + 1.48; healthy controls: IgM: 1.0; IgD: 1.0; IgA: 1.0;
IgG: 1.0) (Fig. 6B).

We further analyzed if some convergent clonotypes
were shared by different classes of Ig in the same individual
(Fig. 6C). As expected, unlike the healthy donors that do not
share convergent clonotypes among the different classes of
Ig in an individual, we found that the same clonotype pat-
terns frequently shared different classes of Ig in COVID-19
patients. For example, IgM showed increased frequency of
the same CDR3 sequence with IgD, IgG and IgA in 2 weeks
of convalescence COVID-19 patients, while IgD showed
increased frequency of the same CDR3 sequence with IgG
and IgA in COVID-19 patients with 6 months convales-
cence.

3.6 Shared V(D)J Recombination Patterns and CDR3
Sequences between COVID-19 Patients at 2 Weeks and 6
Months of Convalescence

In theory, memory B-cells at 2 weeks and 6 months of
convalescence may exhibit the same or similar V(D)J or VJ
rearrangement patterns. We first excluded the V(D)J and
VJ rearrangements shared with healthy individuals, then
compared the VDJ and VJ rearrangements of different IgH
and Ig)\ between COVID-19 patients with 2 weeks ver-
sus 6 months of convalescence (Fig. 7A,B). We found that
identical V(D)J patterns shared by different COVID-19 pa-
tients at 2 weeks and 6 months of convalescence were easy
to identify in all types of Ig heavy and light chains, while
shared CDR3 exist only in IgG and Ig light chains. In de-
tail, IGHV1-18\IGHD3-10\GHJ6 of IgM (26/35), IGHV3-
23\IGHD6-19\IGHJ4 of IgD (20/35), IGHV3-74\IGHD1-
26\IGHJ4 of IgA (19/35), IGHV4-39\IGHD2-2\IGHJ6 of
IgG (21/35) was frequently shared by COVID-19 patients at
2 weeks and 6 months of convalescence. Of note, IGKV2D-
29\IGKIJ1 of Igk was shared by 28 of 35 COVID-19 pa-
tients.

This work also identified numerous V(D)J and CDR3
sequences that are shared by COVID-19 patients convales-
cent for 2 weeks and 6 months who demonstrate neutral-
izing antibodies but not in COVID-19 patients 6 months
convalescent without neutralizing antibodies nor in healthy
subjects (Fig. 7C,D). These sequences may contribute to
screening neutralizing antibodies.

3.7 Some V(D)J Recombination Sequence of Recovered
COVID-19 Patients can Map to the Sequence of Spike
Protein-Specific Neutralizing Antibodies Analyzed by
Protein Mass Spectrometry

We first prepared an affinity chromatography column
using the spike (S) protein of SARS-CoV-2. IgG was
purified by protein G chromatography from serum taken
from 15 2-weeks convalescent COVID-19 patients. Fol-
lowing this, the IgG from each individual was purified by
S protein affinity chromatography. Next, we identified
IgG which can block the binding between pseudovirus and
ACE2 overexpressing HEK293 cells, and the peptide pro-

&% IMR Press

file of IgG with viral blocking activity was analyzed by pro-
tein mass spectrometry (Fig. 8). Subsequently, peptide se-
quence of IgG was mapped to the V(D)J sequence of re-
covered COVID-19 patients obtained in this study. Signif-
icantly, we found that some IgG variable domain peptides
could map with the V(D)J sequence of recovered COVID-
19 patients (Fig. 8), which suggested that the BCR reper-
toire library obtained in this study can be used to screen for
effective neutralizing antibodies against SAR-CoV-2 or to
prepare a phage antibody library following SARS-CoV-2
infection.

4. Discussion

Using the novel strategy of combining 5’-RACE and
Pacbio sequencing, we obtained the entire BCR repertoire
of 4 heavy chain genes and 2 light chain genes from con-
valescent COVID-19 patients 2 weeks (15 cases) and 6
months (20 cases) after infection. We demonstrated that
clonal expansion and shared common CDR3 sequences
among different individuals existed in COVID-19 patients
but not healthy subjects, Furthermore, CDR3 sequences
were also shared among different classes of Ig in the same
individual, which was only observed in COVID-19 patients
but not healthy subjects. We also identified numerous spe-
cific BCR sequences that displayed neutralization activity
towards the S protein of SARS-CoV-2, especially those that
exist only in the 2 weeks convalescent and 6 months con-
valescent samples with neutralizing antibody activity. This
BCR repertoire database can also be used to identify anti-
bodies that mediate pathological injury in COVID-19 pa-
tients.

After pathogen infection, B-cells will produce high
affinity neutralizing antibodies to prevent pathogen inva-
sion as well as produce specific memory B-cells to limit
subsequent infections with the same pathogen. With the
SARS-CoV-2 outbreak, scientists seek to understand the ge-
netic information that gives rise to neutralizing antibodies
with the aim of improving current therapeutic regimens us-
ing genetic engineering. Although the repertoire of BCR
presents a unique snapshot into the history of immune re-
sponse within an infected individual [22-25], identifying
signatures of a functional antibody to a given pathogen from
the population of BCRs in circulation is a challenging task
as several obstacles are encountered. First, Ig expressed
by B-cells in the body has infinite diversity, and it is not
straightforward to identify neutralizing antibodies to cer-
tain antigen epitopes from peripheral blood. Second, sin-
gle cell sequencing and multiplex PCR are commonly used
to analyze BCR and these two approaches have limitations
making the acquisition of complete BCR variable region
sequence challenging [26]. Third, current immunological
theory holds that one or more Ig subtypes from the same
group of B-cells have identical variable region sequence.
At present, most studies only analyze IgG sequences which
limits the amount of BCR information gathered.

11


https://www.imrpress.com

IgM IgD IgA [e[€]
hadoduind Fkkk Fkkk Kkkk
1001 . 100 ek 100+ ek 100+ *kdk
. E ok . ek
so- ZET  F, 80 s A 80 a
X oR I x g A =2 2
g s 4 2 60 o S ) L
g 60 L g 51 . .. =& g & 609 . b
8 i1 8 . 3 S g Y
|- id —
g 40 Y g 40 o g g 40 s
o o oolag o o o2
20 20+ 0 20+ o®
v T T T 0 T T T 0 T T T
o ) & > ) & > N &
X R o° ¥ '@:‘v o8 ¥ '@:» <
& & & & & &
& & & & & &
IgM IgD IgA 1gG
. . . .
PR T ndn_ FREE T
100 — 100 — 100 —— 100 —
% s R Al s
olee L] A .
°®
° ° LJ ° ° ]
> 80 > 80 > 80 > 80 .
(=2} (=2} ()] (=2} ° °
s £ ] s
c c sle c < o3
g 60— g 60— g 60— g 60~ ‘
% - B g ° - °
.
40 T ] T 40 1 T 1 ‘c T T T 40 T 1 1
f O S f E 8 &
U JCURS &9 K
o ¥ & &° O & &
(¢ < O < (¢ ¢ (¢ [
IgM-1gG-IgA shared IgM-1gG shared IgM-IgA shared
0.3 0.5 Fkkk *% 6 L TRk
g o e 2.5 *kkk
Kkkk —_—a
0.4
° ° ° X
E, 0.2 E % 3
8 8 0.3 > 8
5 5 £ 5 :
o o 0.2 o = e%2e
= = I 2
g0 2 2 d e
0.1 e0 g0
L ]
0.0 0.0 0l —comp——————— | —
& q"v"‘ Sl
N
© ©
9 9
- IgD-IgA shared 19G-IgA shared

1.0 0.8

*kkk

*%k

*kkk

percentage%
o
N
percentage%
percentage%
percentage%

N
o
O
& Y

N
R4

Fig. 6. VDJ recombination pattern and CDR3 sequences of different Ig classes in the same individual of healthy subjects and
COVID-19 patients. (A) The percentage of VDJ recombination pattern that exist only in one type of Ig in the same individual. Unpaired
t-test, data are presented as mean = SEM, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (B) The percentage of CDR3 sequence
that exist only in one type of Ig in the same individual. Unpaired z-test, data are presented as mean + SEM, *p < 0.05, **p < 0.01, ***p
< 0.001, ****p < 0.0001. (C) Common CDR3 sequences shared between Ig heavy chains in COVID-19 patients compared with healthy
controls. Unpaired ¢-test, data are presented as mean + SEM, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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In this study, we first made methodological inno-
vations to maximize the specific antibody information
obtained from peripheral blood B-cells harvested from
COVID-19 patients. We obtained these B-cells by magnetic
cell sorting which will isolate almost all the B-cell clusters
in the peripheral blood. This step overcomes the limitation
of the number of cells to be analyzed using single cell se-
quencing technology. 5’-RACE was used to overcome am-
plification bias introduced by multiple rounds of thermocy-
cling, and Pacbio sequencing provided sufficient sequenc-
ing length to obtain full-length sequencing of the BCR vari-
able region not achievable with other next generation se-
quencing platforms. In this study, we found that unlike
BCR variable regions of healthy individuals that showed
infinite BCR diversity, aggregated clonal types were fre-
quently observed in COVID-19 patients. This finding sug-
gests that 5’-RACE can indeed ensure the unbiased ampli-
fication of BCR, and that the approach we have adopted in
this study can be used to analyze the BCR repertoire in re-
sponse to other pathogens.

Based on our recent discovery that individual B-cells
can produce more than one antibody, analyzing B-cells for
only one type of Ig has limitations. Our results showed that
in addition to IgG, other Ig subtypes also exhibit clonal ex-
pansion and dominant rearrangements, which suggests that
finding neutralizing antibodies should not be limited to IgG,
but also other classes of Ig as well. In addition, we found
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that the proportion of IgM and IgA immunoglobulins shar-
ing the same V(D)J rearrangement pattern within different
individuals was significantly higher in COVID-19 patients
than healthy individuals, while in these patients [gG showed
no difference from that of healthy controls. The proportion
of IgM, IgD, IgG and IgA sharing the same V(D)J rear-
rangement in COVID-19 patients 6 months after recovery
was significantly higher than that observed in healthy indi-
viduals. Data gathered suggests that SARS-CoV-2-specific
IgM antibodies appears earlier, but persist for a relatively
short time, whereas SARS-CoV-2-specific IgG and IgA ap-
pears later and persists longer which is consistent with pre-
vious findings [27]. We also found that the proportion of
common CDR3 that were shared among different patients
were significantly increased in IgG of COVID-19 patients
6 months after recovery which indicated that the IlgG mem-
ory B cells are predominant post 6 months of infection
which is consistent with previous findings [28]. These re-
sults indicate that searching for specific antibodies should
focus on IgM and IgA within 2 weeks after infection, and
IgG at later time points. Our study also found that IgD
also showed a high proportion of shared V(D)J sequences
and consistent CDR3 sequences in 6-month convalescent
COVID-19 patients. Interestingly, IgD and IgG/IgA shared
the same CDR3 found in 6-month convalescent COVID-19
patients but not in 2-week convalescent COVID-19 patients
2-weeks and healthy individuals. This finding suggests that
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IgD may also play an important role in viral infection and
long term immunologic memory and needs further investi-
gation.

We purified IgG possessing neutralizing activity from
the peripheral blood of COVID-19 patients and deduced the
primary amino acid sequence of the variable region using
LC MS/MS. After comparing the BCR repertoires obtained
in this study, we determined the CDR3 sequences within
the variable region and synthesized a peptide to verify its
neutralizing activity using pseudovirus blocking. The re-
sults showed that the synthetic CDR3 polypeptide had neu-
tralizing activity supporting our view that our sequencing
approach can serve to identify neutralizing antibodies with
high affinity. More importantly, the B cell epitopes that
were used to identify neutralizing antibodies in this study
were highly conserved and were not mutated in Omicron
variant, which indicated that our BCR repertoire can still
useful for finding neutralizing antibody sequences against
Omicron and other variants. However, there are also some
limitations as the combination of heavy and light chains
synthesized in each cell cannot be obtained. Moreover, it
is necessary to continuously combine different heavy and
light chains to obtain better blocking effects and prepare
complete antibodies.

In general, the BCR repertoire analysis outlined in this
report provides information on the specific nature of the
B-cell response to SARS-CoV-2 infection. The informa-
tion generated has the potential to aid in the treatment of
COVID-19 by supporting diagnostic approaches to predict
the progression of disease, informing vaccine development,
and enabling the development of therapeutic antibody treat-
ments and prophylactics.

5. Conclusions

In summary, we used 5’-RACE combined with Pacbio
sequencing to interrogate the BCR repertoire of periph-
eral blood CD19" B-cells from convalescent patients af-
ter SARS-CoV-2 infection. Data gathered indicates numer-
ous clonotypes were frequently shared between different
patients and different classes of immunoglobulins. These
convergent clonotypes provide a resource to identify po-
tential therapeutic/prophylactic antibodies, or pathological
antibodies, in patients infected by SARS-CoV-2.
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