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Abstract

Background: B-cell immunoglobulin repertoires with paired heavy and light chain can be determined by means of 10X
single-cell V(D)J sequencing. Precise and quick analysis of 10X single-cell immunoglobulin repertoires remains a challenge
owing to the high diversity of immunoglobulin repertoires and a lack of specialized software that can analyze such diverse
data. Findings: In this study, specialized software for 10X single-cell immunoglobulin repertoire analysis was developed.
SCIGA (Single-Cell Immunoglobulin Repertoire Analysis) is an easy-to-use pipeline that performs read trimming,
immunoglobulin sequence assembly and annotation, heavy and light chain pairing, statistical analysis, visualization, and
multiple sample integration analysis, which is all achieved by using a 1-line command. Then SCIGA was used to profile the
single-cell immunoglobulin repertoires of 9 patients with coronavirus disease 2019 (COVID-19). Four neutralizing antibodies
against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) were identified from these repertoires. Conclusions:
SCIGA provides a complete and quick analysis for 10X single-cell V(D)J sequencing datasets. It can help researchers to
interpret B-cell immunoglobulin repertoires with paired heavy and light chain.
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Background

The diversity of B-cell immunoglobulin is an important charac-
teristic of the adaptive immune system. It is developed through
the rearrangement of variable (V), diversity (D), and joining (J)
gene segments, which is referred to as V(D)J; the pairing of heavy
and light chains; and somatic hypermutation (SHM) [1]. Expo-

sure to infections and environmental factors shapes the reper-
toire of B-cell immunoglobulins [2–4] and leads to clonal expan-
sion of immune cells, allowing them to change into different
types of cells to respond to a specific antigen. Understanding
these immunoglobulin repertoires can help researchers to dis-
cover antibodies, monitor vaccination responses, and infer B-
cell trafficking patterns [5, 6].
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10X single-cell V(D)J sequencing is a powerful tool for inves-
tigating paired heavy and light chain repertoires of B-cell im-
munoglobulins [7]. It has been used in the identification of neu-
tralizing antibodies against severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) [8], the virus that causes coronavirus
disease 2019 (COVID-19) [9]. However, accurately analyzing 10X
single-cell immunoglobulin repertoires remains a challenge ow-
ing to the high diversity of immunoglobulin repertoires and the
lack of specialized software that can analyze such diverse data.

Here, we developed SCIGA (Single-Cell Immunoglobulin
Repertoire Analysis), a software package for quickly analyz-
ing the data of 10X single-cell immunoglobulin repertoires.
SCIGA performs read trimming, immunoglobulin sequence as-
sembly and annotation, and heavy and light chain pairing by
means of a 1-line command. It also computes the statistics of
repertoires, including gene usage frequency, SHM rate, length
of complementarity-determining region 3 (CDR3), and clonal-
ity, and further implements visualization. We profiled the im-
munoglobulin repertoires of peripheral blood mononuclear cells
(PBMCs) from 9 patients with COVID-19 using SCIGA. Finally,
we identified 4 neutralizing antibodies against SARS-CoV-2 from
these repertoires.

Methods

SCIGA is a software package for the analysis of 10X single-cell
immunoglobulin repertoires. It integrates several tools and al-
gorithms into a single workflow. The input data can be raw
reads or the output of Cell Ranger (RRID:SCR 017344) [10]. The
details of the SCIGA algorithm can be found in the Supplemen-
tary Methods and Materials. Briefly, the workflow, which is sum-
marized in Fig. 1, is as follows. (i) Quality control of reads: trim
the reads of low quality using Trimmomatic (RRID:SCR 011848)
[11]. (ii) Call cell: the 10X system generates a large amount of
Gel Beads-in-Emulsion (GEMs) that contain no cell. We need to
identify the cell-containing GEMs before further analysis. SCIGA
considers the GEMs containing cell(s) when the read number
of the GEMs exceeds a threshold (see Supplementary Methods
and Materials). (iii) Immunoglobulin sequence assembly: the im-
munoglobulin sequences for each cell were assembled using
SSAKE (RRID:SCR 010753) [12], which is a reliable de novo assem-
bler for short reads. (iv) Gene call: to detect the usage of the
V(D)J gene and C gene (isotype), SCIGA aligns the assembled im-
munoglobulin sequences against the V-, D-, and J- gene refer-
ence database using IgBLAST (RRID:SCR 002873) [13] and against
C-gene reference database using BLAST (RRID:SCR 004870) [14].
The V(D)JC reference databases for humans, mice, and rats were
downloaded from the international ImMunoGeneTics informa-
tion system (IMGT) [15] and embedded in the SCIGA software. (v)
Quality control of the immunoglobulin sequence: only the im-
munoglobulins that are complete, in the correct reading frame,
and have no stop codon are retained. (vi) Quality control of the
cells: after immunoglobulin sequence assembly and filtering,
some cells have multiple heavy or light chains, whereas some
cells have only 1 chain. SCIGA reports the heavy and light chain
with the highest number of unique molecular identifiers (UMIs)
for each cell. A certainty score is calculated for each reported
chain (see Supplementary Methods and Materials). The chains
with a certainty score less than a given threshold are discarded.
Next, the cells without paired heavy and light chains are filtered
out. (vii) Clonal lineage grouping: clonal lineage is defined as
the cells that have identical VH, JH, VL, and JL genes and iden-
tical H-CDR3 length and exceed a given similarity threshold of

H-CDR3 nucleotide sequences. (viii) Statistical analysis and vi-
sualization: SCIGA calculates a list of statistics, including gene
usage frequency, SHM rate, CDR3 length, Simpson index, Shan-
non entropy, and others. SCIGA subsequently generates figures
to show the features of the repertoires. (ix) Multiple sample in-
tegration analysis: after analyzing each sample, SCIGA consol-
idates all of the outputs into one. It identifies the shared im-
munoglobulins that are potential public antibodies suitable for
use against a specific pathogen. Shared immunoglobulins are
defined as immunoglobulins from different samples that can be
clustered into the same clonal lineage. Clustering is performed
as described in Step 7 with cells of all samples.

Findings
Comparing SCIGA to existing software

At the time of this study, Cell Ranger is the only existing soft-
ware for processing raw data generated by 10X single-cell V(D)J
sequencing. A test dataset was therefore built to compare SCIGA
to Cell Ranger. The PBMCs from 9 patients with COVID-19 (B1–
B9) were collected and 10X single-cell V(D)J sequencing was per-
formed (Fig. 2A and Supplementary Table S1). The raw data were
analyzed using SCIGA and Cell Ranger (v3.1.0) with the default
parameters. The comparison mainly focused on the following
aspects: (i) Cell quality control: for Cell Ranger, the final results
still included low-quality cells that had either multiple heavy or
light chains or only 1 chain. In our test dataset, the mean per-
centage of low-quality cells was 29% (range, 16.8–47.6% per sam-
ple, Fig. 2B). SCIGA implements the cell quality control process
(Step 6 described in Methods) and only outputs the high-quality
cells. The cell count was generally less in the output of SCIGA
compared to Cell Ranger owing to the strict quality control pro-
cess (Fig. 2C). (ii) Detecting B cell clonal lineage: Cell Ranger clus-
ters B cells into a clonal lineage when cells have identical nu-
cleotide sequences of CDR3. However, it will break up the clono-
types that are clonally related in fact when the SHM falls within
the CDR3 region. SCIGA uses a popular clonal grouping method
(Step 7 of Methods), which considers the SHM and allows mis-
match in the CDR3 region. Therefore, SCIGA could detect a larger
clonal lineage than Cell Ranger (Fig. 2D). (iii) Output informa-
tion: the output of Cell Ranger is quite limited, and some impor-
tant information, such as SHM rate, is not included. SCIGA out-
puts the necessary information, including gene frequency, clone
frequency, clonality, SHM rate, CDR3 length, the immunoglob-
ulin variable region sequence, and others (Fig. 2E). Moreover,
SCIGA is able to implement visualization to display the features
of the repertoires. (iv) Detecting shared immunoglobulin: this is
a specific function in SCIGA, and it could detect the shared im-
munoglobulin across samples.

Determining the features of immunoglobulin
repertoires of COVID-19 using SCIGA

We performed a trial study to show the usage and performance
of SCIGA. The 10X V(D)J sequencing data of the 9 patients with
COVID-19 were analyzed, and features of the immunoglobu-
lin repertoires were determined. A total of 8,358 B cells were
detected (range, 571–2,371 cells per sample, Fig. 2C). We fo-
cused on the genes used in ≥1% of B cells for the V-gene us-
age (Fig. 3A and Supplementary Fig. S1). The top 3 gene families
were IGHV4-34 (12.51%), IGHV3-30 (7.95%), and IGHV3-23 (6.30%)
for the heavy chain and IGLV3-19 (9.46%), IGKV1-39 (8.26%), and
IGKV3-20 (7.90%) for the light chain. IGHV4-34 and IGLV3-19 had
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Reads QC Call cell Ig assembly Gene call Ig QC

Cell QCClone groupingStatistical analysisIntegration

Figure 1: The workflow of SCIGA. The workflow includes quality control of reads, call cell, immunoglobulin (Ig) sequence assembly, V(D)JC gene call, quality control
(QC) of Ig sequence, cell QC, group clonal lineage, statistical analysis and visualization, and multiple sample integration analysis.
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Figure 2: Comparison of SCIGA and Cell Ranger. (A) Flow chart of the experiment. (B) The percentage of low-quality cells in the output of Cell Ranger. Single denotes

the cells containing single chain. Multiple denotes the cells containing multiple heavy or light chains. (C) The count of B cells in the output of SCIGA and Cell Ranger.
(D) The fraction of the top 10 largest clones analyzed using SCIGA and Cell Ranger. (E) The output information of SCIGA and Cell Ranger.
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Figure 3: The features of the single-cell immunoglobulin repertoires of 9 patients with COVID-19. (A) The mean usage frequency of V-genes in the repertoires. Only

the genes with frequency >1% are shown. (B) The usage frequency of isotypes in the repertoire of each patient. Colors denote the isotypes. (C) The mean SHM rate of
V-genes. (D) The mean CDR3 length in the repertoire of each patient. The error bars represent the standard error.

elevated usage frequency in the repertoire of Patient B2 and
reached 63.98% and 64.39%, respectively. IGHM had the highest
usage in the repertoires of most patients, except for Patient B2,
who showed the highest usage of IGHG1 (Fig. 3B). The SHM lev-
els were low in the repertoires of most patients (<2%, Fig. 3C and
Supplementary Fig. S2). However, Patient B2 showed a high SHM
level in the IGH chain (7.48%) and IGL chain (7.13%). Moreover,
Patient B2 had an elevated CDR3 length for its immunoglobulin
repertoire (Fig. 3D and Fig. S3).

Clonal lineage analysis using SCIGA

Clonal lineages were grouped using SCIGA with the default pa-
rameters. We used the Simpson index and Shannon entropy
to determine the clonality of the immunoglobulin repertoires
(Fig. 4A and B). Both indices showed that the repertoires of Pa-
tient B2 underwent clonal expansion. The top 10 largest clones
of each patient were reviewed (Fig. 4C and Fig. S4). The fre-
quency of the largest clone for most patients was <8%. However,
the largest clone in Patient B2 reached a frequency of 61.21%.
This strongly expanded clone used the IGHV4-34 and IGLV3-19
genes, with an 8.82% mean SHM rate and 23-amino acid H-CDR3
length. We determined the most used V-genes in the top 10
largest clones of all patients. It was observed that IGHV4-34 (9
clones) was the most used gene in the heavy chain, IGKV1-39
(9 clones) and IGKV3-20 (9 clones) were the most used genes in
the light chain, and IGHV4-34: IGLV3-19 (5 clones) was the most
used gene pair (Fig. S5A–C). Next, the shared immunoglobulin
sequences across patients were determined using SCIGA. There
were 12 immunoglobulins shared between Patients B1 and B2,
1 immunoglobulin was shared between Patients B5 and B8, and
26 immunoglobulins were shared between Patients B6 and B9
(Fig. 4D and Supplementary Table S2).

Identification of neutralizing monoclonal antibodies

It was hypothesized that IgGs with higher clonal expansion may
be SARS-CoV-2–specific antibodies in the patients with COVID-
19. Thus, monoclonal antibodies (mAbs) were screened for the
following criteria: IgG antibodies in the clone with fraction ≥1%
and cell number ≥20 (see Supplementary Methods and Mate-

rials). Four mAbs met the criteria and were expressed: B2-C1,
B6-C2, B6-C3, and B8-C1 (Fig. 4C and Supplementary Table S3).
Remarkably, enzyme-linked immunosorbent assay (ELISA) re-
vealed that all 4 mAbs were SARS-CoV-2 RBD (receptor binding
domain)-specific antibodies, which bound to the extracellular
domain (ECD), the S1 subunit, and the RBD of the SARS-CoV-
2 spike (Fig. 5A). They did not bind to the N-terminal domain
(NTD) and the S2 subunit. The monoclonal antibodies could neu-
tralize SARS-CoV-2 by blocking the attachment of RBD to the re-
ceptor (angiotensin-converting enzyme 2 [ACE2]) on host cells.
B2-C1 and B6-C3 exhibited potent neutralizing activity (half-
maximal inhibitory concentrations [IC50] = 0.75 and 0.32 μg/mL,
respectively) against SARS-CoV-2 pseudovirus, whereas B8-C1
(1.47 μg/mL) and B6-C2 (14.89 μg/mL) were moderate and weak
neutralizing antibodies (Fig. 5B). Similar results were found for
the neutralization of the 4 mAbs against SARS-CoV-2 live virus
(Fig. 5C).

Discussion

In this study, we developed the SCIGA software for 10X single-
cell immunoglobulin repertoire analysis. SCIGA is easy to use
and allows researchers to quickly perform advanced analysis
on 10X V(D)J sequencing datasets. Cell Ranger has previously
been used for 10X single-cell immunoglobulin repertoire anal-
ysis. However, this software includes low-quality cells in the
output and disregards the effect of SHM when defining clonal
lineage. In addition, some important information about reper-
toires, including, e.g., the level of SHM, is not included in the
output of Cell Ranger. SCIGA performs the quality control pro-
cess for cells and defines the clonal lineage including the effect
of SHM. Larger clones can be detected by using SCIGA. More-
over, SCIGA generates the needed statistical outputs and imple-
ments visualization. It is therefore a more efficacious tool for
researchers.

In this study, SCIGA was used to analyze the single-cell im-
munoglobulin repertoires of the PBMCs of patients with COVID-
19. Large-scale clone expansion was not observed in most pa-
tients. In Patient B2, however, B cells expanded, which was indi-
cated by a large size of clonal lineage with the IgG isotype. This
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Figure 4: The B-cell clonal expansion of 9 patients with COVID-19. (A) The Simpson index. (B) The Shannon entropy denotes the clonality of the repertoire of each

patient. (C) The top 10 largest clones in the repertoire of each patient. The x-axis captures the clone ID and used V-genes. The initial of the gene names denotes the
chain: H: IGH; K: IGK; L: IGL. ∗Screened antibody candidate. (D) Number of immunoglobulins shared between patients. Blank indicates zero.

indicates that Patient B2 likely generated neutralizing antibod-
ies against SARS-CoV-2.

Finally, we tried to identify the SARS-CoV-2–responding anti-
bodies. In previous work, immunoglobulins with an SHM rate
<2% were excluded in screens for neutralizing antibodies [8].
However, some studies have shown that several potent neutral-
izing antibodies against SARS-CoV-2 have low SHM rates [16–18].
Therefore, we included the antibodies with low SHM levels in
our work. Four neutralizing antibodies with different potency
were identified using our criteria. This demonstrates that SCIGA
is useful for 10X single-cell immunoglobulin repertoire analysis.

Data Availability

The datasets supporting the results of this article are available
in the NCBI repository and can be accessed with PRJNA682839.

All additional supporting data and materials are available in the
GigaScience GigaDB database [19].

Availability of Supporting Source Code and
Requirements

Project name: SCIGA
Project home page: https://github.com/sciensic/SCIGA
Operating system(s): Linux
Programming language: Perl
Other requirements: IgBlast 1.15.0 or higher, Blast 2.9.0 or higher,
R (optional), ggplot2 (optional)
License: GNU GPL-3.0 License
RRID:SCR 021002, Biotools ID: sciga
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Additional Files

Figure S1:The usage frequency of V-genes in the repertoire of
each patient. Only the genes with frequency >1% are shown.
Figure S2: Distribution of the SHM rate in the repertoire of each
patient. Color denotes the chain, with IGH shown in red, IGK in
yellow, and IGL in blue.
Figure S3: Distribution of the CDR3 length in the repertoire of
each patient. Color denotes the chain, with IGH shown in red,
IGK in yellow, and IGL in blue.
Figure S4: Fraction of all clones in the repertoire of each patient.
The x-axis captures the clone rank and y-axis captures the clone
fraction. ∗Selected antibody candidate.
Figure S5: Number of the used V-genes of the top 10 largest
clones of all patients. (A) The count of the used V-gene for the
heavy chain. (B) The count of the used V-gene for the light chain.
(C) The count of the used V-gene pair. The initials of the gene
names denote the chain: H: IGH; K: IGK; L: IGL.
Figure S6: Two different examples show how to chose the
threshold: (A) having and (B) not having a large differ-
ence in the read counts between cells containing GEMs and
background.
Table S1: Information on the 9 patients with COVID-19.
Table S2: Information on the shared immunoglobulins.
Columns 7–11 denote the number of shared immunoglobulin
sequences.
Table S3: Information on the 4 antibody candidates.
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ACE2: angiotensin-converting enzyme 2; BLAST: Basic Local
Alignment Search Tool; CDR3: complementarity determining re-
gion 3; COVID-19: coronavirus disease 2019; ECD: extracellu-
lar domain; ELISA: enzyme-linked immunosorbent assay; GEMs:
Gel Beads-in-emulsion; IC50: half-maximal inhibitory concen-
tration; Ig: immunoglobulin; mAb: monoclonal antibody; NTD:
N-terminal domain; PBMC: peripheral blood mononuclear cell;
RBD: receptor binding domain; SARS-CoV-2: severe acute respi-
ratory syndrome coronavirus 2; SHM: somatic hypermutation;
UMI: unique molecular identifier.
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