
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Available online at www.sciencedirect.com

ScienceDirect
Current Opinion in

Systems Biology
Beyond bulk single-chain sequencing: Getting at the
whole receptor
Nicholas C. Curtis and Jiwon Lee
Abstract
Recent advancements in paired B-cell receptor sequencing
technologies have accelerated the development of simpler,
high-throughput pipelines for generating native antibody heavy
and light chain pairs used to elucidate novel antibodies and
provide insights into antibody response against pathogenic
targets. These technologies involve single-cell isolation, using
either single wells or emulsified droplets to maintain physical
separation of individual cells, followed by sequencing. The
development of novel single wells and emulsion-based work-
flows addresses key challenges by improving throughput of
single-cell analyses, reducing method complexity, and inte-
grating functional assays into existing workflows. Enabled by
paired B-cell receptor sequencing, functional characterization
of pathogen-specific antibodies reveals immunological insights
beyond bulk sequencing.
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Introduction
Adaptive immunity is dependent on both B-cell re-
ceptors (BCRs) and T-cell receptors that mediate
various immune responses and confer protection against
diverse pathogens; the unique ensemble of these re-
ceptors is known as the adaptive immune receptor

repertoire. A principal component of humoral immune
response is the repertoire of antibodies in both
membrane-bound receptor form on the B-cell
surface and in soluble form as immunoglobulin (Ig)
www.sciencedirect.com
molecules. Antibodies consist of two identical heavy (H)
chains and two identical light (L) chains connected by
disulfide bonds, with both H and L chains containing
variable regions (called VH and VL, respectively) and
constant domains. As B cells develop, the recombination
of gene segments, known as V(D)J recombination, and
somatic hypermutation, triggered by BCReantigen
engagement, result in highly diverse antibody reper-

toires [1]. This diversity in the antibody repertoire
allows for protection against a plethora of targets [2],
and it is constantly reshaped by continuous exposures to
pathogens and vaccines across one’s lifetime.

Recent and rapid advancements in antibody sequencing
technologies have enabled unprecedented opportu-
nities in studying B-cell immunobiology, informing both
antibody engineering research [3] and the design of
novel immunogens [4,5]. As the assembly of full-length
antibodies involves two separate mRNA transcripts

which encode the H and L chains, lysing and sequencing
bulk B cells prevents elucidation of cognate H and L
chain matches [6]. While the development of paired
BCR sequencing [7e9] enabled determination of
VH:VL pairs, it was limited by low cell throughput and a
lack of pipelines to profile antibodyeantigen in-
teractions. Recent technological advances with appli-
cation for paired BCR sequencing, summarized in
Table 1, have bolstered our ability to understand hu-
moral immunity and have proven essential particularly
in the rapid response to the global outbreak of corona-

virus disease 2019 caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), facilitating dis-
covery of monoclonal antibodies (mAbs) with thera-
peutic potential and elucidating the pathogenesis of
coronavirus disease 2019. In this review, we highlight
paired BCR sequencing advancements, categorized by
methods in single-well and emulsified single-cell isola-
tion, with a focus on publications from the past two
years.
Facile and versatile paired BCR sequencing
using single-well cell isolation
Interrogation of natively paired VH:VL sequences can
rely on a simple method of isolating single B cells into
individual wells using flow cytometry. Fluorescently
labeled antigens and B-cell surface marker probes
enable index sorting of specific subsets of B cells with
Current Opinion in Systems Biology 2020, 24:93–99
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desired antigen specificity [10], while having their
phenotypic signatures recorded. Once single cells have
been isolated into separate wells, they can be lysed,
keeping individual cell contents constrained in the well,
including the H and L chain transcripts [11] (Figure 1a).
Antibodies from sorted B cells can be subsequently
cloned and recombinantly expressed for further char-
acterization, as exemplified by recent articles rapidly

isolating mAbs that target SARS-CoV-2 [12,13].

With the precise control provided by single-well sorting,
single B-cell cultures enable functional characterization
of secreted antibodies [14e17]. This approach has
elucidated unique cross-reactive antibodies to influenza
hemagglutinin [18] and provided insights into a novel
antigen epitope [19]. Alternatively, a nanofluidic opto-
electronic single B lymphocyte antibody screening
technique processes single antibody-secreting cells by
sequestering them into small nanopens, where a fluo-

rescent binding assay is used to distinguish cells that
secrete antigen-specific antibodies and export them for
plate-based sequencing [20]. Although functional
profiling has proven a useful addition, paired BCR
sequencing has additionally been hindered by the high
cost and low throughput of Sanger sequencing.

The desire to sequence a greater number of BCRs
parallelly, while decreasing cost, has led to the utiliza-
tion of next-generation sequencing (NGS) platforms
[21], although Sanger sequencing may be preferred in

certain applications for its simplicity, high accuracy, and
absence of sequencing biases. Three predominant ap-
proaches use well-specific primers to barcode amplicon
for NGS (primer well barcoding). Linnarsson’s
group [22] created single-cell tagged reverse
Table 1

Summary of highlighted technologies applicable for paired BCR seq

Platform Approach Cell throughput

Primer Well
Barcoding

Single-well 102–103 Allo
a

Fluidigm C1 Single-well 103–104 Min
a

Seq-Wella Single-well ~105 Hig
LIBRA-Seq Single-cell

emulsions
104 Bu

i
CelliGo Single-cell

emulsions
104 Ide

a
m

RTX-NPS Single-cell
emulsions

103–105 No
g

ER Microsomes Single-cell
emulsions

103–106 No
t
s

BCR, B-cell receptor; TCR, T-cell receptor; LIBRA-seq, linking BCR to antigen s
RTX-NPS, reverse transcription xenopolymerase natively paired sequencing; O
a This method has been used to sequence TCRs but can be analogously
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transcription sequencing to append well-specific six-
base nucleotide barcodes to transcript. Sandberg and
colleagues developed a switching mechanism at the 50
end of RNA template sequencing (Smart-seq) tech-
nology [23], which uses well-specific oligos for extension
and amplification of cDNA from transcripts. This has
been further refined in the Smart-seq2 [24] and Smart-
seq3 [25] technologies, minimizing cDNA purification

steps, changing reverse transcriptase, and optimizing
reverse transcription polymerase chain reaction (RT-
PCR) conditions. The Wardemann lab introduced
barcoded primer matrices [26] using 50 and 30 wells and
antibody-specific primers to allow for parallel
sequencing from thousands of individual wells. Applying
NGS with the simplicity of single-well technologies is
perhaps best demonstrated by the identification of
SARS-CoV-2eneutralizing antibodies. Sorting B cells for
spike protein and receptor-binding domain binding in
infected patients and hamsters, well-barcoded BCR

amplicons from thousands of cells were parallelly
sequenced using NGS, leading to the identification and
functional characterization of thousands of antigen-
binding mAbs, some of which demonstrate potent
neutralization activities against SARS-CoV-2, in as short
as ten days [27,28].

To address the need for higher cell throughput to study
the diverse BCR repertoire, advances have also focused
on increasing the number of B cells profiled per exper-
iment, using the sequencing throughput of NGS. The

Fluidigm C1 system allows facile preparation of barco-
ded transcripts from up to 104 cells and provides a low-
labor approach using a unique chip which isolates cells
into individual reaction chambers, lyses cells, and gen-
erates a cDNA library for each cell automatically. This
uencing.

Strengths Reference

ws use of NGS for higher sequencing throughput
nd lower costs

[22–26]

imal manual handling and preparation, options for
utomated staining or microscopy of cells

[29,30]

h cell processing throughput at low cost [31]
ilt into the 10x Chromium system, allows
nterrogation of BCR binding to multiple antigens

[35]

ntifies secreted antibody–antigen binding from
ntibody-secreting cells to either secreted or
embrane-bound antigens

[36]

specialized equipment, simple workflow,
enerates physically linked VH:VL sequences

[39]

specialized equipment, high cell processing
hroughput, generates physically linked VH:VL
equences

[40]

pecificity through sequencing; RTX, reverse transcription xenopolymerase;
E, overlap extension.
applied to study BCRs.
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Figure 1

Highlight of methods applicable for Paired BCR sequencing. (a) Single-well methods. (1) Primer well barcoding is accomplished using FACS. Cells are
sorted and isolated into single wells where they are lysed. RNA is extracted from each well, unique well-barcoded primers are added, and BCR se-
quences are amplified by RT-PCR. (2) The C1 chip isolates cells into single nodes (represented by circles) where the cell is captured. These cells are
lysed, RNA is passed into a secondary containment chamber, and the flow of RT-PCR reagents into this chamber allows amplification of barcoded
sequences. (3) Seq-Well captures a single uniquely barcoded bead and an individual cell into a subnanoliter volume well. A semipermeable seal is
applied, and lysis buffer is flowed over the plate, lysing the cell and hybridizing RNA to the barcoded beads. The seal is removed, beads are combined,
and RT-PCR generates barcoded sequences. This method has been used to sequence TCRs but can be analogously applied to study BCRs. (b) Single-
cell emulsion methods. (1) LIBRA-seq uses FACS to sort barcoded-antigen and B-cell mixtures, selecting for antigen-bound B cells. Cells are emulsified
with uniquely barcoded primer beads and lysis buffer using microfluidics. Cell-barcoded BCR transcript and antigen oligos are amplified by RT-PCR, and
barcodes are used to bioinformatically match antigen specificity with BCR sequences. (2) CelliGo sorts antibody-secreting cells for antibody binding to
either secreted antigens (top) or membrane-bound antigens (middle). For secreted antigen sorting, cells are profiled by antibody–antigen capture on
magnetic beads where the antigen’s fluorescent signature can be read. For membrane-bound antigen sorting, cells are emulsified with a reporter cell line
that is fluorescent and displays membrane-bound antigens. Fluorescently labeled Fc-specific F(ab’)2 anti-IgG antibodies bind to secreted IgG, and the
fluorescent signal from both the reporter cell and the anti-IgG antibody is read. Target cells are emulsified with barcoded beads and lysis buffer (bottom),
the beads are isolated and aggregated, and RT-PCR generates barcoded amplicon. (3) In the RTX-NPS approach, cells, lysis buffer, overlap extension
primers, and a RT-PCR mixture containing RTX are joined at a Y junction and emulsified in oil. Physically linked VH:VL amplicon is amplified in emulsion
by OE RT-PCR for use in sequencing. (4) In the ER microsome method, cycloheximide-treated cells are incubated in a sucrose and digitonin buffer,
forming ER microsomes and lysing the cell. After purification by low-speed centrifugation, microsomes are emulsified with RT-PCR reagents and overlap
extension primers. Physically linked VH:VL amplicon is generated by OE RT-PCR. BCR, B-cell receptor; TCR, T-cell receptor; LIBRA-seq, linking BCR to
antigen specificity through sequencing; RTX, reverse transcription xenopolymerase; RTX-NPS, reverse transcription xenopolymerase natively paired
sequencing; OE, overlap extension; FACS: fluorescence-activated cell sorting; ER: endoplasmic reticulum.
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system has been used to study BCR class switching [29]
and has recently facilitated profiling the autoreactive
BCR repertoire in patients with rheumatoid
arthritis [30]. An alternative workflow developed by
Shalek and colleagues [31], which has massively
expanded the cell processing throughput of single-well
approaches, is the Seq-Well platform, using w86,000
subnanoliter wells in a custom plate to confine single

cells and reagents for cDNA amplification and
sequencing. Recently, applied in the study of T-cell
receptors by sequencing peanut allergenespecific T
cells and identifying unique T-cell clonotype expression
patterns [32], the authors acknowledge application of
this approach to analogously study BCRs.

Single-well technologies remain one of the most widely
used approaches for paired BCR sequencing. With
unparalleled control, pipelines for application-specific
uses can be easily customized, and procedure

simplicity obviates the need for specialized equipment
or staff. Recent technological developments have
expanded the utility of this approach by profiling
antibodyeantigen interactions, providing both Sanger
and NGS workflows, while expanding the BCR
sequencing throughput with customized equipment.

High-throughput paired BCR sequencing
using single-cell emulsions
Single-cell emulsions generated by aqueous and organic
phase separation provide a high-throughput alternative
to single-well methods (Figure 1b). Two earlier tech-
nologies are highlighted as representative workflows for
emulsion-based paired BCR sequencing. Drop-seq, an
approach which utilizes microfluidics, merges a stream
of B-cell suspension with uniquely barcoded beads,
emulsifying them in an oil channel to create nanoliter
droplets containing a single cell and a barcoded bead
which is used to amplify transcript while retaining
single-cell information [33]. In contrast, an ultrahigh-

throughput approach requires a custom flow focusing
device that joins two streams of poly-dT magnetic beads
and B cells, emulsifying them in oil to create nanoliter
droplets. Magnetic beads with hybridized mRNA are
separated and re-emulsified in an RT-PCR solution
where they undergo overlap extension (OE) RT-PCR to
generate physically linked VH:VL amplicons [34].
Single-cell emulsion methods typically have a much
larger throughput (104-106 cells per experiment) than
single-well methods but are highly complex and rigid,
preventing facile integration of antibody analysis

pipelines.

Enabling simultaneous BCR profiling against a diverse
panel of antigens, Georgiev and colleagues developed the
linking BCR to antigen specificity through
sequencing technology [35], which uses a panel of DNA-
barcoded fluorescent antigens to sort and sequence
antigen-binding B cells along with antigen barcodes. This
Current Opinion in Systems Biology 2020, 24:93–99
method can interrogate an array of BCReantigen in-
teractions at once, deconvoluting antibodies with speci-
ficity to multiple antigens while also generating paired
BCR sequences. CelliGO [36], on the other hand, de-
velops on a previous antibody profiling method, DropMap
[37], by identifying and sorting cells with (B cells and
plasmablasts) and without (plasma cells) BCRs based on
antigen specificity for secreted Ig, while also providing

paired sequencing information. This broadens the utility
of single-emulsion approaches, as fluorescence-based Ig
analysis is now available in a high-throughput single-cell
manner.

Recent technical developments have also provided so-
lutions for reducing the high complexity and require-
ment for specialized training in emulsion-based
methods. Engineering of reverse transcription xenopo-
lymerase (RTX) [38], a cell lysateetolerant xenopoly-
merase that acts as both a DNA polymerase and reverse

transcriptase, has led to RTX natively paired
sequencing [39], which has eliminated the need for
microfluidics and other specialized equipment by
directly emulsifying cells in lysis buffer with OERT-PCR
mixtures using two syringes, a Y junction, and a
dispersing tube to generate paired VH:VL amplicons. An
alternative approach uses naturally occurring rough
endoplasmic reticulum microsomes to encapsulate H
and L chain transcripts. By lysing the cell and using a
series of density-based isolation steps through centrifu-
gation, transcripts are contained in rough endoplasmic

reticulum microsomes which can be emulsified with RT-
PCR reagents to amplify paired transcripts [40],
although this method has yet to be widely used. Physi-
cally linked VH:VL amplicon generated from OE RT-
PCR, however, is too large to be fully read on many
short-length NGS platforms and often requires addi-
tional sequencing. Developed as an alternative, reper-
toire and gene expression by sequencing (RAGE-
seq) [41] combines the depth of short-length NGS with
longer, full amplicon NGS reads, and a 30 shearing
method, where the 30 end of 5’ barcoded amplicons is
sheared to generate short fragments [42], allows the

entire physically linked cDNA to be read.

Expansion of emulsion-based method’ accessibility from
recent technical advancements and commercial solu-
tions such as 10x Genomics provide expertise-free al-
ternatives, assisting in a deeper profiling of B-celle
mediated immunity and integrated into a rapid response
pipeline for antiviral discovery and therapeutic potency
verification [43]. The promise of using single-cell
emulsions is best demonstrated by a study from Cao
et al. [44], where SARS-CoV-2ebinding BCRs were

sequenced and characterized in eight days, leading to
the identification of hundreds of antigen-binding mAbs,
14 of which showed viral neutralization in a murine
model. Challenges still remain, however, in emulsion-
based paired BCR sequencing, namely dealing with
www.sciencedirect.com
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errors and biases in NGS (i.e., high base pair substitution
error rates in sequencing and primer bias in multiplex
PCR) [45] and inaccurate barcoding in emulsions [46].
These highlight the need for new advancements to in-
crease the accuracy of these analyses.
Beyond BCR sequencing
While paired BCR sequencing has driven antibody dis-
covery and provided unique insights into B-cell devel-
opment, there is a need to relate BCRs with functionally
relevant (i.e., abundantly present) Ig molecules in cir-
culation, which directly provide protection against
pathogens. This is particularly important as not all B

cells secrete Ig molecules. Using donor-specific BCR
sequences as a database for proteomic analysis through
high-resolution liquid chromatography tandem mass
spectrometry and protein-level analyses enables the
identification, quantification, and characterization of
the secreted antibody repertoire, where antigen-specific
antibody molecules can be profiled from affinity purifi-
cation [47]. A recent study used the technology to
longitudinally track influenza hemagglutininespecific
Ig molecules in the serum, which showed a small
number of antibody clonotypes persisting over 5 years

and dominating the serum response [48]. In addition,
this proteomic approach assisted in the discovery of
broadly neutralizing antibodies in both norovirus and
HIV studies [49,50]. In addition, proteomic analysis can
elucidate H and L chain pairs by analyzing intact mAb,
Fab, F(ab’)2, and light chain masses [51]. Proteomic
analysis, in combination with BCR sequencing, provides
quantitative details about the circulating antibody
repertoire which is essential for distinguishing highly
abundant protective antibodies from sequencing
information.
Conclusions
Interrogating the BCR repertoire using paired BCR

sequencing is imperative for both discovery and char-
acterization of novel mAbs and understanding B-cell
immunity. New technological developments have
expanded throughput, decreased complexity, and pro-
vided integrated pipelines for profiling antibodye
antigen engagement which have been critical in study-
ing the humoral immune response to pathogens. Ulti-
mately, a comprehensive understanding of the
complexity of our immune system relies on both
immune receptor sequencing and relevant proteomic
information; the close interplay between these two

fields will transform our ability to react to novel viral
threats, understand and treat autoimmunity and cancer,
and develop therapeutics and vaccines. Despite im-
provements in paired BCR sequencing, new innovations
in both sequence preparation and sequencing methods
are still needed to address outstanding challenges that
exist in generating accurate and bias-free sequences.
www.sciencedirect.com
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Georgiou and colleagues utilize the cell-lysate resistant properties of
RTX to enable OE RT-PCR of BCR transcript in emulsions containing
debris from lysed cells and lysis buffer. This unique quality facilitates a
simple pipeline where cells, RT-PCR reagents, and cell lysis buffer are
combined and emulsified into single-cell emulsions which are used to
generate physically linked VH:VL amplicons.
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Yaspo M-L, Glökler J, Warnatz H-J: Simple paired heavy-
and light-chain antibody repertoire sequencing using
endoplasmic reticulum microsomes. Genome Med 2018,
10.

The Warnatz lab uses naturally occurring rough endoplasmic reticulum
microsomes, which contains antibody transcript, to physically encap-
sulate and isolate transcript from single cells. Cells are lysed in a lysis
buffer which induces ER microsome formation, microsomes are puri-
fied through a series of centrifugation steps and are emulsified with
overlap-extension primers and RT-PCR reagents to generate cognate-
paired VH:VL amplicons.

41
*
. Singh M, Al-Eryani G, Carswell S, Ferguson JM, Blackburn J,

Barton K, Roden D, Luciani F, Giang Phan T, Junankar S, et al.:
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reveals the clonal and transcriptional landscape of lympho-
cytes. Nat Commun 2019, 10:3120.

Swarbrick, Smith, Goodnow and colleagues develop RAGE-seq, which
uses long-read sequencing to elucidate BCR sequences while addi-
tionally profiling the cell transcriptome and multiplexing BCR sequence
reads using short-read sequencing. Applied to study breast cancer,
they utilize transcriptome profiles in classifying B cell subsets and BCR
sequences to identify 30 alternative splicing of antibody transcript which
produces predominantly secreted IgA antibodies.
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Schneider K, Hoi KH, Lin Z, Guerrero S, Jaiswal BS, et al.:
Massively parallel single-cell B-cell receptor sequencing en-
ables rapid discovery of diverse antigen-reactive antibodies.
Commun Biol 2019, 2:1–10.

Goldstein et al. developed a paired VH:VL sequencing pipeline utilizing
30 shearing to profile over 250,000 B cells. The 30 end of 50 barcoded
DNA from the 10x Chromium pipeline was sheared, allowing short-read
NGS sequencing to sequence the entire physically linked VH:VL
transcript after in silico reconstruction.
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10.1038/s41551-020-0594-x.
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Zheng Y, Geng C, et al.: Potent neutralizing antibodies against
SARS-CoV-2 identified by high-throughput single-cell
sequencing of convalescent patients’ B cells. Cell 2020, 182:
73–84. e16.
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in high-throughput sequencing of immune repertoires.
Trends Biotechnol 2017, 35:203–214.
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. Lareau CA, Ma S, Duarte FM, Buenrostro JD: Inference and

effects of barcode multiplets in droplet-based single-cell
assays. Nat Commun 2020, 11:866.

Buenrostro and others demonstrate that the emulsion-based 10x
Chromium pipeline may provide inaccurate single-cell sequencing
as multiple barcodes were present in over 10% of obtained se-
quences. Among the barcode multiplets, 4% likely contain multi-
ple beads and 5% may contain multiple oligonucleotide barcodes.
They also develop a computational workflow to identify barcode
multiplets in single-cell data to deconvolute potentially misidenti-
fied sequences.

47. Lavinder JJ, Wine Y, Giesecke C, Ippolito GC, Horton AP,
Lungu OI, Hoi KH, DeKosky BJ, Murrin EM, Wirth MM, et al.:
Identification and characterization of the constituent human
serum antibodies elicited by vaccination. Proc Natl Acad Sci
USA 2014, vol. 111:2259.
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Jung J, Boutz DR, Hussein DA, Tanno Y, Pappas L, et al.:
Persistent antibody clonotypes dominate the serum
response to influenza over multiple years and repeated vac-
cinations. Cell Host Microbe 2019, 25:367–376. e5.

Lee et al. utilize a flow-focusing device for paired BCR sequencing of B
cells from an influenza patient over the span of five years in addition to
Ig-Seq, a proteomics analysis pipeline which quantitatively analyses Ig
abundance in serum. Utilizing the BCR sequences as a reference for
their Ig-seq proteomic database, they demonstrate persistence in
certain antibody clonotypes that dominate over repeated vaccinations.
The longitudinal quantitative profiling of antibodies using Ig-Seq was
essential in demonstrating high-abundance persisting antibody clono-
types, characterizing and quantifying immunity from circulating, pro-
tective molecules.

49. Lindesmith LC, McDaniel JR, Changela A, Verardi R, Kerr SA,
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mechanisms of broad and pandemic strain neutralizing re-
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50:1530–1541. e8.
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Seaman MS, Ouyang X, Gohain N, Pazgier M, Kim D, Cavet G,
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against HIV-1 by deconvolution of plasma humoral re-
sponses. Cell 2018, 173:1783–1795. e14.
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Guthals A, Beckman JS, Voinov VG: Direct determination
of antibody chain pairing by top-down and middle-down
mass spectrometry using electron capture dissociation
and ultraviolet photodissociation. Anal Chem 2020, 92:
766–773.

Voinov’s laboratory develops an electron capture dissociation and ul-
traviolet photodissociation method to cleave heavy and light chain-
linking disulfide bonds. Using a set of both intact and cleaved mAbs,
they demonstrate the ability to determine heavy and light chain pairing
from mass spectrometry analysis.
Current Opinion in Systems Biology 2020, 24:93–99
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