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Microfluidic-assisted single-cell RNA sequencing facilitates
the development of neutralizing monoclonal antibodies
against SARS-CoV-2

This article provides an overview of the advanced
procedures for high-throughput single-cell RNA sequencing
enabled by innovative advancements in droplet microfluidics,
introduces groundbreaking methodologies that synergize
single-cell RNA sequencing to expedite the production of
neutralizing mAbs against SARS-CoV-2, and delineates
prospective measures to enhance the development strategies
for efficacious treatments against infectious diseases.
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Microfluidic-assisted single-cell RNA sequencing
facilitates the development of neutralizing
monoclonal antibodies against SARS-CoV-2
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As a class of antibodies that specifically bind to a virus and block its entry, neutralizing monoclonal
antibodies (neutralizing mAbs) have been recognized as a top choice for combating COVID-19 due to their
high specificity and efficacy in treating serious infections. Although conventional approaches for
neutralizing mAb development have been optimized for decades, there is an urgent need for workflows
with higher efficiency due to time-sensitive concerns, including the high mutation rate of SARS-CoV-2.
One promising approach is the identification of neutralizing mAb candidates via single-cell RNA sequencing
(RNA-seq), as each B cell has a unique transcript sequence corresponding to its secreted antibody. The
state-of-the-art high-throughput single-cell sequencing technologies, which have been greatly facilitated
by advances in microfluidics, have greatly accelerated the process of neutralizing mAb development. Here,
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we provide an overview of the general procedures for high-throughput single-cell RNA-seq enabled by
breakthroughs in droplet microfluidics, introduce revolutionary approaches that combine single-cell RNA-
seq to facilitate the development of neutralizing mAbs against SARS-CoV-2, and outline future steps that
need to be taken to further improve development strategies for effective treatments against infectious
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Introduction

The COVID-19 pandemic, caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) that first
emerged at the end of 2019, has since caused significant
global disruption. While non-pharmaceutical interventions
such as mask wusage, regional lockdowns, and social
distancing have been actively implemented, pharmaceutical
interventions remain crucial to ending the pandemic.
Effective pharmaceutical interventions, both preventative and
therapeutic, are important for controlling disease spread and
relieving symptoms.' Although vaccination can effectively
prevent both symptomatic and severe COVID-19,> it requires
several weeks for antibody levels to attain a protective
concentration in the serum.’ Its relatively slow immune
response and diminished effectiveness in certain populations,
including immunocompromised patients,* the elderly,> and
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organ transplant recipients,® underscore the necessity for
therapeutics that directly target pathogens without relying on
the stimulation of the body's immune response. Small-
molecule drugs and neutralizing monoclonal antibodies are
the two major types of medical therapeutics.” In the early
stages of the disease outbreak, the potential preventive
benefits of vitamin D® and hydroxychloroquine’ were
investigated. The RNA-dependent RNA polymerase (RARp)
and 3C-like (3CL) proteases of viruses have served as key
targets for a range of antiviral small-molecule drugs.'® Owing
to their structural similarity, numerous small molecules
initially designed to combat other viruses have been
repurposed for SARS-CoV-2 treatment prior to introducing
newly developed drugs. Remdesivir, initially developed for
Ebola prevention, is one such example. While various small-
molecule drugs have been developed and some, such as
nirmatrelvir/ritonavir (Paxlovid), have been authorized to treat
COVID-19 patients, these treatments have proven effective
only in the initial stages of the disease.’” Despite challenges
in efficient screening, production cost, scalability, and logistic
requirements, neutralizing mAbs remain a preferred choice
for combating COVID-19 due to their high specificity and
efficacy in treating serious infections."?

Since the first approval in 1986,"* monoclonal antibodies
(mAbs) have been used as therapeutics to treat a wide range

This journal is © The Royal Society of Chemistry 2024
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of diseases, including cancers,'” inflaimmatory diseases,"®
and infectious diseases,"® among others. mAbs developed for
cancer treatment, such as cetuximab, trastuzumab and
pembrolizumab, have achieved both therapeutic and
commercial successes. For the treatment of infectious
diseases, the US FDA has approved several mAbs or their
combinations, such as ibalizumab for HIV and ansuvimab
for Ebola."”

One of the primary advantages of using mAbs in clinical
applications is their high specificity, derived from the host's
natural immune response to stimuli'® and optimized through
a meticulous selection or re-engineering process when
identifying antibody candidates. In the case of infections,
various antibodies are produced by B-lymphocytes, with each
mAb representing a specific type of antibody molecule with
an identical peptide sequence. Each antibody within a clone
binds to the same epitope, a specific part of the target, such
as a component of the pathogen. Some clones of antibodies
may prevent effective binding between the pathogen and its
receptor on the host cell and are therefore referred to as
neutralizing antibodies (NAbs).'” NAbs function through
either direct competitive binding at the viral-receptor
interfaces or binding to regions distant from these interfaces.
In the context of SARS-CoV-2, while most NAbs isolated from
COVID-19 convalescent patients target the RBD, some NAbs
recognize the N-terminal domain (NTD) of the S protein®
and may potentially interfere with the conformational
changes necessary for fusion or disrupt proposed interactions
with attachment receptors, such as the transmembrane
lectins DC-SIGN, L-SIGN, and SIGLEC1.%%??

Another inherent advantage of mAbs is their lower
immunogenicity, particularly when the antibodies are
human-derived or humanized. High immunogenicity can
lead to the formation of anti-drug antibodies, eventually
causing a loss of efficacy.*® Although some humanized and
fully human antibodies may still carry immunological risk,
these molecules have highly similar or identical constant
regions to those produced in the human body, resulting in
significantly reduced immunogenicity.>* With the successful
application of antibodies in treating infectious pathogens,
such as raxibacumab and obiltoxaximab for inhaled anthrax
and palivizumab for respiratory syncytial virus,* neutralizing
mAbs have been a major focus of drug development since the
beginning of the COVID-19 pandemic."?

The mammalian immune system is an efficient factory for
producing antibodies, with B cells, a type of white blood cell of
the lymphocyte subtype, working in conjunction with other
immune cells to create these antibodies upon encountering
antigens. Human-derived mAbs can be obtained by sequencing
B cells from convalescent patients, a common practice in the
treatment of infectious diseases. While neutralizing antibodies
in convalescent plasma from patients have induced clinical
improvement in mild and severe COVID-19 patients, the
therapeutic use of such polyclonal antibodies is limited due to
insufficient scalability and neutralization efficiency. In contrast,
neutralizing mAbs, which are screened from the polyclonal
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population for higher neutralizing capability followed by
structural and functional characterization, are expected to
exhibit superior performance through better determined
molecular mechanisms and feature higher yields, higher
optimization potential, and lower batch effects. MAbs can be
used for both therapeutic and prophylactic purposes, offering
both prevention and treatment functions. In contrast to
vaccines, neutralizing mAbs offer instant protection when
applied to patients, making them especially vital for emergency
uses and for those who cannot be effectively immunized.®

The development of highly potent neutralizing mAbs
against COVID-19 presents significant challenges. One of the
primary obstacles is the high mutation rate of SARS-CoV-2,>°
with multiple replacement events leading to the emergence
of new variants that become the dominant strains in global
circulation (Fig. 1). The efficacy of existing antibodies is
greatly reduced when newly emerged mutants can escape
their binding. For instance, bebtelovimab was recently
withdrawn by the US FDA>” due to its inability to neutralize
the new omicron BQ1.1 and XBB strains.?® The combinations
of tixagevimab plus cilgavimab (EvuSheld) and bamlanivimab
plus etesevimab, which were issued emergency use
authorization (EUA) by the US FDA for preexposure
prophylaxis and treatment or post-exposure prophylaxis of
COVID-19, are not currently authorized for use in the U.S.
due to the high frequency of SARS-CoV-2 variants. In fact,
almost all neutralizing mAbs developed and proven effective
during the early phase of the COVID-19 pandemic are now
ineffective against prevalent variants.>

In this ‘catch-me-if-you-can’ battle to combat infectious
diseases, developing effective neutralizing mAbs is a time-
sensitive task. Conventional approaches involve immunization
of animals, hybridoma culture, functional screenings, candidate
identification, and sophisticated production and validation
procedures.®® Many of these steps have been developed and
optimized over decades, and large-scale production, animal
tests, and clinical trials are conducted following regulations to
ensure both efficacy and safety.>> However, certain steps in this
process can be significantly accelerated using state-of-the-art
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SARS-CoV-2 over time (graph prepared based on data from ref. 30).
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single-cell sequencing technologies. Since each B cell has a
unique transcript sequence pair that can be translated into a B
cell receptor (BCR) or secreted immunoglobulin, the
identification of a mAb candidate is essentially a typical
problem for single-cell biology. Since Tang et al. reported the
first single-cell RNA sequencing (RNA-seq) method in 2009,*
the throughput of single-cell transcriptomic analysis has
increased from a few cells per experimental batch to several
thousand or more per batch,* ™ thanks to advances in droplet
microfluidics. The application of such high throughput single-
cell RNA-seq technologies has led to a dramatic increase in
screening effectiveness, expanded screening scale, shortened
turnaround time, and accelerated process of drug
development.®”  High throughput single-cell RNA-seq
technologies eliminate the need for time-consuming steps such
as cell fusion and culture in hybridoma technology and multiple
rounds of biopanning in phage display. In the case of
identifying ~ human-derived  neutralizing = mAbs, the
humanization process is also circumvented.

From this perspective, we focus on the development of
anti-SARS-Cov-2 neutralizing monoclonal antibodies through
the aspect of single-cell transcriptomics enabled by advanced
microfluidic techniques. The first section provides a brief
overview of the general procedure for high-throughput single-
cell RNA-seq, with a particular emphasis on how droplet
microfluidics has enabled breakthroughs in this field. The
second section introduces immunology related to B cells and
the molecular mechanism in sequencing immunoglobulin
transcripts. The third section provides an overview of various
strategies for single-cell immunoglobulin gene sequencing
(Ig-seq) and discusses the selection of strategies under
different circumstances. The fourth section highlights
revolutionary approaches that combine single-cell RNA-seq to
facilitate the development of neutralizing mAbs against
SARS-CoV-2. The fifth section emphasizes novel and
significant findings gleaned from the rapid development of a
single-cell sequencing-based antibody development workflow
and outlines future steps that need to be taken.

Development of microfluidic-assisted
single-cell RNA-seq technologies

Cells, the building blocks of life, exhibit a high degree of
heterogeneity in complex processes such as embryonic
development, neural system organization, cancer initiation, and
progression.*® The invention of ‘next-generation’ sequencing
(NGS) technology®® has rapidly propelled the study of such
complex systems into a new paradigm: data-driven science.
RNA-seq, a prominent application of NGS, involves converting
RNA into cDNA via reverse transcription, followed by
constructing sequencing libraries that can be accepted by the
sequencers. This process was first successfully implemented at
the single-cell level in 2009 (ref. 33) and has since become a
routine approach to reveal heterogeneity at the finest level of
biology.*°
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However, experimental operations at the single-cell level
are invariably challenging. Over the past decade, hundreds of
specific experimental protocols have been creatively
developed.*" A particular requirement in single-cell RNA-seq
is the tagging of mRNA with information regarding its cell of
origin. This can be achieved by introducing a short and
unique DNA oligo during reverse transcription, which serves
as an ideal label for this purpose.*” However, traditional
tube-based strategies are limited in terms of throughput and
scalability. This bottleneck was overcome by microfluidics,
which specializes in handling liquid at nanoliter to picoliter
scales.”® Microfluidics has been demonstrated in many labs
to perform small-volume liquid-phase experiments in parallel
with high flexibility and scalability,** making it ideal for
integration  with various single-cell-based protocols.
Practically, the primary objective is to segregate cells into
numerous tiny reactors (microreactors) and to minimize the
possibility of multiple cells being sealed in a single reactor.

Microreactors can be classified as either micro-wells
(Fig. 2A) or micro-droplets (Fig. 2B).** Both schemes have
proven effective in single-cell RNA-seq, with the throughput
extendable to thousands of cells per experiment. Despite
minor methodological differences, the primary objective of
all droplet-based single-cell RNA-seq approaches remains
consistent — allowing most cells to be distributed in a one-
cell-per-droplet fashion, with each cell co-captured with a
microbead containing barcoded primers. To address the
challenge of double Poisson-distribution difficulty®® that
limits the isolation of single cells, and to maximize the use
of the precious cells in the sample, the current leading
approach involves employing gel-based microbeads to ensure
a high occupation rate of single beads within droplets.*®
With proper dilution of cells, one-to-one matching of beads
and cells in the droplets can now be achieved. Typically, each
droplet-based single-cell RNA-seq experiment generates
transcriptomes for approximately 10000 cells. To improve
quantification and minimize PCR amplification bias between
different RNA transcripts, many applications employ a
unique molecule index (UMI; Fig. 2C).>"

While it may be feasible for some laboratories to set up
microfluidics instrumentation from scratch, commercialized
products offer consistent reagents and highly robust
operation, making them increasingly popular among
researchers. Droplet-based microfluidics, characterized by its
compact design and user-friendly operation, has significantly
boosted the appeal of single-cell RNA-seq in biological
laboratories. This technology enables high-throughput
scaling, allowing for analyzing several thousand single cells
in a single batch. This has facilitated the development of cell
atlases, which aim to dissect organisms into single cells and
identify each one, providing the highest resolution analysis
of organs (Fig. 2D). Notable achievements include the mouse
cell atlas,”>**® the human cell atlas,>"*® and the fly cell
atlas,”® among others. The generation of such an atlas
provides valuable resources to support both fundamental
studies in biology and medicine.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Schematic presentation of the workflows of (A) micro-well-based and (B) micro-droplet-based microfluidic-assisted single-cell RNA-seq
technologies. Cartoons reproduced from ref. 45 with permission from Elsevier, copyright 2018 and from ref. 46 with 10x Genomics' permission
respectively. (C) Schematic presentation of the workflow of UMI. Adapted from ref. 47 with permission from Oxford University Press, copyright
2017. (D) A representative set of mouse cell atlas data, showing t-SNE analysis of 60 000 single cells. Adapted from ref. 45 with permission from
Elsevier, copyright 2018. (E) UMAP map of B cells from 12 COVID-19 patients and 8 healthy controls, which formed a gradient of transcriptional
states from naive B cells to activated memory B cells and then to plasma cells (top left); 347 potential antigen-specific BCRs were enriched in
activated B cells (C24) and plasma cells (C27; top right). The selected BCR heavy chain groups are presented in lineages trees (bottom), with
aligned DNA sequences as reference. Each node represents a BCR clone, with Ig isotypes color-coded. Adapted from ref. 48 with permission from
Oxford University Press, copyright 2020. (F) Schematic presentation of BCR enrichment. Reproduced with 10x Genomics' permission from ref. 49.
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While droplet-based single-cell RNA-seq offers numerous
advantages, it does have certain limitations. One such limitation
is its lower detection sensitivity when compared to many non-
microfluidic approaches.®* This necessitates a trade-off between
throughput and sensitivity. However, for most B-cell-related
works discussed in this article, the sensitivity provided by
droplet reactions is sufficient, and a higher throughput better
serves the experiment. Another dynamic and related research
field is the data computation and analyses of high-dimensional
large-scale datasets.®® Developments in this computational
aspect, including recent advances in machine learning for data
interpretation,®®®” have greatly improved the understanding of
the complex immune system.

Utilizing single-cell RNA-seq for
infectious disease research

Large-scale single-cell RNA-seq has generated considerable
interest among researchers in not only cancer but also
infectious disease fields. A primary focus of these studies is the
profiling of immune cells within tissues.”” For example,
scientists have characterized the landscapes of tumor-
infiltrating myeloid (TIM) cells®® and tumor-infiltrating T cells*’
in various types of cancers, unveiling heterogeneities in cell
composition and distinct functions associated with tumor types,
disease progress, and treatment outcomes. While cancer studies
may dominate the field of single-cell immune landscaping, and
most work has focused on T cells, the single-cell sequencing
protocol is identical for studies on B cells.”® In malaria-related
research, both antigen-specific and total B cells were sequenced
at the single-cell level, revealing the presence of an alternative B
cell lineage that contributes to immune responses in humans
following vaccination and infection.®® T-cell receptors (TCRs)
and BCRs are crucial for understanding cellular development,
evolution, activation, maturation, and clone expansion in
immune cell sequencing. With the availability of protocols for
sequencing the 5-ends of transcripts, single-cell BCR
sequencing data can be easily obtained and integrated with
whole transcriptome data. Large-scale single-cell sequencing
experiments have significantly advanced our understanding of
B-cell development.’® For instance, Wilson and colleagues
studied the pathogenic and clonally expanded B cell
transcriptome in active multiple sclerosis.’” Such strategies have
been widely applied to study immune responses to SARS-CoV-2
infection (Fig. 2E; BCR enrichment is illustrated in Fig. 2F).*%%
These results, along with others not mentioned in this review,
provide valuable resources for the development of antibody
drugs, which will be discussed in more detail later.

B cell immunology and molecular
mechanism in sequencing
immunoglobulin transcripts

Consequently, obtaining new antibodies from the B cells of
immunized or infected animals is a logical and straightforward
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process. Although the traditional hybridoma screening
approach has proven effective in developing first-generation
monoclonal antibodies, it is undoubtedly a laborious and
expensive process.®®® Therefore, sequencing immunoglobulin
transcripts from B cells followed by antibody synthesis has
become increasingly prevalent. This strategy bypasses the
limitations of the traditional approach while still utilizing the
natural antibody maturation and optimization process of the
mammalian immune system.

Acquiring immunoglobulin gene sequences in B cells
requires careful consideration of their developmental stage and
subgroup characteristics. From a developmental perspective,
immature B cells develop from common lymphoid precursor
cells in the bone marrow and mature further after migrating to
secondary lymphoid organs, such as the spleen.”® Upon antigen
stimulation and with the help of other immune cells, antigen-
specific B cells differentiate into various types of effector cells,
such as antibody-secreting cells and memory cells.”" Some of
these cells enter germinal centers and undergo hypermutation
and affinity selection, resulting in the maturation of high-
affinity immunoglobulin sequences.'® When sequencing B cells
from an immunized animal's bone marrow or spleen, it is
necessary to carefully sort B cell sub-types to ensure the
selection of cells with high affinity. Some of these cells, such as
memory cells, have a BCR,”” which has the same variable region
sequence as secretory antibodies and can recognize the antigen.
From a spatial perspective, B cells can either be tissue-resident
or circulating between secondary lymphoid organs.”® Tissue-
resident B cells have been reported in the lung and gut’*”® and
may play a crucial role in developing antibodies against
pathogens in these areas. Thus, additional attention should be
paid to this type of B cell when targeting pathogens in the
respiratory and digestive systems.

Understanding the characteristics of immunoglobulin
composition is also essential for immunoglobulin transcript
sequencing. Most antibodies consist of four subunits: two
identical heavy chains and two identical light chains. Antibodies
function by specifically binding to an antigen, and the variable
region of the heavy and light chains determines the epitope
specificity. Therefore, sequencing variable regions should be the
focus of antibody development projects. The variable regions of
heavy and light chains are primarily determined by V(D)J
rearrangements,”® and mutation makes the sequences more
diverse. In brief, the variable region of the heavy chain is a
fusion gene product that randomly assembles three different
groups of fragments, while the light chain only fuses two groups
of gene fragments in the corresponding region. The resulting
gene products have highly mutated regions that play critical
roles in antigen binding, known as CDR1, CDR2, and CDR3,
while the parts in between are called framework regions.””

Sequencing immunoglobulin transcripts has been made
possible by utilizing the characteristics of immunoglobulin
gene sequences. The limited number of germline fragments
makes it feasible to design primers to amplify the variable
region.”®’® Initially, Sanger sequencing was used,®”®' but
due to its inefficiency, it was quickly replaced by NGS. Bulk
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Ig-seq has been used to investigate the immune repertoires
of different animals in response
situations.®” ® However, the linkage information between
heavy and light chains needs to be recovered. The method of
exhaustion, where light and heavy chains are randomly
paired one by one and subsequently tested, can be employed
to search for pairing information during antibody
production.®>*® However, it is a costly and time-consuming
process. Hence, maintaining the pairing information became
the next obstacle to overcome.

Strategies involving microfluidics to physically link the
nucleotide sequences of the variable regions of the heavy and
light chains (VH and VL) were developed. Georgiou and
colleagues employed a two-step strategy to obtain linked VH-
VL sequences. Single B cells were captured and lysed within
droplets generated by a microfluidic system, and the mRNAs
were captured by oligo-dT beads within these droplets. After
breaking the emulsion, the mRNA-captured beads were
emulsified again with reagents for reverse transcription and
overlap-extension PCR, resulting in the formation of the
linked VH-VL sequences.®” This VH-VL sequence can either
be directly sequenced®” or cloned into yeast for rounds of
display selection.®® However, it's important to note that these
strategies are complex and can only be effectively managed in
a limited number of labs.

Single-cell RNA-seq offers an alternative method for
preserving the pairing information of heavy and light chains. By
barcoding the transcripts from a single cell, it becomes
straightforward to retain the pairing information of heavy and
light chain transcripts.®® In addition, factual antibody clone type
information is acquired, which helps to distinguish antigen-
specific antibodies.”® Moreover, the transcriptome information
from the same cell is obtained alongside immunoglobulin
sequence information. This information has been used to
reduce false positives in the search for antigen-specific
antibodies. After infection or vaccination, the activated B cell
types and developmental stages are diverse at different time
points and in different organisms. Transcriptome combined
with BCR sequence information has been used to help
researchers focus on specific B cell subgroups and exclude
others.*” In finding the neutral antibodies from COVID-19
patients, Jiang and colleagues used the transcriptome to mark
activated B cells and plasma cells, and used this information
along with BCR information to find potential neutralizing
antibodies.*®

various immune

Phenotypic B cell screening for
discovery of antigen-specific mAbs

Since the advent of the first single-cell RNA-seq study, various
strategies and workflows have been adopted in antibody
development projects. The selection of a specific strategy is
determined by the characteristics of the cells, antigens, and
sampling time after infection or vaccination. These factors
must be carefully considered to ensure that the most effective
and efficient approach is chosen for each individual project.
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Phenotypic B cell screening involves characterizing the
antigen specificity of the B cells. By doing this, one can select
the cells of interest for downstream sequencing and generate
antigen-binding mAbs in a more efficient manner. Different
types of cells are involved in different phenotypic B cell
screening strategies.

Memory B cells are a popular subject of study in antibody
development projects. Since they have cell membrane-
anchored antibodies, antigens modified with fluorophores
can easily bind to them.”® This allows antigen-specific cells
to be easily identified and isolated for sequencing in a
microfluidic system. However, antigen-specific memory B
cells might be rare in the peripheral blood mononuclear cell
(PBMC) population,®® particularly when sampling occurs long
after infection, depending on the disease. In such situations,
fluorescence-activated cell sorting (FACS) followed by Smart-
seq2 has been widely used.”® This workflow does not require
the enrichment of BCR sequences and is a more economical
choice than higher-throughput commercial kits. When
antigen-specific B cells are present at higher frequencies,
microfluidic-assisted strategies come into the spotlight.
Fluorophore labeling can be performed before entering the
microfluidic systems, making it compatible with both micro-
wells and micro-droplet systems. One such strategy is LIBRA-
seq,”® which involves dual-labeling multiple types of antigens
with fluorophores and different DNA oligos. Antigen-specific
B cells are enriched by FACS/MACS, and DNA oligo can mark
B cells that bind to different antigens. The advantage of this
technology is obvious: multiple antigens can be screened in a
single run, and due to the characteristics of the droplet-
based strategy, the throughput is high.

In the acute phase of infection or shortly after vaccination,
disease-related plasma cells increase and should be
investigated.” However, determining antigen-specificity
becomes more challenging without the presence of membrane-
anchored antibodies. Intracellular staining of antigens followed
by FACS is a straightforward approach that has been used in
some research.”®®” However, cell membrane permeabilization
and standard fixation with formaldehyde substantially affect
RNA quality and increase subsequent sequencing difficulties.”®
Alternatively, visualization of antigen-binding capacity can be
accomplished by microfluidic systems. Single cells can be
separated in microwells, and after culture, secreted antibodies
can be captured on a surface by antigen or non-specific
antibody binding protein.’® Following a procedure similar to
the immunofluorescence technique, a fluorescence-labeled
secondary antibody or antigen can be detected, and the antigen
specificity of the cells can be identified."*'°" In droplet-based
systems, fluorescence co-localization information of the antigen
and antibody in droplets has been used to identify cells of
interest.'* Single antibody-secreting cells can be separated into
droplets with VHH anti-mouse «x light chain coated magnetic
beads, antigen, and fluorescent secondary antibody. After a
period of culture, the secreted antibody can be captured on
magnetic beads and labeled with fluorescence. If the antigen
fluorescently co-localizes with the secondary antibody instead of
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being evenly distributed throughout the droplet, the cell will be
recognized as antigen-specific and sorted for downstream
sequencing. Additionally, physically linking secreting type IgG
to the membrane has been proposed in flow cytometry
research.'®

Certain antigens are known to non-specifically bind to
other proteins. This can make sorting antigen-specific B cells
using fluorescently labeled antigens challenging. To solve
this problem, microfluidic-assisted single-cell sequencing can
be combined with other techniques to identify antigen-
specific cells. Based on the high throughput characteristics of
microfluidic-assisted single-cell sequencing, a large antibody
sequence library can be generated from animal B cells.
Antigen-specificity identification can be accomplished by
performing antigen-specific antibody pull-down from serum
followed by mass spectrometry analysis.*®'**'%>  This
approach can tolerate harsher washing conditions and may
solve the problem of non-specific binding. Additionally, the
antibody serum level can be determined, helping researchers
assess which antibodies should be considered as
candidates.'”® Moreover, antibody binding affinity can be
roughly measured by gradient acid washing the antibody
binding to beads.'®” However, access to a mass spectrometer
and the need for proteomic experts must be considered.
Fig. 3 provides a visual summary of the various strategies
employed to access sequence information of specific
antibodies from blood samples.

Selecting candidates for further neutralizing tests is the next
step. This selection process is not trivial and requires human
experience, as the abundance of specific immunoglobulin gene
sequences does not necessarily correlate with neutralizing
efficacy. It is often the case that the strongest neutralizing
antibody comes from small clones, as clonal size is determined
by the stimulation and proliferation of B cells, which is linked
to the binding capacity of the BCR with the antigen, rather than
the neutralizing capability. Besides, the length of the CDR3
region, the frequency of somatic hypermutations, and other
factors also affect the choice of candidates for further
validation.

Once the candidates are identified, the antibodies can be
expressed from synthesized DNA fragments that contain light
chains and matched heavy chains. These synthesized
antibodies will then undergo a set of stringent assays before
clinical trials. Firstly, an affinity test to assess the binding
capacity of the antibody is crucial, as phenotypic B cell
screening and Ig-MS mentioned earlier may produce some
false-positive signals. This process is typically qualitatively or
semi-quantitatively evaluated using enzyme-linked
immunosorbent assay (ELISA) and quantitatively assessed
using surface plasmon resonance (SPR).'°® Since binding
affinity is not inherently linked to neutralizing capacity, it is
essential to conduct neutralization assays using pseudo-
viruses or actual viruses at the cellular level and further
in vivo tests in animals.'® Once a candidate is selected,
further optimization is pursued to enhance the affinity,
neutralizing capacity, and durability'*® of the mAbs.

This journal is © The Royal Society of Chemistry 2024
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Single-cell RNA-seq facilitates the
discovery of neutralizing mAbs
against COVID-19

With the integration of single-cell sequencing in the
development of new mAbs, many mAbs have been developed
using this approach. Due to its technical simplicity, FACS-
based antigen-specific memory B cell sequencing, as shown
at the top of Fig. 3A, has become popular. mAbs against
diseases such as Ebola,'*? HIV,'*? and influenza''* have been
successfully developed using this workflow. Additionally,
droplet-based sequencing methods have been wused to
generate mAbs against infectious diseases such as influenza®
and dengue virus.""”

Typically, a patient who has recently recovered from COVID-
19 will possess a sufficient concentration of effective antibodies
in his blood."® Anti-COVID-19 treatment using plasma from
convalescent patients is considered effective, but plasma batch
effects are severe, and sources are limited. Among the
diversified antibodies in convalescent patients' serum,
neutralizing antibodies are responsible for blocking the viruses
from invading cells. Fishing for high-efficacy neutralizing
antibodies from COVID-19 convalescents has been ongoing
since the beginning of the pandemic.'”” This is a rational
approach that takes advantage of the natural immune response,
as recovery from the disease somewhat proves the efficacy of
the possible targeting antibodies. Although traditional large-
volume cell culture systems can produce kg-scale monoclonal
antibodies at a time, the throughput of functional screening is
difficult to scale up.'*® This is further complicated when the
pathogen undergoes continuous mutation, potentially
compromising the ability of antibodies to suppress it and
necessitating renewed antibody development and an increase in
the amount of time required to combat the pathogen.

The sudden outbreak of COVID-19 has provided a
battleground for the single-cell RNA-seq approach to
revolutionize the conventional process of mAb screening and
selection. This novel approach, which eliminates the need for
harvesting immunized spleen cells or generating hybridoma
cells, saves both time and labor. As mentioned in the
previous section, identifying antigen-specific plasma cells,
which lack BCRs that can bind the RBD of S protein, is more
challenging than identifying memory cells. Hence, most
applied research focuses on memory B-cells. Using RBD-
tethered magnetic beads or fluorescence-labeled RBD,
memory B-cells with strong binding affinity to the RBD can
be separated from other cells. Subsequently, single B-cells
enriched from convalescents can be sequenced to analyze
their immunoglobulin gene sequences, which are the binding
antibodies. After the neutralizing test and optimization steps
mentioned in the previous section, neutralizing mAbs can be
produced and then proceed to animal-level safety and
pharmacokinetic experiments.

The development of novel neutralizing antibodies has
seen numerous successful attempts that were facilitated by
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single-cell RNA-seq. The most prevalent and popular methods
currently in use are workflow strategies that focus on the
selection of antigen-specific B cells through the interaction of
antigens with the BCR, as illustrated in the upper portion of
Fig. 3A. For example, during the initial stages of the COVID-
19 pandemic, Xie and his collaborators employed high-
throughput single-cell sequencing to sequence B cells from
60 convalescents and discovered the most potent antibody,
BD-368-2, which demonstrated both highly therapeutic and
prophylactic efficacy in SARS-CoV-2 infected mice."” In this
research, a biotinylated RBD and S protein were employed to
isolate antigen-specific B cells through magnetic bead
separation. This was followed by single-cell RNA-seq to obtain
BCR sequences, a method that closely resembles the upper
pathway illustrated in Fig. 3A, albeit with the use of
biotinylated antigens instead of fluorescently labeled ones.
Subsequently, Qin and collaborators discovered that SARS-
CoV-2 neutralizing antibodies could bind to different
effective epitopes without interfering with each other's

View Article Online
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function. This led to the development of a cocktail design.'*’
However, as anticipated, these antibodies were all escaped by
currently prevalent variants. Despite the identification of an
increasing number of antibodies with strong neutralizing
functions, most become ineffective within months. Recently,
Xie and collaborators published an article that provides a
comprehensive overview of the selection of epitopes,
mutation prediction and convergence, and predictable
escapes of the existing SARS-CoV-2 neutralizing antibodies
(Fig. 4).°° This extensive dataset offers valuable insights for
the design or targeted search of a broad-spectrum
neutralizing antibody capable of binding to most, if not all,
variants of SARS-CoV-2. Corti and colleagues successfully
employed biotinylated SARS-CoV-2 S ectodomain trimers in
combination with fluorescent streptavidin to identify the
mAb known as $2X35.'2' The LIBRA-seq technique, which
involves the dual-labeling of multiple types of antigens with
fluorophores and distinct DNA oligonucleotides as previously
mentioned, was utilized by Chen and her collaborators based
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Fig. 4 (A) Schematic of MACS-based high-throughput yeast display mutation screening. (B) Representative antibody structures of each epitope
group. (C) t-distributed stochastic neighbor embedding (t-SNE) and unsupervised clustering of SARS-CoV-2 human neutralizing antibodies on the
basis of each antibody escaping mutation profile. A total of six epitope groups (groups A-F) could be defined. (D) Neutralization of SARS-CoV-2
variants of concern (pseudotyped VSV) by nine neutralizing-antibody-based drugs. Adapted from ref. 26 with permission from Springer Nature,
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on a droplet microfluidic system in antibody discovery. This
led to the successful isolation of two antibodies against the
RBD of SARS-CoV-2."""

Several research groups have focused on the isolation of
SARS-CoV-2 antibodies from plasma cells or plasmablasts, as
depicted in the central section of Fig. 3A. One particular
study employed single-cell sequencing of plasma cells in
combination with mammalian display techniques to generate
SARS-CoV-2 antibodies. The identification of expanded
plasma cell lineages served as a crucial criterion for selecting
candidates for mammalian display and subsequent
functional characterization.”®  Furthermore, strategies
involving the cultivation of individual plasma cells and the
assessment of their secreted antibodies'>* have been applied
in the development of SARS-CoV-2 mAbs. Notably, the
discovery of mAbs S2H13 and S2H14 is a prime example of
this approach.”"

Ig-MS, a workflow represented at the bottom in Fig. 3A, as
also played a role in the development of SARS-CoV-2
antibodies. Qiu and colleagues used affinity chromatography
followed by LC-MS/MS to identify sequences of SARS-CoV-2
antibodies.'** They used four B cell epitope peptides for
affinity purification of serum antibodies, and epitope-specific
mAbs were obtained from the sera of 15 patients.

Despite the accelerated process facilitated by microfluidic-
assisted single-cell RNA-seq, numerous challenges persist. A
significant challenge lies in the selection of COVID-19
convalescents. Two primary considerations exist: tracking
viral mutations and identifying or designing a broad-
spectrum antibody that remains effective despite variant
differences. It is crucial for researchers to continue working
with convalescents of different variants, as it has been found
that an effective neutralizing antibody can rapidly lose its
potency as a therapeutic due to escape.'” Many of the
previously developed and now obsolete antibodies have been
reviewed,"*®"'*” leading to a more profound understanding of
epitopes, especially those on the RBD, than at the onset of
the pandemic. This knowledge is invaluable in the ongoing
pursuit of effective treatments for COVID-19.

What have we learned from these
results, and what can we do next?

The development of single-cell sequencing methods has been
critical in the discovery of new monoclonal antibodies.
Single-cell sequencing enables the preservation of paired
sequence information, which is essential for sequencing-and-
synthesis workflows. In addition, transcriptome information
from the same cell can assist in reducing false positives.
Microfluidic-assisted single-cell RNA-seq has made it possible
to sequence a large number of B cells and acquire a paired
antibody library. With advances in microfluidic technology,
memory B cells for multiple antigens can be screened in a
single run, and antigen-specific antibody-secreting cells can
be distinguished and sequenced on chips. Microfluidic-
assisted single-cell RNA-seq has indeed accelerated the

This journal is © The Royal Society of Chemistry 2024
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development cycle of antibodies. However, the rapid
mutation rate of SARS-CoV-2 results in continuous antibody
escape, necessitating quick tracking of mutations and further
shortening the antibody development cycle.

The cost of microfluidic-assisted single-cell RNA-seq can
limit the throughput of acquiring paired Ig sequences.
Antigen-specific B cells are rare in the B cell population,”*
and even antibodies bound to the same antigen can exhibit
different epitopes and non-specific binding levels.'*®
Increasing the throughput can improve the chances of
obtaining antibodies with satisfactory performance. While
designing and constructing microfluidic systems may not
pose a significant challenge for certain labs, most antibody
development groups rely on highly integrated commercial
kits. These one-stop solutions, such as the microwell-based
Beacon system from Berkeley Lights, the droplet-based
system CelliGO from HiFiBiO Therapeutics, or the Chromium
Single Cell Immune Profiling Solution from 10x Genomics,
employed different strategies but share one common
characteristic: their high cost.

After the sequencing experiment, candidates should be
selected from the sequencing results for downstream
synthesis. Even using an ingenious microfluidic system to
select antigen-specific B cells, this process still requires a
significant amount of expert guidance and human
experience.” As previously mentioned, certain characteristics
of the immunoglobulin sequence, such as V-gene frequency,
hypermutation rates, CDR3 length, and lineage tracing
information combined with transcriptome clustering results,
are still used to assess the potential of the immunoglobulin
sequence. However, clear criteria and workflows are still
needed to streamline this process.

In order to optimize the antibody development workflow, it
is crucial to focus not only on the sequencing process itself, but
also on the level of integration of sequencing with upstream
and downstream steps. The development of a more integrated
microfluidic system for antibody discovery is a worthwhile
endeavor. By integrating antibody characterization units into a
microfluidic-assisted single-cell sequencing system, cells with
higher potential for downstream sequencing can be retrieved,
thereby improving the efficiency and effectiveness of antibody
development. Antibody characterization encompasses many
aspects.  Antibodies can perform functions through
neutralization, opsonization, and complement activation, with
binding to antigens being the essential requirement of these
pathways. The affinity level of antibodies can be estimated by
continuously observing the speed at which fluorescently labeled
secreted antibodies and antigens move toward antibody-
capturing beads."***** Competitive assays have also been used
by monitoring the competitiveness of newly added fluorescently
labeled antigens compared to pre-bound antigens.'*' Cross-
reactivity testing can be easily achieved by adding antigens with
different fluorescence. Functional assays, such as testing an
antibody's capability to inhibit bacterial growth, have also been
developed."*”> However, in many situations, including COVID-
19, the neutralization function of the antibody is the most
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useful. Only antibodies that bind to certain regions of the virus
can provide protection,'®® so it is crucial to integrate an epitope
testing unit into the workflow in the future. Moreover, a multi-
dimension functional screen might further expedite the
antibody development process by more precisely measuring a
cell's potential.

An antibody expression microfluidic system can accelerate
the antibody discovery cycle in rapid verification of
candidates' binding capabilities. A significant challenge in
the antibody development cycle is the decoupling between
sequencing and rapid antibody synthesis, which hampers the
verification steps. Traditionally, gene synthesis and bacterial
cloning are required to construct plasmids for antibody
expression. However, this workload becomes substantial
when the number of candidates is significant. Berkeley Lights
has launched a new Opto BCR Rapid Re-expression kit that
enables the enrichment of BCR sequences from reverse
transcription cDNA and the construction of expression
vectors without prior knowledge of the candidate sequences.
This strategy allows for parallel NGS and rapid candidate re-
expression. However, this kit is off-chip, and further effort
may be needed to integrate it into its microfluidic system.
Within academic circles, efforts have been made to explore
the use of cell-free protein synthesis microfluidic systems for
the rapid verification of mAb binding capacity. Jackova and
colleagues developed a strategy that employs a droplet system
containing VHH-coding DNA, fluorescent antigen, cell-free
expression components, and a VHH capture scaffold to
assess the antigen binding capacity of VHH. Following a
3-hour incubation, the aggregation status of the fluorescence
signal can be used as an indicator to evaluate the binding
capacity of mAbs."** In the future, efforts should be made to
reduce the setup and operating complexity of microfluidic
systems to more conveniently obtain a large number of cells
of interest for single-cell sequencing library construction.
Reducing the cost of sequencing is also important to expand
sequencing throughput. As a result, the antibody sequence
pool can be larger, increasing the likelihood of obtaining
potential candidates. Moreover, microfluidic systems have
high integration potential, allowing for the integration of
multi-functional characterization units to select cells with
high potential and alleviate the throughput pressure of
sequencing and antibody synthesis. With advances in
microfluidic systems, the time required to identify cells of
interest, perform sequencing, and construct expression
vectors can be further compressed. However, antibody
expression via cell culture takes several days due to cellular
metabolism. Therefore, cell-free antibody expression systems
may warrant further exploration.

The battle against infectious diseases is an ongoing arms
race, with monoclonal antibodies serving as a crucial weapon
for humanity in treating acute infections and critical
illnesses. As viruses mutate at an increasingly rapid pace, the
iteration of antibody drugs is necessary to keep up.
Microfluidic-assisted single-cell sequencing technology has
already played a significant role in developing antibodies
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against viruses and will undoubtedly continue to do so in the
future. This technique offers a powerful tool for accelerating
the development of effective treatments and staying ahead in
the fight against infectious diseases.

Concluding remarks

The COVID-19 pandemic has completely reshaped our lives
and presented challenges for researchers in the field of
antibody development. The time frame for developing novel
and effective neutralizing antibodies is narrow, as mutated
virus variants can quickly escape the antibody's effects.
Single-cell sequencing has introduced a new possibility for
accelerating the speed of antibody development, with the
introduction of the microfluidic-assisted droplet isolation
and barcoding process providing a ready tool. The
effectiveness of such an approach has been demonstrated
over the past three years, generating various neutralizing
monoclonal antibodies against different variants of the
coronavirus. This approach is a prime example of how the
integration of engineering, chemistry, biology, and
bioinformatics can shift paradigms in medical research. Data
collected and expanded rapidly through high-throughput
experiments has become a valuable resource for improving
our understanding of the evolutionary characteristics of
viruses and the possible design strategies of wide-spectrum
neutralizing monoclonal antibodies.
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