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Abstract⎯Monoclonal antibodies have found wide applications in the treatment of cancer, as well as of auto-
immune, infectious, and other diseases. Several dozen new antibodies are currently undergoing different
stages of clinical trials, and some of them will soon be added to the list of immunotherapeutic drugs. Most of
these antibodies have been generated using hybridoma technology or a phage display. In recent years, new
methods of obtaining human monoclonal antibodies have been actively developing. These methods rely on
sequencing immunoglobulin genes from B lymphocytes, as well as on the creation of antibody-secreting sta-
ble B-cell lines. The term next-generation antibody-discovery platforms has already been established in the lit-
erature to refer to these approaches. Our review focuses on describing the results obtained by these methods.
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INTRODUCTION

Important recent advances in biomedical science
have been associated with development and clinical
application of biological agents based on monoclonal
antibodies (mAb). Antibodies can be used in immuno-
therapy to specifically activate or inhibit certain cell
functions, to perform targeted delivery of chemother-
apeutic agents to tumor cells, to neutralize cytokines,
or to deactivate viruses. In this context, development
and refinement of various methods of human mAb
isolation becomes an issue of central importance.

For the first time, mAbs were obtained by Köhler
and Milstein using the hybridoma technique [1]. Ini-
tially, this method could be used to obtain only mouse
antibodies. With the development of transgenic mouse
strains carrying human immunoglobulin genes [2], it
became possible to obtain purely human antibodies.
Despite being a rather old invention, the hybridoma
technique remains the principal method of mAb pro-
duction. However, this method has certain important
shortcomings, the most significant of which is the low
probability of hybridization between partner cells
(10−4 to 10−5). As a result, the efficiency of obtaining

hybridomas for weakly immunogenic proteins is poor.
In addition, the use of transgenic mice carrying Ig genes
is subject to strict regulation and rather expensive.

An alternative approach to mAb isolation is repre-
sented by various combinatorial techniques, including
phage, DNA, RNA, and yeast displays, which have
been in use since the 1990s. They are based on the
analysis of vast Ig gene libraries. The most popular
technique, phage display, has already been success-
fully employed to obtain several mAbs used in clinical
immunotherapy, in particular, adalimumab, which
inhibits the binding of tumor necrosis factor to its
receptor [3]. However, compared to the hybridoma
technology, this approach has been just moderately
successful. The principal shortcoming of the combina-
torial methods is that the resulting antibodies do not
undergo selection in vivo. Furthermore, this method
frequently generates antibodies with nonphysiological
pairing of Ig chains, i.e., a pairing that never occurs in
natural immune response. From this point of view,
agents obtained using combinatorial techniques can be
considered as antibody mimetics, which are likely to
induce the production of neutralizing antibodies in
patients during long-term administration [4, 5].

Thus, traditional approaches based on the hybrid-
oma method and combinatorial techniques have con-
siderable shortcomings, and there is a need for new,
better methods of obtaining human mAbs. This review

Abbreviations: ELISpot, enzyme-linked immunospot; NGS,
next-generation sequencing; VH, variable domain of the heavy
chain; VL, variable domain of the light chain; mAb, monoclonal
antibody; SARS, severe acute respiratory syndrome.
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focuses on describing new approaches to mAb discov-
ery based on direct sequencing of B-cell Ig genes, as
well as on the creation of immortal B-cell clones. A
term has already been coined for these techniques;
next-generation antibody discovery platforms [6].

APPLICATION OF NEXT-GENERATION 
SEQUENCING TECHNIQUES FOR 

IMMUNOGLOBULIN GENE CLONING

The advent of the next-generation sequencing
(NGS) techniques and the progress in the bioinfor-
matic data analysis have created unprecedented possi-
bilities in genome research. NGS technique enables
the simultaneous reading of up to several million vari-
ants of a single gene, which is especially important for
the highly variable Ig genes. The repertoire of the
CDR-H3 domain (the third complementarity-deter-
mining region of the antibody heavy chain) alone may
include 106 to 107 clonotypes [7]. Obviously, the rep-
ertoire of VH:VL clonotypes is even more diverse. Sev-
eral cases of the NGS application for mAb production
have already been reported [8].

From the bone marrow of mice immunized with
ovalbumin, the pool of CD45R−CD138+ plasma cells
was isolated and analyzed by NGS [9]. The resulting
VL and VH repertoire included several hundred thou-
sand variants. It should be noted that up to 20% of the
CDR-H3 repertoire was represented by only four
sequences. This led to the hypothesis that the most
frequently occurring sequences corresponded to anti-
gen-specific Ig. Combinations of the most represented
heavy and light chain sequences were expressed, and
clones that secrete antigen-specific antibodies were
identified by screening.

Ig genes are characterized by high mutation fre-
quencies; therefore, the reliable identification of spe-
cific sequences requires that the whole variable region
be read through completely. For this purpose, the read
length should be increased to at least 480 bp, which is
in fact a threshold capacity level of modern NGS ana-
lyzers. However, advances in the development of new
equipment inspire certain hope. Simultaneous prog-
ress in software development should also contribute to
solving this complex problem [10, 11]. The quality of
reading can be significantly improved by employing
unique molecular identification tags (bar codes) [12,
13], which serve to distinguish between PCR artifacts
and rare mutations in the variable Ig gene region.

Wu et al. used NSG to sequence a cDNA library
obtained from antigen-specific B cells isolated from
the blood of an HIV-infected donor [14]. First, nucle-
otide sequences that encode the known broadly neu-
tralizing antibodies VRC-01–VRC-03 were used to
deduce their potential precursor gene. In a cDNA
library of several thousand sequences, those that orig-
inated from a common embryonic line precursor were
identified. From this group, approximately 5000 vari-
ants with the highest resemblance to VRC-01–VRC-03
were selected. Among 45 randomly chosen and
expressed mAbs, 24 mAbs exhibited broad-range neu-
tralizing activity. These results indicate that NGS is
applicable for discovering novel mAbs.

IMMUNOGLOBULIN GENE AMPLIFICATION 
FROM INDIVIDUAL B CELLS

The principal shortcoming of the NGS-based
approach is the loss of information about “physiolog-
ical” pairing of heavy and light Ig chains. To overcome
this limitation, it was proposed to amplify, clone, and
express antibodies from individual B cells [15]. Poten-
tial sources of Ig genes are plasma cells, plasmablasts,
or memory B cells (Table 1).

PLASMA CELLS AS A SOURCE 
OF IMMUNOGLOBULIN GENES

Plasma cells are considered to be the most appro-
priate object for Ig gene sequencing, since they exten-
sively synthesize antibodies and, thus, contain large
amounts of corresponding mRNAs. This circum-
stance facilitates the procedure for cDNA amplifica-
tion; however, plasma cells do not carry surface B-cell
receptors and, for this reason, cannot be isolated by
antigen-specific selection. The fact that plasma cells
are located in the bone marrow also represents a sig-
nificant limitation to experiments.

In a study by Clargo et al. [16], plasma cells were
isolated from the bone marrow of rabbits immunized
with a human tumor necrosis factor receptor. For this
purpose, bone marrow cells were placed into gel
growth medium that contained antigen-loaded parti-
cles, as well as f luorescein-labeled secondary antibod-
ies against the constant fragment of rabbit Ig. Fluores-
cent microscopy of these preparations revealed that
each antigen-producing B cell was surrounded by a
fluorescent halo, which was formed as a result of anti-

Table 1. Characterization of B cells used as a source of immunoglobulin genes

Ig gene source Phenotype Localization

Plasma cells High mRNA level, Ig secretion, BCR–, CD138hi Bone marrow

Memory B cells CD19+, CD20+, CD27+, IgG+, BCR+ Blood, day 14–20 after immunization

Plasmablasts CD19+, CD20low, CD27hi, CD38hi, BCR+ Blood, day 7 after immunization
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body binding to the particles in direct vicinity of pro-
ducing plasma cells.

As a result, out of nearly 4 million bone marrow
cells, 96 antigen-specific plasma cells were isolated
and 50 recombinant antibodies with endogenous VH–
VL pairing were obtained; six of these antibodies
exhibited a high level of blocking activity, preventing
the binding of tumor necrosis factor to its receptor.

A study by Corti et al. [17] had the goal of obtaining
broadly neutralizing antibodies against influenza virus.
For this purpose, individual CD138+ plasma cells were
isolated from the blood of vaccinated donors. Stimu-
lation with IL-6 allowed plasma cells to survive for
several days, which made it possible to screen for the
secreted antibodies against a broad panel of virus sub-
types. By sequencing Ig genes of the selected cells, the
authors were able to obtain broadly neutralizing anti-
bodies against influenza virus.

MEMORY B CELLS AS A SOURCE 
OF IMMUNOGLOBULIN GENES

In contrast to plasma cells, memory B cells express
B-cell receptors on their surface and can be sorted and
isolated using the corresponding antigens. However,
starting on days 14–20 after final immunization, the
blood levels of memory B cells begin to decrease, which
makes them more difficult to detect and isolate, if more
time has passed after immunization or infection.

To increase the abundance of memory B cells, they
can be transformed by the Epstein–Barr virus and
subsequently cultivated. A particularly impressive
example of using this approach is the study by Yu et al.
[18], who obtained human mAb against the influenza
virus A (H1N1) strain associated with the Spanish flu
pandemics. In 2008, memory B cells were isolated from
donors who had influenza in 1918; the cells were immor-
talized and cultivated, after which Ig genes were sequenced
and expressed. It can be estimated that, 90 years after the
infection, memory B cells were present in donors with a
frequency of 1 cell per 4.6 × 106 B cells; nevertheless,
despite this low occurrence, the authors were able to obtain
antigen-specific antibodies.

Difficulties that arise in B-cell immortalization
induced by Epstein–Barr virus can be partially over-
come by means of preliminary lymphocyte activation
using CpG-containing oligonucleotides. It was by this
approach that S3.1 mAb were obtained using memory
B cells from the blood of a patient who had recovered
from severe acute respiratory syndrome (SARS).
These mAbs had a protective effect in a murine model
of infection caused by SARS-CoV coronavirus [19].

Another example of mAb production using mem-
ory B cells was described by Scheid et al. [20]. Memory
B cells were isolated from the blood of six HIV-
infected patients who possessed broadly neutralizing
antibodies against the virus. Antigen-specific memory
B cells were selected using their binding to a gp140

viral protein carrying a f luorescent label. After the cor-
responding Ig genes were sequenced and expressed, it
was found that the immune response was mediated by
at least 50 independent clones that targeted different
regions of gp120. Thus, although populations of mem-
ory B cells are small, they can nevertheless be used to
obtain mAbs against the corresponding pathogen,
even a long time after the infection.

PLASMABLASTS AS A SOURCE 
OF IMMUNOGLOBULIN GENES

The earliest antibody-producing cells are plasmab-
lasts, precursors of memory B cells, and plasma cells.
Normally, plasmablasts constitute a small portion of
all circulating B cells (no more than 0.2%), but their
number increases dramatically during infection or
after immunization. Plasmablast concentration in blood
peaks on day 7 after immunization, amounting to
approximately 6% of all peripheral B cells [21]. During an
acute infection, the share of plasmablasts in the total
number of circulating B cells may reach 30% [13]. Smith
et al. [22] proposed a method that enabled them to obtain
mAbs against influenza virus, anthrax toxin, and pneu-
mococcal antigen using plasmablasts (Fig. 1).

According to this method, lymphocytes were iso-
lated from donors’ blood on day 7 after vaccination.
The efficiency of immunization and the abundance of
antigen-specific B cells were assessed using the
enzyme-linked immunospot (ELISpot) technique.
Flow cytometry was used to sort plasmablasts by phe-
notype, one cell per plate well. mRNA was isolated
from these cells, and cDNA was synthesized by RT-
PCR and amplified by nested PCR. Following this
algorithm, the authors were able to obtain an amount
of DNA sufficient for the subsequent sequencing of Ig
genes. RT-PCR was performed with nine primers to
cover the whole family of V fragment genes. The
resulting two PCR products contained sequences that
encoded H- and L-chains and were cloned into
expression vectors. These plasmids were used to trans-
fect HEK293 cells and expressed to produce mAbs.

From 20 mL of donor blood, the authors were able to
obtain 120 to 200 different mAbs. In particular, for anti-
bodies against influenza virus, it was shown that nearly
40% of B cells from the whole pool of reactive plasma-
blasts originated from a single embryonic precursor.

Currently, the most appropriate method of cell sort-
ing for subsequent cloning is flow cytometry; its import-
ant advantages include the high purity of the resulting cell
population, as well as the possibility to sort individual
cells, which is crucial for cloning purposes. Moreover,
flow cytometry allows cells to be sorted using any combi-
nation of detectable parameters. By combining several
selection parameters, it is possible to improve the speci-
ficity of isolation considerably. Plasmablasts are most
commonly isolated based on the IgG+IgA–IgM–

CD19+CD20lowCD27hiCD38hi phenotype [13].
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The task of simultaneously amplifying and sequenc-
ing two genes, VH and VL, is associated with certain dif-
ficulties. To facilitate the procedure, it was proposed to
fuse these genes early in the experiment and subsequently
treat them as a single fusion gene [23]. In order to conve-
niently express variable Ig sequences, Liao et al. devel-
oped a special cassette containing all necessary elements
for gene transcription and the regulation of their transla-
tion, including a cytomegalovirus promoter, an Ig-leader
peptide, constant fragments of light and heavy Ig chains,
and an appropriate polyA sequence [24].

For ethical reasons, the possibility to immunize
humans with certain antigens is strongly limited. In
these cases, immunodeficient SCID/beige mice can be
used as temporal hosts for human B cells [25, 26].
Human B cells were inoculated into the spleen of sub-
lethally irradiated mice, after which the animals were
immunized. Irradiation served to achieve complete
depletion of lymphatic organs in order to enable sub-

sequent lymphopenic proliferation of the inoculated
lymphocytes within free niches of the spleen. On day 8
after lymphocyte transplantation, the portion of
human plasmablasts was 40% and higher. Using this
method, the authors obtained broadly neutralizing
antibodies against influenza virus.

COMBINING THE TECHNIQUES OF NGS 
AND SINGLE-CELL IG GENE RT-PCR

As was mentioned above, the high-throughput
sequencing of Ig genes derived from a pool of B cells does
not take into account the physiological pairing of VH and
VL chains, which prevents the functional characteriza-
tion of endogenous antibodies. Furthermore, it is fairly
difficult to determine how the number of sequences
obtained by NGS is related to the number of cells that
express the corresponding gene sequences to secrete anti-
bodies. A comparison of advantages and shortcomings of
NGS and single-cell Ig gene sequencing (Table 2) sug-
gests that it should be promising to combine both of these
techniques in the same experiment.

A study by Tan et al. [27] demonstrated the possi-
bilities of combining the two approaches. B cells of
volunteer donors vaccinated against influenza virus
were sorted into plate wells, one cell per well. During
reverse transcription, cDNA was labeled with bar code
sequences specific to each well. Following PCR, spec-
imens were combined and analyzed using NGS.

Fig. 1. Algorithm of mAb production by cloning Ig genes from individual plasmablasts as proposed by Smith et al. [22].

Vaccination of a volunteer,
blood draw

ELISpot test for efficiency
of immunization

Sorting
CD19+, CD20low, CD27hi, CD38hi cells

by flow cytometry

RT-PCR with a cocktail of nine primers

PCR

Nested PCR

Ligation into an expression vector

Sequencing

Plasmid production

Transfection
of producer cells

Antibody
production
and testing

Table 2. Comparison of NGS and single-cell RT-PCR of Ig
genes

Parameter NGS Single-cell 
RT-PCR

Throughput High Low
H and L chain pairing No Yes
Determining the size of clonal families Yes No
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Those VH and VL sequences that carried the same bar
code corresponded to the physiologically correct pair-
ing of the light and the heavy Ig chain. mAbs against
influenza virus antigens were obtained based on the
expression of the most frequently occurring physio-
logical pairs of Ig gene sequences.

A more sophisticated approach was employed by
DeKosky et al. [28], who used the so-called paired
VH–VL analysis. Blood B cells were sorted by one per
well using f low cytometry. Each well also contained
paramagnetic particles carrying poly(dT) molecules
for mRNA binding. Following cell lysis, particles from
different wells were combined, and emulsion RT-PCR
was performed so as to amplify cDNA from each particle
in an individual drop of emulsion. Amplification was per-
formed with overlapping primers in order to obtain a sin-
gle PCR product containing gene sequences for the
heavy and light Ig chains fused via a short linker. In this
way, it was possible to detect the expression of Ig genes of
antibodies broadly presented in the immunological rep-
ertoire, as well as those that correspond to rare B-cell
clones. If the sequence data obtained by NGS overlap
insufficiently, mass spectrometry-based proteomic
methods can be additionally employed to determine
amino acid sequences of variable Ig domains [29, 30].

PRODUCTION OF MONOCLONAL 
ANTIBODIES IN STABLE CULTURES

OF PROLIFERATING B CELLS

The most obvious alternative to Ig gene sequencing
for the purposes of mAb production might be the
immortalization of B cells with their subsequent clon-
ing and cultivation. Indeed, this approach has long
proved efficient for obtaining antigen-specific T cell
clones. However, the seemingly obvious experiments
on B-cell immortalization encountered serious diffi-
culties that appeared unsurmountable for a long time.
The first attempts to obtain constantly growing B-cell
clones were based on their transformation with
Epstein–Barr virus. However, these cells exhibited
limited growth potential, low cloning efficiency, and
insufficient Ig production levels that rapidly decreased
during cultivation [31–34].

A broad range of various activators have been
applied to stimulate the growth of B cells, ranging from
different interleukins [35] to TLR7/TLR8 Toll-like
receptor ligands, CpG-containing oligonucleotides,
and Staphylococcus aureus [36]. With all of the diver-
sity of approaches tested, no eternal youth elixir could
be found for B cells so far, although it was determined
that, in order to maintain B cell division, it is essential
that feeder cells express CD40 ligand [37, 38]. How-
ever, the more efficient the B-cell stimulation, the
more rapidly they underwent terminal differentiation
into plasma cells incapable of further growth.

An important breakthrough was a study in which
the stimulation of B cells was combined with their

reprogramming due to the expression of BCL-6 and
BCL-XL transcription factors [39]. BCL-6 served to
keep B cells in the plasmablast state, while BCL-XL
prevented them from entering apoptosis. Under these
conditions, the plasmablast population increased by
more than 100 times during 12 days of cultivation. The
resulting B-cell clones could be screened and used to
produce the required antibodies. The described tech-
nique was successfully applied to obtain mAbs against
Clostridium tetani, influenza virus, respiratory syncy-
tial virus, and parechovirus [40].

Dividing plasmablasts express activation-induced
cytidine deaminase, an enzyme involved in somatic
hypermutagenesis that occurs during affinity maturation.
Flow cytometry and an antigen carrying a fluorescent
label were used to select lymphocytes with the highest
affinity to the antigen from the total pool of antigen-spe-
cific B cells and to obtain antibodies, the affinity of which
was an order of magnitude higher than in the initial pop-
ulation [41]. This approach provides new possibilities not
only to obtain mAbs, but also to improve them.

Thus, the recent research has produced some novel
methods of mAb discovery, the number of which is
constantly growing. We have every reason to believe
that, in the nearest future, these and other innovative
approaches will come to play a central role in the
development of novel drugs for the immunotherapy of
different human diseases.
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