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The rabbit monoclonal antibodies (mAbs) have advantages in pharmaceuticals and diag-
nostics with high affinity and specificity. During the past decade, many techniques have
been developed for isolating rabbit mAbs, including single B cell antibody technologies.
This review describes the basic characterization of rabbit antibody repertoire and sum-
marizes methods of hybridoma technologies, phage display platform, and single B cell
antibody technologies. With advances in antibody function and repertoire analysis, rabbit
mAbs will be widely used in therapeutic applications in the coming years.
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INTRODUCTION

Monoclonal antibodies (mAbs) are essential tools in biochemistry, molecular biology, and medicine
research. mADb therapeutics has revolutionized the approach to many serious human diseases with
an increasing speed, and over 230 mAbs were evaluated in phase clinical studies in early 2017 (1).
Many methods exist for the generation and identification of mAbs for both research and therapeutic
purposes. The mouse hybridoma method described by Kohler and Milstein in 1975 was the first and
most widely used approach for obtaining mouse mAbs (2). In the past few decades, several display
techniques such as phage display (3), yeast surface display, ribosome display (4, 5), and mRNA
display technologies (6) have been used for producing mAbs. Although these antibody generation
technologies were widely adopted for mAbs screening, these methods were inefficient and required
time-consuming operations. In addition, the natural cognate pairing information of antibodies is
lost in display methods, which reduced the specific diversity of antibodies.

More recently, a single B cell-based method has been developed that allows direct sampling of
the immune repertoire from a single B-cell or the clonally expanded progeny of single cell (7). This
technology avoids the inefficient hybridoma fusion step and retains the natural heavy and light
chain pairing, thereby allowing a more thorough interrogation of the B cell population. Moreover,
this technique exploits the natural process of affinity, specificity, and stability profiles of mAbs.
Antigen-specific memory B cells expressing surface IgG and IgG-secreting plasma cells have been
exploited extensively as a source of mAbs. The methods for single-cell isolation are currently reliant
on fluorescence-activated cell sorting (FACS) and manual micromanipulation, and the antibody
genes were transferred to mammalian cells for mAb expression and further characterization (8, 9).

The rabbit immune system generates antibody diversity and optimizes affinity by mechanisms
different from those of mice and other rodents (10). Compared with traditional mouse mAbs,
the rabbit mAbs have advantages in diagnostics with high affinity and specificity toward antigens,
more diverse epitope recognition, and greatly improved response to small-size epitopes and mouse
antigens (11). Owing to these favorable features, more than 9,519 rabbit mAbs were generated by
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Abcam, which were identified for major signaling pathways
including apoptosis, cell cycle, epidermal growth factor receptor
signaling, and transforming growth factor-p signaling. Recently,
some new platforms have been developed for generating rabbit
mAbs from antigen-specific memory B cells or plasma cells by
FACS or manual micromanipulation, and expression of recom-
binant mAbs in prokaryotic, eukaryotic, or cell-free expression
systems (9, 12-15). These technology platforms have proven to
be efficient and robust for generation of large panels of antigen-
specific recombinant antibodies from immunized rabbits within
1 week, which promoted the production of rabbit mAbs.

THE RABBIT ANTIBODY REPERTOIRE

The rabbit immunoglobulin heavy chain (IGH) locus contains
over 200 IGH variable germline genes, with over 50% have been
found to be “non-functional” (16, 17). Also, more than 50 IG
Kappa V and 17 IG Lambda V functional genes were identified
with genomic sequencing (IMGT database). The diversity of rab-
bit VH repertoire is more limited, and the V light (VL) repertoire
is more diverse than that in mice and humans (17-20). Most
rabbit antibodies are derived from the IGHV1 gene (21). In addi-
tion, the rabbit VL repertoire displays a larger complementarity-
determining region (CDR)-L3 loop length than its human and
mouse counterparts (22).

Recently, the comprehensive rabbit antibody repertoire was
analyzed with next-generation sequencing (NGS) technology (22).
In this study, IGHV 1S40 and IGHV 1545 were found to dominate
the VH repertoire of naive rabbit, while IGHV1S69 contributed
significantly to immunized rabbit with a 16-mer peptide (22). In
addition, the somatic mutations in VH and VL are higher than its

human and mouse counterparts, with VH regions accumulating
two-third more mutations than humans and mice and VL regions
accumulatingmore mutationsin fragmentregion (FR)-1and FR-3.
The average length of rabbit CDR-H3 is 12 amino acids, which is
similar to its human and mouse counterparts, while the CDR-L3
length is much longer than its human and mouse counterparts.
Rabbit immune system uses both gene conversion and somatic
hypermutation to diversify antibody repertoire (18), and more
mutations in rabbits repertoire compared with humans and mice
could compensate for the limited diversity of the germline genes
used to build the rabbit functional repertoire (22).

HYBRIDOMA METHOD

Mouse hybridoma technology, which depends on cell fusion of
B cell to myeloma partner, is a traditional and most widely and
successfully used approach for the production of mouse mAbs
since its identification in 1975 (Figure 1) (2). In this method, the
lymphocytes from immunized mice were harvested and fused
with myeloma cell derived from the BALB/c mouse to form an
immortalized hybridoma cell (2). Then, the hybridoma cells were
screened to identify specific clones producing identical antibod-
ies (Figure 1). The rabbit mAbs were first reported in 1988 with
mouse-rabbit heterohybridomas method (23). However, this
mouse-rabbit heterophybridomas were relatively inefficient,
unstable, and unable to secrete antibodies for prolonged periods
(11). In the mid-1990s, the stable rabbit-rabbit hybridomas
were generated to produce rabbit mAbs (24). These rabbit-
rabbit hybridomas also proved to be less stable than conventional
mouse hybridomas and that limited their widely use at laboratory
level. Moreover, due to inefficient fusion (5 X 107 efficiency with
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conventional polyethylene glycol fusion) and transformation
events, the application of hybridoma technologies for production
of rabbit mAbs was limited.

Hybridoma technology is a well-established method to
generate murine mAbs and is widely used to produce antibodies
for a variety of applications. However, due to lack of a suitable
myeloma partner, hybridoma method is mostly restricted to
rodent immunizations. In the 1980s of the twentieth century,
a human hybridoma technology for production of therapeutic
antibodies that permits generation of natural human antibodies
in a native form was developed (25). This human hybridoma
technology developed another useful way of generating thera-
peutic antibodies without additional modifications. Numerous
studies were devoted to this technology, and several useful human
fusion partner cell lines were discovered (26). Based on the
development of better fusion partners and technical advances in
using electrofusion, the success rate of human hybridoma fusion
was improved, which can prompt the development of therapeu-
tic antibodies in the nearest future (26). Interestingly, a genetic
modification method was developed recently to immortalization
of human B cells by overexpressing BCL-6 and BCL-XL (27). By
using this technology, the group of Spits has isolated a number
of mAbs against a variety of pathogenic viruses (27). In addition,
this technology was successfully applied in other species, and rab-
bit mAbs were efficiently generated from immortalized memory
B cells. Therefore, this technology developed a new interesting
and convenient antibody discovery platform, which will become
the mainstream method for mAbs production.

PHAGE DISPLAY

From the early 1990s, phage display technology was explored as
a new method for generating mAbs (28, 29). In this approach,
the V gene repertoires were harvested from lymphocytes, and the
combinations of VHs and VLs were cloned and expressed on the
surface of filamentous bacteriophage by fusion to its coat protein
(Figure 1). Then, phage particles bearing expressed specific
mAbs on their tips were selected and used in conventional assays.
Compared with the hybridoma technology, which was practically
confined to rodents, phage display has been successfully used to
screen and isolate mAbs from any species whose immunoglobulin
genes are known (30, 31). In 2000, Rader et al. first described the
whole process of selecting rabbit mAbs with phage display tech-
nology (32). This technology was successfully used in selecting
and humanizing rabbit antibodies against human A33 antigen,
a target antigen for the immunotherapy of colon cancer, and the
obtained humanized antibodies retained high specificity and
affinity for human A33 antigen (32). At present, antibody phage
display is a major technical platform to generate fully human
antibodies for therapeutic purpose for its high speed and ease of
antibody generation and the ability to control various selection
parameters in vitro (33).

Dependent on our knowledge of antibody structure, function,
and sequence diversity, in addition to the insights from previous
antibody libraries, a new synthetic antibody library technol-
ogy was developed and used in mAb production by inserting
precisely designed sequences into the antigen-combining site

(34, 35). This technology is accomplished based on geneti-
cally copying IgG fragments and on using molecular biology
techniques to diversify antibody paratopes in vitro (36). Several
synthetic antibody libraries (e.g., HuCAL and Ylanthia library)
with multiple variable heavy and light chain framework regions
were designed and used to isolate human mAbs optimized for
molecular recognition (37-40). With advances in library designs
and selection methods, synthetic antibody libraries will become
an indispensable tool for rapid generation of target-binding
mAbs with exquisite specificity.

GENERATION OF mAbs FROM SINGLE
RABBIT B CELLS BY SINGLE-CELL
CLONING

Although hybridoma screening and display methodologies have
been used in rabbit mAbs production, they both have some
drawbacks: the hybridoma technology has a low efficiency of
cell fusion, while display method results in the loss of natural
cognate pairing of heavy and light chain (7). To overcome these
issues, a single B cell antibody technology has been developed
recently (Figure 1) (7). Briefly, single B cell antibody technol-
ogy consists of the following short steps: (i) identification and
isolation of specific single B cells with random way or FACS
from peripheral blood or from lymphoid tissues, (ii) single-cell
reverse transcription-polymerase chain reaction (RT-PCR)
with antibody-specific primers, (iii) amplification of Ig genes
with PCR and sequencing, (iv) cloned the Ig genes into expres-
sion vector, (v) Ig genes were expressed in bacterial systems
(e.g., Escherichia coli) or mammalian cell systems (e.g., HEK 293,
CHO cells), and (vi) proteins were purified and evaluated with
enzyme-linked immunosorbent assay (Figure 1). This method
has been widely used in human and mouse mAb production and
yielded some therapeutic neutralizing mAbs for several diseases
including cancer, autoimmune disorders, and infectious diseases
(7). For example, several valuable mAbs were isolated from HIV
patients with single B cell antibody technology, which will be use-
ful for clinical diagnostics (41). The most important advantage of
this approach is preserving the natural cognate pairing of heavy
and light chain, allowing exploitation of the natural process of
antibody affinity, specificity, and maturation. Therefore, this tech-
nology favors the generation of mAbs with an attractive affinity,
specificity, and stability profile.

Memory B cells and plasma/plasmablast cells are main sources
of antibody production. Most methods adopted in single B cell
antibody analysis in human, mice, and rabbits were focused
on memory B cell or plasma/plasmablast cells. Kurosawa et al.
developed an endoplasmic reticulum (ER)-based method for
identification and isolation of antigen-specific plasma/plasmab-
last cells with FACS and ER-specific fluorescent dye (12). This
method enhanced the selection efficiency of plasma/plasmablast
and eliminated cell propagation and screening processes. In
addition, Ozawa et al. developed an immunospot array assay on
a chip technology to detect rabbit antigen-specific mAbs, and this
technology could produce rabbit mAbs that specifically recognize
a phosphorylation site-specific epitope of human transforming
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growth factor-f-activated kinase 1 (42). Clargo et al. reported a
fluorescence-based method combination with micromanipula-
tion to isolate rabbit single antigen-specific IgG-secreting plasma
cells for subsequent antibody expression analysis (9). Also, Seeber
et al. used a lymphocyte panning to capture the antigen-specific
B cells in combination with in vitro B cell short cultivation and
B cell cloning to isolate functional rabbit mAbs from peripheral
blood (13).

The isolation of rabbit lymphocytes was limited by lack of use-
ful surface markers. To select the rare and specific rabbit B cells
for mAb expression, several new methods were developed.
Recently, Starkie et al. described a two-color antigen staining
method to identify antigen-specific rabbit memory B cells with
an efficient antibody identification of 38.5% (43). In this work,
negative cell staining was used to eliminate T cells, naive IgM*
B cells, and dead cells, and positive cell staining with anti-IgG
and a dual-antigen labeling step (FITC and PE) allowed iden-
tification of the antigen-specific class-switched IgG* memory
B cell subset (43). This FACS technology incorporation with
antigen-binding step enhanced the recovery of antigen-specific
mAbs and was therefore high throughput. In addition, another
simple and flexible method, HybriFree, was developed and suc-
cessfully used in mouse, rabbit, and chicken mAbs production
(14). The HybriFree workflow includes four steps: capturing
antigen-specific B cell with antigen-loaded solid matrix, single-
cell amplification of VH and VL coding cDNAs, construction of a
combinatorial VH-VL library in mammalian expression system,
and determination of proper VH-VL combinations (14). This
method was successfully used in the production of rabbit mAbs
against mouse CD48 with high efficiency within 10 days and can
apply to any species whose antibody ¢cDNA sequence is avail-
able (14). Another novel screening platform called “single-cell
RT-PCR linked in vitro expression (SICREX)” for rabbit mAb
production was described (15). In this work, antigen-specific
B cells were isolated with micromanipulation combined with
antigen-conjugated magnetic beads, and Ig genes were ampli-
fied for cell-free production with a linear Ig expression cassette.
The linear expression cassette contains all essential elements
for transcriptional and translational regulation, including T7
promoter and T7 terminator, and fragment of antigen-binding
or single-chain variable fragment was expressed without cloning.
Compared with the previously platform, the entire process of
SICREX is conducted in vitro, which reduced the mAb produc-
tion time to a few days.

Recently, mass spectrometry (MS)-based de novo sequencing
approaches have been used for the identification of purified mAbs
from serum-derived polyclonal antibody pool, which prompted
the development of proteomic deconvolution of serum Igs (44).
Combined with advancements in NGS and MS technologies, this
method was successfully used in determination of the antibody
composition of the polyclonal serum response after immuniza-
tion in rabbit (45). In this approach, full-length serum IgGs were
purified and treated with pepsin to prepare F(ab), fragments, and
then antigen-specific F(ab), fragments were isolated and pro-
teolytically digested for liquid chromatography high-resolution

tandem-MS (LC-MS/MS). In parallel, an antibody repertoire
database was constructed and sequenced by NGS. By mapping
peptides with antibody database, the individual mAbs were
identified (45).

FUTURE TRENDS

Monoclonal antibodies are widely used in the fields of thera-
peutic, diagnostic, and biological applications due to their high
specificity and affinity. At present, the majority of mAbs to
human antigens were generated in mice, and mouse monoclonal
antibodies (MMAs) have been exploited widely in diagnostic
and therapeutic settings (1, 12). However, many disadvantages
of using MMAs as immunotherapeutic agents for humans,
including short half-life time in serum and induction of human
anti-mouse antibodies reaction, have been reported (46, 47). In
addition, it is well known that many human immunogens failed
to stimulate antibody responses in mice. Theses disadvantages
limit the use of MMAs in therapeutic and diagnostic application.
Compared to conventional MMAs, rabbit mAbs are more ideal
for use in research and diagnosis. Rabbit mAbs exhibit several
combined benefits including high affinity and specificity toward
antigens, more diverse epitope recognition, and greatly improved
response to small-size epitopes and mouse antigens (11,48,49).In
addition, rabbits are evolutionarily distant from mice, which can
produce antibodies to some antigens that are not immunogenic
in mice (50, 51). These advantages made rabbit mAbs attractive
diagnostic reagents in mouse models of human diseases. Similar
to mouse mAbs, the rabbit mAbs were also displayed several
limitations including inducing immunogenicity in humans. In
an attempt to reduce the immunogenicity and to prompt the
use of rabbit mAbs for therapeutic applications, antibody engi-
neering methods such as chimerization, humanization, and Fc
engineering were successfully applied. Two previous researches
had showed that the humanized rabbit mAbs retained the high
specificity and affinity to human antigen, which can be used
in diagnostic applications (10, 32). Also, a comparative study
between rabbit mAbs and the corresponding MMAs on several
tumor types showed that rabbit mAbs displayed an increased
sensitivity with no apparent loss of specificity (11). Therefore,
the rabbit immune system is an important source for the gen-
eration of therapeutic human antibodies to human antigens, and
the humanized rabbit mAbs will be widely used in therapeutic
applications in the future.
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