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Improving understanding of the bovine adaptive immune response would equip

researchers to more efficiently design interventions against pathogens that impact upon

food security and animal welfare. There are features of the bovine antibody response

that differ substantially from other mammalian species, including the best understood

models in the human and mouse. These include the ability to generate a functionally

diverse immunoglobulin response despite having a fraction of the germline gene diversity

that underpins this process in humans and mice, and the unique structure of a subset of

immunoglobulins with “ultralong” HCDR3 domains, which are of significant interest with

respect to potential therapeutics, including against human pathogens. However, a more

detailed understanding of the B cell response and the production of an effective antibody

response in the bovine is currently hampered by the lack of reagents for the B cell lineage.

In this article we outline the current state of knowledge and capabilities with regard to

B cell and antibody responses in cattle, highlight resource gaps, and summarize recent

advances that have the potential to fundamentally advance our understanding of this

process in the bovine host.
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INTRODUCTION

The molecular basis of how antibody repertoires are generated is broadly similar between
mammalian species. Rearrangement of genes encoding immunoglobulin heavy and light chains
during B cell development, from a pre-existing library of variable gene segments, results in each B
cell expressing a unique immunoglobulin specificity. Immunoglobulin diversity is further refined
by somatic mutation of the immunoglobulin genes during development of an immune response,
which enables selection of B cells expressing antibodies with enhanced affinity for the immunogen.
Studies of immunoglobulins in domestic animal species have highlighted certain unique features.
One such example is that Camelids produce a subset of immunoglobulins composed only of a
heavy chain, in which antigen recognition involves only one variable region. This has allowed
isolation of these single heavy chains and their expression as recombinant antibodies, referred
to as nanobodies, for various practical applications (1). Compared to humans and mice, cattle
and sheep have a more restricted repertoire of immunoglobulin variable gene segments, but
they compensate for this by utilizing antigen-independent somatic mutation of their rearranged
immunoglobulin genes to generate further sequence diversity. Another distinct feature in cattle is
that ∼10–15% of immunoglobulins possess an ultralong heavy chain CDR3 domain. In contrast
to conventional antibodies where antigen recognition involves interaction with six hypervariable
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loops (or complementarity determining regions–CDRs)–three
on the heavy chain and three on the light chain—recognition
of antigen by these ultralong antibodies is determined
predominantly by the HCDR3, which has an extended stalk-knob
like structure (2–5).

The capacity to analyse antibody responses against infectious
agents at the single B cell level provides a powerful means
to identify the biological properties of individual antibody
specificities, including their potential role in immunity. Until
recently, such analyses have proved difficult in outbred species.
Techniques developed in the 1970s for generating monoclonal
antibodies in mice and rats were not readily applicable to other
species, because of the absence of suitable myeloma cell lines
for use as fusion partners. Attempts to use murine myeloma cell
lines with bovine B cells to generate heterohybridomas had some
success in producing bovine monoclonal antibodies, but these
systems were not sufficiently efficient to allow their routine use
(6–8). A further factor that constrained the ability to analyse
antibody responses at the clonal level was the limited capacity of
antibody-producing cells to proliferate, as they undergo terminal
differentiation as plasma cells. This is in marked contrast to
antigen-specific T cells, which can be propagated and cloned
in vitro, allowing analyses of their specificity at the clonal
level. In the last few years, advances in the sensitivity of
methods to examine gene expression at the single cell level
have opened up new opportunities to analyse B cell responses,
including the isolation of expressed immunoglobulin genes from
individual B cells.

This paper aims to provide a brief review of new and emerging
approaches to interrogating bovine antibody responses, focusing
particularly on analyses of responses at the single B cell level.

ADVANCES IN CLONAL ANALYSES OF
ANTIBODY RESPONSES IN OUTBRED
SPECIES

In the last few years, methods have been established for
generating antigen-specific human monoclonal antibodies from
B cells isolated ex vivo from humans mounting an antibody
response. These methods are based on the ability to enrich
for specifically reactive B cells and the capacity to isolate and
express immunoglobulin genes from single responding B cells.
Enrichment for antigen-specific B cells has relied either on
use of fluorescently labeled antigen tetramers to identify and
isolate antigen-specific B cells or isolation of plasmablasts and
plasma cells using surface markers expressed specifically on
these activated B cell populations. Rapid methods for isolation
and expression of immunoglobulin heavy and light chain genes
from single B cells have allowed analyses of the antibody
specificities. Such approaches have proved to be highly successful
in generating novel data on the fine specificity of human antibody
responses to a number of pathogens, most notably influenza and
Ebola viruses (9, 10).

The ability to conduct similar analyses of antibody responses
in cattle would represent a major advance, particularly with
respect to identification of antibody targets for use in vaccination.

Many pathogens induce antibody responses to multiple antigens,
only some of which play an important role in immune protection.
The capacity to screen the biological activities of monoclonal
antibodies induced in the target species, provides a direct means
of identifying antigens that are likely to be immunogenic. In some
diseases, immune responses are dominated by antibodies against
antigens that vary between pathogen strains, leading to strain-
specific immunity (e.g., foot and mouth disease virus). In such
cases, interrogation of the fine specificity of the response at the
clonal level, offers the means of identifying subdominant cross-
reactive antigenic specificities with potential for vaccination.

REAGENTS FOR STUDYING B CELL
RESPONSES IN CATTLE

The ability to apply these new technologies to studies of bovine
B cell responses has been constrained by a paucity of reagents
for studying B cell differentiation. Studies of human B cell
responses are able to utilize a suite of reagents developed against
surface markers, which enables relatively precise characterization
and placement of B cells within the differentiation cascade.
Identification of particular stages of differentiation frequently
relies on the use of combinations of several markers, and in some
instances consideration of their levels of expression.

Two distinct lineages of B cells, B-1 and B-2, have been
identified in humans and mice. In contrast to conventional B-2
cells, which cooperate with helper T cells and undergo Ig isotype
switching and affinity maturation within germinal centers, B-1 B
cells have minimal requirement for auxiliary signals and respond
rapidly by producing predominantly IgM (11, 12). The majority
of B-1 cells are CD5+ (referred to as the B-1a subset), with a
minor subset being CD5− (B-1b subset). In cattle, expression
of surface CD5 has been used as a marker for B-1a B cells,
which represent ∼20–25% of B cells in PBMC (13). CD5+ B
cells play a prominent role in bovine immune responses to a
number of pathogens, including Trypanosoma congolense (14),
foot and mouth disease virus (15) and Bovine Leukosis Virus
(16). In the case of T. congolense, the percentage of CD5+ B cells
in peripheral blood approximately doubles during the first 3–4
weeks of infection.

Of greater relevance to the present discussion are B-2 B cells,
which undergo a complex series of differentiation events during
generation of an antibody response. Interaction of mature-
naïve B cells with antigen via the B cell receptor (BCR), which
is associated with a complex of proteins (CD19, CD21 and
CD79) that are responsible for co-stimulation, promotes B cell
activation and differentiation (17, 18). Multiple changes in cell
surface phenotype occur once the B cells have been activated,
including increased levels of CD40, CD69, CD80 and CD86. Up-
regulation of CD40, coupled with antigen uptake by specific B
cells, enables them to interact with antigen-specific T cells in
the follicles of secondary lymphoid organs, leading to germinal
center formation and further B cell differentiation, including Ig
isotype switching and affinity maturation. The latter involves a
clonal selection process, in which antigen-specific B cells with
the highest affinity are selected for survival and clonal expansion.
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Finally, B cells either differentiate into long-lived memory cells
or develop to plasmablasts and antibody-secreting plasma cells.
Increased expression of surface CD27 is an important marker for
memory cells, although they show considerable heterogeneity in
phenotype and function (19, 20). Among the phenotypic changes
that occur during differentiation to plasma cells is increased
levels of expression of CD38, which is frequently exploited for
identifying antibody-secreting cells (21).

In contrast to human B cells, there is a distinct lack of antibody
reagents that enable discrimination between the different states
of differentiation of B-2 B cells in cattle. Apart from surface
immunoglobulin and CD21, there are no well-defined pan-
B cell markers in cattle. Although IgD is used as one of
the surface markers of naive human B cells, its existence in
cattle was only demonstrated in 2006 (22) and there is only
one report of expression of the protein on a minor subset of
bovine B cells (23). There are also no monoclonal antibody
reagents that can be used to identify plasmablasts and plasma
cells. Similarly, memory B cell markers are not well-developed
for cattle. Therefore, the ability to resolve and understand the
intricacies of the bovine B cell response is substantially hampered
at present, and requires investment to generate the tools required
to fill this gap; this is starting to be addressed by initiatives
such as the Veterinary Immunological Toolbox (https://www.
immunologicaltoolbox.co.uk/).

GENOMIC ORGANIZATION OF
IMMUNOGLOBULIN GENES IN THE COW
AND DIVERSITY GENERATION

It is now known that bovine B cells express five isotypes
of immunoglobulin: IgM, IgD, IgG, IgE and IgA, with the
IgG isotype differentiated into three sub-isotypes (IgG1, IgG2
and IgG3), and IgM into two sub-isotypes (24, 25). Until
relatively recently, annotation of the bovine heavy and light
chain genomic loci was incomplete. Of the genes that encode
the immunoglobulin antigen binding domains [heavy and light
chain variable (V), diversity (D) and joining (J) segments], which
are generated by VDJ recombination, cattle differ substantially
from humans and mice, in particular with respect to the
comparative paucity of variable gene content. Cattle have only
twelve genes encoding functional heavy chain variable gene
segments (IGHV—located on chromosome 21), and all belong
to one subgroup, IGHV1 (compared to seven diverse subgroups
in humans), with a number of pseudogenes also described in
both IGHV1 and two further subgroups, IGHV2 and IGHV3.
Only four of the twelve documented heavy chain joining gene
segments (IGHJ) and sixteen of the twenty-three diversity gene
segments (IGHD) found in cattle appear to be functional (25).
Additionally, compared with humans and mice, available data
suggest that cattle have a more restricted set of putatively
functional light chain genes (26). Most vertebrates express two
light chain isotypes: kappa (κ) and lambda (λ). However, the
bovine light chain repertoire is dominated by the expression
of λ genes [κ usage represents ∼5% of the expressed antibody
repertoire (27)], and predominantly by one subfamily, Vλ1.

Vλ genes are clustered close to the Jλ and Cλ cluster on
chromosome 17 (28) and Vκ genes on chromosome 11 (26).
In cattle, the limited data available suggest the light chain may
have a subsidiary role in antigen recognition, with most antigen
binding being driven by the heavy chain variable region. Recent
x-ray crystallography data on the structure of two bovine IgG
antibodies support this assertion by showing that the heavy
chain predominantly contributes to the antigen-combining site
(29, 30). When the light chains were exchanged between these
two antibodies, antigen recognition by one of the antibodies
(but not the other) was substantially reduced and structurally
this was associated with a subtle change in the orientation
of the associated heavy chain. An earlier study of a poly-
specific IgM long-CDR3 antibody had also demonstrated a
predominant role of the heavy chain in antigen recognition,
although interaction with some antigenic ligands was influenced
by the light chain (29).

The information on the genomic architecture of the bovine
immunoglobulin loci has been derived from work on European
Bos taurus breeds, with the most complete genome assembly
and associated resources deriving from a Hereford cow (31–
34). Immune gene loci tend to be highly repetitive by nature,
and therefore difficult to accurately assemble without the use of
resource-intensive sequencing technologies that enable accurate
construction across large stretches of multiple and similar
gene members—for example, long-read or chromatin-linking
sequencing approaches. While such genomic resources are being
developed for other breeds [e.g., Brahman Bos indicus (35)],
there are still too few genomes sequenced to a sufficient depth
across diverse cattle breeds and lineages to enable assessment of
the degree of immunoglobulin locus polymorphism, and how
that may impact upon antibody expression and function. This
is the focus of increasing effort (e.g., the Bovine Pan Genome
Consortium), and increasing the genomic resources across breeds
and lineages will be important in functionally linking genomic
diversity to phenotypic diversity with respect to the bovine
antibody response.

The limited repertoire of germline variable gene segments
in cattle has been proposed to be offset by the occurrence of
somatic hypermutation in rearranged B cells prior to exposure
to antigen, thus generating greater diversity and expanding the
B cell repertoire (36, 37). There is evidence from studies in
both sheep and cattle (36, 38) that the ileal Peyer’s patch is a
major site of this antigen-independent somatic mutation. This
organ, which differs histologically from conventional Peyer’s
patches, develops with the kinetics of a primary lymphoid
organ (i.e., similar to the thymus). In sheep, the ileal Peyer’s
patch undergoes significant development during the latter
half of gestation, with further enlargement in the first few
months of life, and gradual involution from about 3 months
onwards (39).

Bovine HCDR3 length on average is longer than in other
vertebrates such as humans or mice (bovine HCDR3 ranging
from <10 to at least 67 amino acids in length, in contrast
to 4–36 amino acids in humans) (2, 5, 22, 24, 40, 41). It
has been known for many years that a proportion (∼10%)
of bovine immunoglobulin transcripts contain unusually long
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HCDR3 domains up to and beyond 60 amino acids long (40,
42–45)—often termed “ultralong” HCDR3 domains. Resolution
of the structure of these antibodies identified an unusual and
relatively conserved stalk-knob protrusion, which comprised
the HCDR3 antigen-binding domain (2, 3, 5). Formation of
the stalk structure is facilitated by the presence of several
disulphide bonds. The ultralong antibodies described thus far
all utilize a single variable gene (IGHV1-7) and diversity gene
(IGHD8-2) donor (2, 41), and the few paired heavy and light
chain data available also suggest utilization of a limited number
of λ light chain V genes (46). Based on analyses of the
sequences of multiple long HCDR3 antibodies, a recent study
by Deiss et al. (41) has identified a number of key features of
the rearranged genes encoding these antibodies. Firstly, they
confirmed the almost exclusive use of the IGHV1-7 gene segment
and showed that this variable gene contains an internal 8-
nucleotide duplication (which contributes to formation of the
elongated stalk structure). They also found that, in contrast
to other IGHV gene rearrangements, the IGHV1-7 CDR1 and
CDR2 regions contain a low frequency of mutations, whereas
the CDR3 regions of the same genes show very high levels of
mutation compared to the germline sequence (41). This relative
conservation of CDR1 and CDR2 sequences is consistent with
evidence that these regions have little involvement in antigen
binding but rather play a structural role in the long HCDR3
antibodies, whereas the knob-like structure formed by the CDR3
region is the primary antigen-binding site. Direct evidence for
the latter was provided by the demonstration that removal of
the “knob” sequence ablated antigen binding by the modified
antibody (2). Deiss et al. also identified an unusually high degree
of deletion events in the HCDR3 domains of long antibodies
(predominantly in the IGHD8-2 segment), including deletions
that alter the reading frame, thus contributing to ediversity in
both the length and sequences of the CDR3 segments and hence
structural diversity of these antibodies (41). They hypothesized
that this may also be mediated by the enzymatic driver of somatic
hypermutation, activation induced cytosine deaminase (AID).
This mechanism has been proposed to be a means of generating
structural diversification through modification of the pattern of
disulfide bond formation (41). This is facilitated by an unusual
codon bias in HCDR3, which predicates mutation to cysteine
(particularly in the IGHD8-2 segment codons) during bovine
VDJ recombination, resulting in the generation of diversity in
structure due to the making and breaking of di-sulfide bonds
between paired/unpaired cysteines (2, 47). This diversification
mechanism has also been shown to operate in conventional
length bovine antibodies (47). Analyses of the sequences of re-
arranged bovine Ig genes has additionally indicated evidence of a
low frequency of gene conversion events in both light and heavy
chains that involves short nucleotide segments from light and
heavy chain pseudogenes (48, 49), potentially providing a further
means of generating sequence diversity–although current data
are limited and its importance has yet to be fully determined.
In summary, the long HCDR3 antibodies exemplify the bovine
host’s adaptations to generating antibody diversity from a limited
germline repertoire–the combination of codon bias and (possible
AID-mediated) targeted deletions resulting in changing of the

pattern of cysteine pairs, generating a remarkable ability to create
structural diversity in epitope-binding domains, despite being
restricted to the use of a single V and D segment.

While the function of these ultralong antibodies remains
unclear [interestingly the proportion of ultralong antibodies
is significantly higher in neonatal calves (50)], their unusual
structure quickly raised the hypothesis that such antibodies
could bind to antigen epitopes that were not accessible to
conventionally structured immunoglobulins. For example, sites
on bacterial pore proteins or proteins embedded within the
complex surface coat of parasitic pathogens, which are hidden
from conventional antibodies, may be potential targets. There
has also been significant interest in application of ultralong
antibodies to non-bovine pathogens and their exploitation for
development as potential therapeutics, in particular for human
pathogens such as HIV (46)—the potential for therapeutics of
relevance to veterinary pathogens is also clearly a possibility that
is currently underexploited. However, the exact roles that these
antibodies play during natural immune responses in cattle, or,
for example, whether they may be an important factor in the
efficacy of immune responses induced by vaccines, are unclear.
Additionally, all studies analyzing long HCDR3 antibodies
have examined European Bos taurus cattle—although the long
HCDR3 antibody expression levels been shown to be consistent
across several European B. taurus breeds, current data on, for
example, long HCDR3 antibody expression data in Bos indicus
or African B. taurus breeds, and any role they may play across
the very different infectious disease contexts that such breeds are
exposed to, are all currently unknown. These are all areas that
clearly merit further research.

IN VITRO CULTURE OF ACTIVATED
B CELLS

Although most studies of antibody responses at the single cell
level have focused on analyses of actively responding B cells
harvested ex vivo, in recent years there have been attempts
to analyse the antibody repertoire of memory B cells (51).
Since memory B cells are normally present at low frequencies,
this approach is dependent on use of culture systems to
activate and expand the memory B cells. This in turn requires
precise phenotyping reagents (52). A number of studies have
reported successful establishment of in vitro culture systems
that allow expansion of human memory B cell populations and
differentiation to immunoglobulin secretion (53). These studies
have used combinations of factors that stimulate activation,
proliferation, and differentiation, coupled with inhibition of
apoptosis, of B cells to maintain growth in vitro, albeit for a
limited period of time.

Systems for culturing B cells have attempted to mimic the
events that drive B cell development during antibody responses
in vivo. The stimulation of B cells by crosslinking of the BCR with
anti-IgM antibodies is well-established as a means of mimicking
antigen stimulation (54). Uptake and processing of antigen by
specific B cells enables them to present the antigen to T cells,
which provide co-stimulatory signals by interaction of CD40
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FIGURE 1 | Identification of bovine antigen-specific B cells in peripheral blood mononuclear cells (PBMCs) of an antigen-immunized calf by staining with

Phycoerythrin-labeled antigen tetramers: (A) PBMCs isolated from naïve and immunized calves were stained by two-color immunofluorescence with a monoclonal

antibody (IL-A58) specific for bovine immunoglobulin light chain (IgL) and antigen tetramer. Representative plots of stained cells from a naïve animal (B) and an

immunized animal (C) are presented, showing the presence of an IgL+ Tetramer-Ag+ population in the immunized animal. Approximately 1% of IgL+Tetramer-Ag+

B cells were detected in the immunized calve, compared to <0.2% in the unimmunized control.

on the activated B cells with CD40 ligand (CD40L) on the T
cells. This process can be mimicked in vitro by stimulation of B
cells with soluble CD40L (55, 56). Activation in vitro via CD40
promotes an increase of levels of IL-21 receptor on the B cell
surface (57). Among the cytokines that also contribute to B cell
activation, IL-21, induced by T cells upon interaction with B cells
is a key stimulus for B cell proliferation and differentiation (58).
One of the main surface ligands involved in B cell survival is
the BAFF receptor (BAFFR) that binds BAFF (B cell activating
factor of the TNF family). Other similar related receptors that
bind BAFF, are TACI and BCMA, which can also bind APRIL
(α proliferation-inducing ligand), and these play a key role in
preventing cell death and increasing plasma cell survival (59).

This knowledge has been applied to successfully culture
activated porcine B cells, taking advantage of the cross-reactivity
of the human reagents with porcine B cells (60). Addition of
IL-21 plus CD40L to purified pig B cells resulted in activation
and proliferation over a 4-day period, and inclusion of BAFF
and APRIL maintained the viability of the cells for 7 days.
Secretion of low levels of both IgM and IgG by these cultures
was detected on day 7 of culture indicating differentiation of
some of the activated B cells. The reagents used in this study also
cross-react with bovine B cells and we have been able to obtain
similar activation, proliferation and maintenance of bovine B
cells similar to that reported by Rahe and Murtaugh (60). The
development of phenotyping reagents that allow identification of
bovine memory B cells will enable these culture systems to be
used to amplify memory cell populations prior to clonal analyses
of their specificities.

ISOLATION OF ANTIGEN-SPECIFIC
B CELLS

The isolation of antigen-specific B cells is a critical step in the
ability to evaluate and analyze the bovine humoral immune

response, particularly responses to either specific pathogens or
vaccination. In addition, due to the unique properties of bovine
antibodies as described above, the isolation of antigen-specific
cells is a route to explore their potential relevance as novel
molecular tools for research or therapeutic use.

Populations of human B cells enriched for antibody-
producing cells have been isolated from blood by flow cytometry
using a combination of cell surface markers, including CD19,
CD20, CD38, and CD71 (61). In the absence of such markers
for cattle, the ability of antibody-producing cells to bind
fluorescently labeled tetramerised antigen offers an alternative.
This approach is challenging because of the low frequencies of
antigen-producing B cells in peripheral blood, and the short
time window during which these cells are present at sufficient
frequency for detection by flow cytometry. Moreover, antigen
tetramers do not detect all antibody-producing cells, as mature
plasma cells lose expression of surface Ig upon transition
from plasmablasts (62). We have employed established methods
(63) to produce streptavidin-labeled tetramers incorporating
a recombinant protein from the major cattle pathogen,
Trypanosoma congolense and used these tetramers to monitor the
blood of calves immunized with this antigen. These experiments
revealed the presence of a small population of surface Ig+

tetramer+ cells, detectable for several days after the third dose of
antigen administered in adjuvant (Figure 1). In Giemsa–stained
cytospin preparations the positive cells exhibited a plasmablast
morphology. Further studies are underway to isolate and analyse
the immunoglobulin genes expressed by these B cells.

IMMORTALISATION OF B CELLS BY
INFECTION WITH THEILERIA ANNULATA

One of the potential uses of isolated antigen-specific B cells is to
transform the cells to allow clonal expansion of the populations
and potentially examine antibody secretion. Some species of
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FIGURE 2 | Surface phenotype of five cloned B cell lines infected with Theileria parva, as described by Baldwin et al. (65). Briefly, surface Ig+ B cells (>98% purity)

were isolated by cell sorting from healthy resting peripheral blood mononuclear cells and infected in vitro by incubation with T. parva sporozoites, followed by cloning

at limiting dilution in 96-well round-bottom plates. The cells were phenotyped 8 weeks after infection by staining with monoclonal antibodies specific for bovine IgM

and IgG (Mab B5/4 and IL-A2, respectively) followed by fluorescein-labeled anti-mouse Ig. Significant levels of IgM or IgG expression were detected only on two of the

clones (clone 1–IgM; clone 6–IgG). The percentages of positive gated cells for each clone are (Clone 1: Control−1%, IgM−54%, IgG−6%. Clone 2: Control−3%,

IgM−6%, IgG−6%. Clone 3: Control−2%, IgM−3%, IgG−10%. Clone 5: Control−2, IgM−4%, IgG−4%. Clone 6: Control 5%, IgM−2%, IgG−47%). Controls were

incubated with secondary antibody only. All clones were negative for T cell markers (CD2, CD4, CD8)–data not shown.

Theileria parasites are able to infect and transform bovine
lymphocytes. Theileria are tick-borne apicomplexan protozoa
found in tropical and subtropical regions of the world. The
most important species in cattle are Theileria annulata and
Theileria parva (64). Both species infect leukocytes: T. parva
infects T and B lymphocytes, while T. annulata infects monocytes
and B cells (65, 66). A characteristic feature of infection with
both parasites is that they induce activation and proliferation
of the cells they infect (67), during which the parasites divide
synchronously with the host cells (68). This relationship, coupled
with inhibition of apoptosis of the host cells by the parasite
(69) results in clonal expansion of the cells initially infected
by the parasite. These properties enable the infected cells to be

maintained as continuously growing cell lines in vitro, and such
cell lines can be initiated by in vitro infection of leukocytes with
the tick-derived infective stage of the parasite, the sporozoite.
In previous studies, we examined the phenotype of purified
resting Ig+ B cells several weeks after infection in vitro with T.
parva. Most infected cells were found to gradually lose surface
expression of immunoglobulin, although analyses of cloned
populations revealed continued Ig expression, either IgM or
IgG, by some clones (70) (Figure 2). Similar gradual loss of
Ig expression has also been observed in B cells infected with
T. annulata. However, expression of Ig by B cells in the early
stages after infection by Theileria was not studied, nor was the
susceptibility of activated B cells to infection examined in these
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experiments. In recent studies, we have shown that purified
tetramer+ B cells are similarly susceptible to infection with T.
annulata. However, similar to previous findings with infected
resting B cells, following cloning and expansion of the cloned
populations over a 3–4 week period, only a subset of the clones
secreted antibody.

These preliminary finding suggest that this system could be
used to obtain cells secreting antibody with particular antigenic
specificities, but may not be suitable for direct large-scale clonal
analyses of antibody responses at the level of Ig secretion.
Nevertheless, the generation of cloned transformed B cells from
antigen-specific B cells could prove to be a valuable resource of
immortalized cells from which the rearranged Ig heavy and light
chain pairs can be retrieved for further analyses. However, further
studies are required to explore the full potential of this system.

IMMUNOGLOBULIN GENES EXPRESSED
BY SINGLE B CELLS

While advances have been made in our understanding of the
genomic repertoire of bovine immunoglobulin loci, we still
have only limited data on the usage of these gene families in
generating functional, effective antibody proteins. This partly
stems from the difficulty in deconvoluting data generated from
cell pools or populations into that relevant at the single cell
level—this is in most cases an insurmountable bioinformatic
challenge, whether short or long read sequencing approaches
are used. An obvious route to gaining data at this level is
to analyse gene expression of multiple single cells, rather
than averaging gene expression across RNA extracted from
populations. There are several factors required to do this—one
being an ability (within the context of a response to a particular
immunogen) to identify and isolate multiple single antigen
specific cells (current limitations and challenges around this
are outlined above). Despite this challenge, data on single cells,
yielding paired heavy and light chain sequences, are emerging
in bovine studies, although still only from small numbers
of cells.

The ability to analyse single cell data at scale from humans
has significantly advanced in recent years. Single cells can be
isolated by various routes [micro-dissection, flow cytometry,
microfluidics and droplet-based methods (71)], each of which
have their advantages and limitations. Droplet-based methods
in particular have led to a step change in terms of scale,
providing the ability to potentially analyse thousands of single
cells (72–74). The challenge of analyzing the VH and VL
sequences of B cells has been to some extent overcome in
human studies by isolating single cells within emulsion droplets,
in which the cells are lysed and mRNA captured by poly-
dT beads. From this substrate physically linked VH and VL
transcripts are generated through overlap-extension reverse-
transcription PCR (OE RT-PCR), effectively splicing the VH
and VL amplicons together, which can then be resolved into
paired VH and VL chain data (75). This has resulted in
novel insights in terms of VL and VH pairing and use,
and the identification of broadly virus neutralizing antibodies

(76). However, while providing a substantial improvement on
individual VH and VL PCRs from isolated cells, the OE RT-
PCR approach is still technically indirect, with the full-length
variable sequence inferred from assembly of several partial
sequences because of the limitations of sequencing technologies.
A recent development, termed sc-BCRseq, applied barcodes to
fragmented VH and VL sequences from single B cells within
droplets, importantly then providing confident downstream
assembly into full length paired VH and VL sequences (77).
This approach also can be employed in a high throughput
manner, and was successfully applied to 250,000 B cells and
enabled high resolution analysis of antibody lineages in response
to immunization (77). All of these approaches still have their
challenges, one particular issue with B cells (if an aim is
to analyse antibody response development through the B
cell lineage) being sensitivity bias—the increased Ig transcript
levels in plasmablasts meaning they are over-represented in
expression data.

While the advances in single cell technologies present exciting
future possibilities when applied to the bovine antibody response,
in the context of analyzing antibody responses to a specific
antigen, the initial step in identifying and isolating antigen-
specific B cells is still necessary. Thus, the generation of B cell
reagents that allow more precise analysis of single cells remains a
priority in order to fully realize our ability to analyse the antibody
response in cattle.

SUMMARY AND CONCLUSIONS

Our understanding of the bovine B cell and antibody response
has advanced significantly in recent years, with genomic and
experimental data resolving the unique manner in which the
cow generates immunoglobulin diversity from a restricted
germline VH repertoire. This has included the characterization
of ultralong HCDR3 domain antibodies and their structure,
and consequent interest in their potential application to novel
therapeutics. However, our ability to advance understanding
of many aspects of the antibody response is restricted by
a lack of reagents for bovine B cells, in particular those
that allow identification and characterization of B cells at
different stages of differentiation along the B cell lineage. Such
tools would enable more detailed analysis of the initiation,
progression and maturation of an effective antibody response,
as well as the ability to address specific questions such as the
role of HCDR3 antibodies during infection or in response to
vaccination. The ability to isolate antigen-specific B cells is also
key to facilitating analyses within the context of infection or
vaccination, and we have outlined potential routes to how this
could be achieved–the development of better reagents for bovine
plasma cells/plasmablasts would certainly significantly enhance
this capability. Finally, application of single cell sequencing
technologies has the potential to revolutionize the analysis of B
cell responses, enabling the isolation of paired heavy and light
chain data from hundreds of thousands of B cells. Therefore,
with investment in the development of key reagents combined
with single cell sequencing at scale, we are poised to enter
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an era that can transform our understanding of the bovine
antibody response.

AUTHOR CONTRIBUTIONS

RB, LM and WM wrote the manuscript.

FUNDING

Funding related to this article was provided by the Bill

and Melinda Gates Foundation (Awards OPP1108042 and

OPP1126862). The Roslin Institute is funded by the BBSRC

(BB/J004227/1 and BBS/E/D/20002173).

REFERENCES

1. Ingram JR, Schmidt FI, Ploegh HL. Exploiting nanobodies’

singular traits. Annu Rev Immunol. (2018) 36:695–715.

doi: 10.1146/annurev-immunol-042617-053327

2. Wang F, Ekiert DC, Ahmad I, Yu W, Zhang Y, Bazirgan O, et al. Reshaping

antibody diversity. Cell. (2013) 153:1379–93. doi: 10.1016/j.cell.2013.04.049

3. Stanfield RL, Wilson IA, Smider VV. Conservation and diversity in the

ultralong third heavy-chain complementarity-determining region of bovine

antibodies. Sci Immunol. (2016) 1:aaf7962. doi: 10.1126/sciimmunol.aaf7962

4. Vadnais ML, Smider VV. Bos taurus ultralong CDR H3 antibodies. Curr Opin

Struct Biol. (2016) 38:62–7. doi: 10.1016/j.sbi.2016.05.004

5. Dong JH, Finn JA, Larsen PA, Smith T, Crowe JE. Structural diversity of

ultralong CDRH3s in seven bovine antibody heavy chains. Front Immunol.

(2019) 10:558. doi: 10.3389/fimmu.2019.00558

6. Anderson DV, Tucker EM, Powell JR, Porter P. Bovine monoclonal

antibodies to the F5 (K99) pilus antigen of E. coli, produced by

murine/bovine hybridomas. Vet Immunol Immunopathol. (1987) 15:223–37.

doi: 10.1016/0165-2427(87)90085-7

7. Kennedy HE, Jones BV, Tucker EM, Ford N, Clarke SW, Furze J,

et al. Production and characterization of bovine monoclonal antibodies

to respiratory syncytial virus. J Gen Virol. (1988) 69 (Pt 12):3023–32.

doi: 10.1099/0022-1317-69-12-3023

8. Kemp SJ, Tucker EM, Teale AJ. A bovine monoclonal antibody

detecting a class I BoLA antigen. Anim Genet. (1990) 21:153–60.

doi: 10.1111/j.1365-2052.1990.tb03220.x

9. Chen YQ, Wohlbold TJ, Zheng NY, Huang M, Huang Y, Neu KE,

et al. Influenza infection in humans induces broadly cross-reactive and

protective neuraminidase-reactive antibodies. Cell. (2018) 173:417–29 e410.

doi: 10.1016/j.cell.2018.03.030

10. Saphire EO, Schendel SL, Fusco ML, Gangavarapu K, Gunn BM,

Wec AZ, et al. Systematic analysis of monoclonal antibodies

against ebola virus GP defines features that contribute to

protection. Cell. (2018) 174:938–52 e913. doi: 10.1016/j.cell.2018.

07.033

11. Baumgarth N. A Hard(y) Look at B-1 Cell Development and Function. J

Immunol. (2017) 199:3387–94. doi: 10.4049/jimmunol.1700943

12. Rodriguez-Zhurbenko N, Quach TD, Hopkins TJ, Rothstein T, Hernandez

AM. Human B-1 cells and B-1 cell antibodies change with advancing age.

Front Immunol. (2019) 10:483. doi: 10.3389/fimmu.2019.00483

13. Naessens J, Williams DJ. Characterization and measurement of CD5+ B cells

in normal and Trypanosoma congolense-infected cattle. Eur J Immunol. (1992)

22:1713–8. doi: 10.1002/eji.1830220708

14. Buza J, Sileghem M, Gwakisa P, Naessens J. CD5+ B lymphocytes are

the main source of antibodies reactive with non-parasite antigens in

Trypanosoma congolense-infected cattle. Immunology. (1997) 92:226–33.

doi: 10.1046/j.1365-2567.1997.00330.x

15. Juleff N, Windsor M, Lefevre EA, Gubbins S, Hamblin P, Reid E, et al.

Foot-and-mouth disease virus can induce a specific and rapid CD4+ T-cell-

independent neutralizing and isotype class-switched antibody response in

naive cattle. J Virol. (2009) 83:3626–36. doi: 10.1128/JVI.02613-08

16. Meirom R, Brenner J, Trainin Z. BLV-infected lymphocytes exhibit two

patterns of expression as determined by Ig and CD5 markers. Vet Immunol

Immunopathol. (1993) 36:179–86. doi: 10.1016/0165-2427(93)90106-E

17. Harwood NE, Batista FD. Antigen presentation to B cells. F1000 Biol Rep.

(2010) 2:87. doi: 10.3410/B2-87

18. HarwoodNE, Batista FD. Early events in B cell activation.Annu Rev Immunol.

(2010) 28:185–210. doi: 10.1146/annurev-immunol-030409-101216

19. Chong AS, Ansari MJ. Heterogeneity of memory B cells. Am J Transplant.

(2018) 18:779–84. doi: 10.1111/ajt.14669

20. Harms Pritchard G, Pepper M. Memory B cell heterogeneity,

remembrance of things past. J Leukoc Biol. (2018) 103:269–74.

doi: 10.1002/JLB.4MR0517-215R

21. Kaminski DA, Wei C, Qian Y, Rosenberg AF, Sanz I. Advances in

human B cell phenotypic profiling. Front Immunol. (2012) 3:302.

doi: 10.3389/fimmu.2012.00302

22. Zhao Y, Jackson SM, Aitken R. The bovine antibody repertoire. Dev Comp

Immunol. (2006) 30:175–86. doi: 10.1016/j.dci.2005.06.012

23. Xu B, Wang J, Zhang M, Wang P, Wei Z, Sun Y, et al. Expressional

analysis of immunoglobulin D in cattle (Bos taurus), a large domesticated

ungulate. PLoS ONE. (2012) 7:e44719. doi: 10.1371/journal.pone.

0044719

24. Ma L, Qin T, Chu D, Cheng X, Wang J, Wang X, et al. Internal duplications of

DH, JH, C region genes create an unusual IgH gene locus in cattle. J Immunol.

(2016) 196:4358–66. doi: 10.4049/jimmunol.1600158

25. Stanfield RL, Haakenson J, Deiss TC, Criscitiello MF, Wilson IA, Smider

VV. The unusual genetics and biochemistry of bovine immunoglobulins. Adv

Immunol. (2018) 137:135–64. doi: 10.1016/bs.ai.2017.12.004

26. Ekman A, Niku M, Liljavirta J, Iivanainen A. Bos taurus genome sequence

reveals the assortment of immunoglobulin and surrogate light chain genes

in domestic cattle. BMC Immunol. (2009) 10:22. doi: 10.1186/1471-217

2-10-22

27. Schwartz JC, Philp RL, Bickhart DM, Smith T, Hammond JA. The antibody

loci of the domestic goat (Capra hircus). Immunogenetics. (2018) 70:317–26.

doi: 10.1007/s00251-017-1033-3

28. Pasman Y, Saini SS, Smith E, Kaushik AK. Organization and genomic

complexity of bovine lambda-light chain gene locus. Vet Immunol

Immunopathol. (2010) 135:306–13. doi: 10.1016/j.vetimm.2009.12.012

29. Pasman Y, Kaushik AK. VH and VL domains of polyspecific IgM and

monospecific IgG antibodies contribute differentially to antigen recognition

and virus neutralization functions. Scand J Immunol. (2016) 84:28–38.

doi: 10.1111/sji.12443

30. Ren J, Nettleship JE, Harris G, Mwangi W, Rhaman N, Grant C, et al. The

role of the light chain in the structure and binding activity of two cattle

antibodies that neutralize bovine respiratory syncytial virus. Mol Immunol.

(2019) 112:123–30. doi: 10.1016/j.molimm.2019.04.026

31. Zimin AV, Delcher AL, Florea L, Kelley DR, Schatz MC, Puiu D, et al. A

whole-genome assembly of the domestic cow, Bos taurus.Genome Biol. (2009)

10:R42. doi: 10.1186/gb-2009-10-4-r42

32. Elsik CG, Unni DR, Diesh CM, Tayal A, Emery ML, Nguyen HN, et al.

Bovine genome database, new tools for gleaning function from the Bos taurus

genome. Nucleic Acids Res. (2016) 44:D834–9. doi: 10.1093/nar/gkv1077

33. Rosen BD, Bickhart DM, Schnabel RD, Koren S, Elsik CG, Tseng E, et al.

De novo assembly of the cattle reference genome with single-molecule

sequencing. Gigascience. (2020) 9:giaa021. doi: 10.1093/gigascience/giaa021

34. Shamimuzzaman M, Le Tourneau JJ, Unni DR, Diesh C, Triant DA, Walsh

AT, et al. Bovine genome database, new annotation tools for a new reference

genome. Nucleic Acids Res. (2020) 48:D676–81. doi: 10.1093/nar/gkz944

35. Koren S, Rhie A, Walenz BP, Dilthey AT, Bickhart DM, Kingan SB, et al.

De novo assembly of haplotype-resolved genomes with trio binning. Nat

Biotechnol. (2018) 36:1174–82. doi: 10.1038/nbt.4277

36. Liljavirta J, Ekman A, Knight JS, Pernthaner A, Iivanainen A, Niku M.

Activation-induced cytidine deaminase (AID) is strongly expressed in the fetal

bovine ileal Peyer’s patch and spleen and is associated with expansion of the

primary antibody repertoire in the absence of exogenous antigens. Mucosal

Immunol. (2013) 6:942–9. doi: 10.1038/mi.2012.132

Frontiers in Immunology | www.frontiersin.org 8 June 2020 | Volume 11 | Article 1175

https://doi.org/10.1146/annurev-immunol-042617-053327
https://doi.org/10.1016/j.cell.2013.04.049
https://doi.org/10.1126/sciimmunol.aaf7962
https://doi.org/10.1016/j.sbi.2016.05.004
https://doi.org/10.3389/fimmu.2019.00558
https://doi.org/10.1016/0165-2427(87)90085-7
https://doi.org/10.1099/0022-1317-69-12-3023
https://doi.org/10.1111/j.1365-2052.1990.tb03220.x
https://doi.org/10.1016/j.cell.2018.03.030
https://doi.org/10.1016/j.cell.2018.07.033
https://doi.org/10.4049/jimmunol.1700943
https://doi.org/10.3389/fimmu.2019.00483
https://doi.org/10.1002/eji.1830220708
https://doi.org/10.1046/j.1365-2567.1997.00330.x
https://doi.org/10.1128/JVI.02613-08
https://doi.org/10.1016/0165-2427(93)90106-E
https://doi.org/10.3410/B2-87
https://doi.org/10.1146/annurev-immunol-030409-101216
https://doi.org/10.1111/ajt.14669
https://doi.org/10.1002/JLB.4MR0517-215R
https://doi.org/10.3389/fimmu.2012.00302
https://doi.org/10.1016/j.dci.2005.06.012
https://doi.org/10.1371/journal.pone.0044719
https://doi.org/10.4049/jimmunol.1600158
https://doi.org/10.1016/bs.ai.2017.12.004
https://doi.org/10.1186/1471-2172-10-22
https://doi.org/10.1007/s00251-017-1033-3
https://doi.org/10.1016/j.vetimm.2009.12.012
https://doi.org/10.1111/sji.12443
https://doi.org/10.1016/j.molimm.2019.04.026
https://doi.org/10.1186/gb-2009-10-4-r42
https://doi.org/10.1093/nar/gkv1077
https://doi.org/10.1093/gigascience/giaa021
https://doi.org/10.1093/nar/gkz944
https://doi.org/10.1038/nbt.4277
https://doi.org/10.1038/mi.2012.132
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Barroso et al. Bovine B Cell Review

37. Liljavirta J, Niku M, Pessa-Morikawa T, Ekman A, Iivanainen A. Expansion of

the preimmune antibody repertoire by junctional diversity in Bos taurus. PLoS

ONE. (2014) 9:e99808. doi: 10.1371/journal.pone.0099808

38. Reynaud CA, Mackay CR, Muller RG, Weill J. Somatic generation of diversity

in a mammalian primary lymphoid organ, the sheep ileal Peyer’s patches. Cell.

(1991) 64:995–1005. doi: 10.1016/0092-8674(91)90323-Q

39. Reynolds JD, Morris B. The evolution and involution of Peyer’s

patches in fetal and postnatal sheep. Eur J Immunol. (1983) 13:627–35.

doi: 10.1002/eji.1830130805

40. Berens SJ, Wylie DE, Lopez OJ. Use of a single VH family and long CDR3s

in the variable region of cattle Ig heavy chains. Int Immunol. (1997) 9:189–99.

doi: 10.1093/intimm/9.1.189

41. Deiss TC, Vadnais M, Wang F, Chen PL, Torkamani A, Mwangi

W, et al. Immunogenetic factors driving formation of ultralong VH

CDR3 in Bos taurus antibodies. Cell Mol Immunol. (2019) 16:53–64.

doi: 10.1038/cmi.2017.117

42. Saini SS, Allore B, Jacobs RM, Kaushik A. Exceptionally long

CDR3H region with multiple cysteine residues in functional

bovine IgM antibodies. Eur J Immunol. (1999) 29:2420–6.

doi: 10.1002/SICI1521-414119990829:082420::AID-IMMU24203.0.CO;2-A

43. Saini SS, Farrugia W, Ramsland PA, Kaushik AK. Bovine IgM antibodies

with exceptionally long complementarity-determining region 3 of the heavy

chain share unique structural properties conferring restricted VH+ Vlambda

pairings. Int Immunol. (2003) 15:845–53. doi: 10.1093/intimm/dxg083

44. Koti M, Kataeva G, Kaushik AK. Organization of D-H-gene locus is distinct

in cattle. animal genomics for animal health. Dev Biol. (2008) 132:307–13.

doi: 10.1159/000317176

45. Koti M, Kataeva G, Kaushik AK. Novel atypical nucleotide insertions

specifically at V-H-D-H junction generate exceptionally long

CDR3H in cattle antibodies. Mol Immunol. (2010) 47:2119–28.

doi: 10.1016/j.molimm.2010.02.014

46. Sok D, Le KM, Vadnais M, Saye-Francisco KL, Jardine JG, Torres JL, et al.

Rapid elicitation of broadly neutralizing antibodies to HIV by immunization

in cows. Nature. (2017) 548:108–11. doi: 10.1038/nature23301

47. Haakenson JK, Deiss TC, Warner GF, Mwangi W, Criscitiello MF, et al. A

broad role for cysteines in bovine antibody diversity. Immunohorizons. (2019)

3:478–87. doi: 10.4049/immunohorizons.1900058

48. Parng CL, Hansal S, Goldsby RA, Osborne BA. Gene conversion contributes

to Ig light chain diversity in cattle. J Immunol. (1996) 157:5478–86.

49. Walther S, Tietze M, Czerny CP, Konig S, Diesterbeck U. Development

of a bioinformatics framework for the detection of gene conversion

and the analysis of combinatorial diversity in immunoglobulin

heavy chains in four cattle breeds. PLoS ONE. (2016) 11:e0164567.

doi: 10.1371/journal.pone.0164567

50. Pasman Y,Merico D, Kaushik AK. Preferential expression of IGHV and IGHD

encoding antibodies with exceptionally long CDR3H and a rapid global shift

in transcriptome characterizes development of bovine neonatal immunity.

Dev Comp Immunol. (2017) 67:495–507. doi: 10.1016/j.dci.2016.08.020

51. Waltari E, McGeever A, Friedland N, Kim PS, McCutcheon K.

Functional enrichment and analysis of antigen-specific memory B

cell antibody repertoires in PBMCs. Front Immunol. (2019) 10:1452.

doi: 10.3389/fimmu.2019.01452

52. Nutt SL, Hodgkin PD, Tarlinton DM, Corcoran L. The generation of

antibody-secreting plasma cells. Nat Rev Immunol. (2015) 15:160–71.

doi: 10.1038/nri3795

53. Muir L, McKay PF, Petrova VN, Klymenko O, Kratochvil S, Pinder CL,

et al. Optimisation of ex vivo memory B cell expansion/differentiation for

interrogation of rare peripheral memory B cell subset responses. Wellcome

Open Res. (2017) 2:97. doi: 10.12688/wellcomeopenres.11386.1

54. Wortis HH, Teutsch M, Higer M, Zheng J, Parker DC. B-cell activation by

crosslinking of surface IgM or ligation of CD40 involves alternative signal

pathways and results in different B-cell phenotypes. Proc Natl Acad Sci USA.

(1995) 92:3348–52. doi: 10.1073/pnas.92.8.3348

55. Bishop GA, Hostager BS. Signaling by CD40 and its mimics in B cell

activation. Immunol Res. (2001) 24:97–109. doi: 10.1385/IR:24:2:097

56. Tsui C, Maldonado P, Montaner B, Borroto A, Alarcon B, Bruckbauer A, et al.

Dynamic reorganisation of intermediate filaments coordinates early B-cell

activation. Life Sci Alliance. (2018) 1:e201800060. doi: 10.26508/lsa.201800060

57. Good KL, Bryant VL, Tangye SG. Kinetics of human B cell behavior and

amplification of proliferative responses following stimulation with IL-21. J

Immunol. (2006) 177:5236–47. doi: 10.4049/jimmunol.177.8.5236

58. Kuchen S, Robbins R, Sims GP, Sheng C, Phillips T, Lipsky PE, et al.

Essential role of IL-21 in B cell activation, expansion, plasma cell generation

during CD4+ T cell-B cell collaboration. J Immunol. (2007) 179:5886–96.

doi: 10.4049/jimmunol.179.9.5886

59. Smulski CR, Eibel H. BAFF and BAFF-Receptor in B Cell Selection

and Survival. Front Immunol. (2018) 9:2285. doi: 10.3389/fimmu.2018.

02285

60. Rahe MC, Murtaugh MP. Interleukin-21 drives proliferation and

differentiation of porcine memory B cells into antibody secreting cells.

PLoS ONE. (2017) 12:e0171171. doi: 10.1371/journal.pone.0171171

61. Ellebedy AH, Jackson KJ, Kissick HT, Nakaya H, Davis CW, Roskin KM, et al.

Defining antigen-specific plasmablast and memory B cell subsets in human

blood after viral infection or vaccination. Nat Immunol. (2016) 17:1226–34.

doi: 10.1038/ni.3533

62. Jourdan M, Caraux A, De Vos J, Fiol G, Larroque M, Cognot C, et al. An

in vitro model of differentiation of memory B cells into plasmablasts and

plasma cells including detailed phenotypic and molecular characterization.

Blood. (2009) 114:5173–81. doi: 10.1182/blood-2009-07-235960

63. Newman J, Rice JS, Wang C, Harris SL, Diamond B. Identification of an

antigen-specific B cell population. J Immunol Methods. (2003) 272:177–87.

doi: 10.1016/S0022-17590200499-4

64. Nene V, Morrison WI. Approaches to vaccination against Theileria

parva and Theileria annulata. Parasite Immunol. (2016) 38:724–34.

doi: 10.1111/pim.12388

65. Baldwin CL, Black SJ, Brown WC, Conrad P, Goddeeris BM, Kinuthia

SW, et al. Bovine T cells, B cells, null cells are transformed by

the protozoan parasite Theileria parva. Infect Immun. (1988) 56:462–7.

doi: 10.1128/IAI.56.2.462-467.1988

66. Spooner RL, Innes EA, Glass EJ, Brown C. Theileria annulata and Theileria

parva infect and transform different bovine mononuclear cells. Immunology.

(1989) 66:284–8.

67. Dobbelaere DA, Rottenberg S. Theileria-induced leukocyte transformation.

Curr Opin Microbiol. (2003) 6:377–82. doi: 10.1016/S1369-52740300085-7

68. von Schubert C, Xue G, Schmuckli-Maurer J, Woods KL, Nigg E, Dobbelaere

DA, et al. The transforming parasite Theileria co-opts host cell mitotic and

central spindles to persist in continuously dividing cells. PLoS Biol. (2010)

8:e1000499. doi: 10.1371/journal.pbio.1000499

69. Guergnon J, Dessauge F, Traincard F, Cayla X, Rebollo A, Bost P, et al. A PKA

survival pathway inhibited by DPT-PKI, a new specific cell permeable PKA

inhibitor, is induced by T. annulata in parasitized B-lymphocytes. Apoptosis.

(2006) 11:1263–73. doi: 10.1007/s10495-006-7702-6

70. Morrison WI, Goddeeris BM, Brown WC, Baldwin C, Teale AJ. Theileria

parva in cattle, characterization of infected lymphocytes and the immune

responses they provoke. Vet Immunol Immunopathol. (1989) 20:213–37.

doi: 10.1016/0165-24278990003-2

71. Nguyen A, Khoo WH, Moran I, Croucher PI, Phan TG, et al. Single cell RNA

sequencing of rare immune cell populations. Front Immunol. (2018) 9:1553.

doi: 10.3389/fimmu.2018.01553

72. Klein AM, Mazutis L, Akartuna I, Tallapragada N, Veres A, Li V, et al. Droplet

barcoding for single-cell transcriptomics applied to embryonic stem cells.Cell.

(2015) 161:1187–201. doi: 10.1016/j.cell.2015.04.044

73. Macosko EZ, Basu A, Satija R, Nemesh J, Shekhar K, GoldmanM, et al. Highly

parallel genome-wide expression profiling of individual cells using nanoliter

droplets. Cell. (2015) 161:1202–14. doi: 10.1016/j.cell.2015.05.002

74. Zheng GX, Terry JM, Belgrader P, Ryvkin P, Bent Z, Wilson R, et al. Massively

parallel digital transcriptional profiling of single cells. Nat Commun. (2017)

8:14049. doi: 10.1038/ncomms14049

75. McDaniel JR, DeKosky BJ, Tanno H, Ellington AD, Georgiou G. Ultra-high-

throughput sequencing of the immune receptor repertoire from millions of

lymphocytes. Nat Protoc. (2016) 11:429–42. doi: 10.1038/nprot.2016.024

76. DeKosky BJ, Kojima T, Rodin A, Charab W, Ippolito GC, Ellington AD, et al.

In-depth determination and analysis of the human paired heavy- and light-

chain antibody repertoire. Nat Med. (2015) 21:86–91. doi: 10.1038/nm.3743

77. Goldstein LD, Chen YJ, Wu J, Chaudhuri S, Hsiao Y,

Schneider K, et al. Massively parallel single-cell B-cell receptor

Frontiers in Immunology | www.frontiersin.org 9 June 2020 | Volume 11 | Article 1175

https://doi.org/10.1371/journal.pone.0099808
https://doi.org/10.1016/0092-8674(91)90323-Q
https://doi.org/10.1002/eji.1830130805
https://doi.org/10.1093/intimm/9.1.189
https://doi.org/10.1038/cmi.2017.117
https://doi.org/10.1002/SICI1521-414119990829:082420::AID-IMMU24203.0.CO;2-A
https://doi.org/10.1093/intimm/dxg083
https://doi.org/10.1159/000317176
https://doi.org/10.1016/j.molimm.2010.02.014
https://doi.org/10.1038/nature23301
https://doi.org/10.4049/immunohorizons.1900058
https://doi.org/10.1371/journal.pone.0164567
https://doi.org/10.1016/j.dci.2016.08.020
https://doi.org/10.3389/fimmu.2019.01452
https://doi.org/10.1038/nri3795
https://doi.org/10.12688/wellcomeopenres.11386.1
https://doi.org/10.1073/pnas.92.8.3348
https://doi.org/10.1385/IR:24:2:097
https://doi.org/10.26508/lsa.201800060
https://doi.org/10.4049/jimmunol.177.8.5236
https://doi.org/10.4049/jimmunol.179.9.5886
https://doi.org/10.3389/fimmu.2018.02285
https://doi.org/10.1371/journal.pone.0171171
https://doi.org/10.1038/ni.3533
https://doi.org/10.1182/blood-2009-07-235960
https://doi.org/10.1016/S0022-17590200499-4
https://doi.org/10.1111/pim.12388
https://doi.org/10.1128/IAI.56.2.462-467.1988
https://doi.org/10.1016/S1369-52740300085-7
https://doi.org/10.1371/journal.pbio.1000499
https://doi.org/10.1007/s10495-006-7702-6
https://doi.org/10.1016/0165-24278990003-2
https://doi.org/10.3389/fimmu.2018.01553
https://doi.org/10.1016/j.cell.2015.04.044
https://doi.org/10.1016/j.cell.2015.05.002
https://doi.org/10.1038/ncomms14049
https://doi.org/10.1038/nprot.2016.024
https://doi.org/10.1038/nm.3743
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Barroso et al. Bovine B Cell Review

sequencing enables rapid discovery of diverse antigen-reactive

antibodies. Commun Biol. (2019) 2:304. doi: 10.1038/s42003-019-

0551-y

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Barroso, Morrison and Morrison. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Immunology | www.frontiersin.org 10 June 2020 | Volume 11 | Article 1175

https://doi.org/10.1038/s42003-019-0551-y
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Molecular Dissection of the Antibody Response: Opportunities and Needs for Application in Cattle
	Introduction
	Advances in Clonal Analyses of Antibody Responses in Outbred Species
	Reagents for Studying B Cell Responses in Cattle
	Genomic Organization of Immunoglobulin Genes in the Cow and Diversity Generation
	In vitro Culture of Activated B Cells
	Isolation of Antigen-Specific B Cells
	Immortalisation of B Cells by Infection With Theileria annulata
	Immunoglobulin Genes Expressed by Single B Cells
	Summary and Conclusions
	Author Contributions
	Funding
	References


