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Cattle provide a suitable model for studying neonatal immunity since the fetus
develops without exposure to maternal immunoglobulins. In bovine neonate, a significant
shift in total transcriptome occurs within the first week of life. Pathway analysis showed
110 significantly differentially expressed immunity-related genes at birth (e.g.,
complement, defensins, cytokines). Development of bovine neonatal humoral immunity
revealed differentially expressed immunoglobulin genes over time encoding heavy and
light chain constant domains e.g. higher immunoglobulin kappa light chain gene
expression in calf as compared to adult. Furthermore it showed preferred expression of 3'
heavy chain variable gene IGHV1S1(BF4E9), and longest heavy chain diversity gene
IGHD2 at birth known to encode immunoglobulins with exceptionally long CDR3H
indicating their importance in the development of bovine humoral immunity.
Analysis of the contributions of VH and VL domains to antibody function revealed
fine differences with regard to antigen recognition and virus neutralization functions. The
variable-heavy domain alone of polyspecific IgM with an exceptionally long CDR3H
(FdVH1H12) is capable of recognizing multiple antigens, unlike variable-light domain
(FdVL1H12). By contrast, both variable heavy (FdVH073) and light (FdVL074) domains

of a monospecific IgG recognize antigen but it is enhanced by VH+VL pairing. Further,
both VH and VL domains (scFv3-18L) are required for virus (bovine herpes virus-1;
BoHV-1) neutralization. Thus, differences exists with regard to VH and VL domains of an
antibody in antigen recognition and virus neutralization functions.
A 32-kDa BoHV-1 gC envelope glycoprotein was identified to have a B-epitope
recognized by a bovine antibody fragment containing the variable domains of the heavy
and light chain connected with a flexible amino-acid Linker (scFv3-18L). A 156 aminoacid long gC fragment (antigen gC156) was grafted into the exceptionally long CDR3H
of bovine antibody fragment (scFv1H12) and expressed in Pichia pastoris. The gC156
was also expressed separately. The antigenized gC156scFv1H12 sustained gC156
conformation, similar to native gC, as it was recognized by anti-BoHV-1 scFv3-18L.
gC156scFv1H12 induced a higher antibody response as compared to gC156 in calves
upon immunization. Antigenization of bovine scFv with exceptionally long CDR3H
capable of sustaining conformational B-epitope and inducing desired immune response
provides a novel approach to developing vaccines.
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PREFACE
This thesis is organized into six chapters. The author performed the research work
involving this thesis unless otherwise stated.
Chapter one provides an introduction to the research topic and outlines the
objectives of the research related to bovine immmunogenetics. It includes the hypotheses
and the conclusions from the experiments performed to test the various hypotheses related
to the development of the neonatal antibody repertoire and engineering of recombinant
antibody fragments. The terms antibody and immunoglobulin are used interchangeably in
the thesis.
Chapter two reviews the literature on the characteristics of antibody structure,
function and the bovine immunoglobulin genetics in the context of the research
objectives. The new techniques used in the studies are briefly discussed as well as
problems associated with bovine herpesvirus-1, an important cattle pathogen.
Chapter three describes immunity related differentially expressed genes with a
focus on immunoglobulin genes important in the development of bovine humoral
immunity up to four weeks post-birth. The next generation sequencing necessary for these
studies was performed at the centre for applied genomics (TCAG), SickKids Hospital,
Toronto, Ontario, Canada (Dr. Sergio Perreira). The bio-informatics and the gene
enrichment analysis to identify genes involved in immune related pathways was also
performed at TCAG (Dr. Daniele Merico)
Chapter four outlines the experiments that define the contributions of the
individual heavy and light chain variable domains of a mono- and multi-specific antibody.
The basis for these recombinant antibody fragments originated from biological materials

xviii
developed previously in our laboratory by Dr. Surrinder Saini (BLV1H12, hybridoma)
and Dr. Madhuri Koti (scFv3-18L, antibody fragment).
Chapter five describes the identification of a bovine herpes virus-1 B-epitope and
the subsequent expression of this recombinant envelope protein fragment. The
antigenization of a bovine antibody fragment with the B-epitope was performed in our
laboratory. The recombinant proteins were tested for their ability to induce a specific
antibody response in bovine calves.
Chapter six summarizes the conclusions drawn from the research and provides
some directions for future research.
This research was supported by a Discovery Grant from the National Sciences and
Engineering Research Council of Canada (NSERC) to Dr Azad K. Kaushik. The Ontario
Ministry of Agriculture, Food and Rural Affairs (OMAFRA) supported the University of
Guelph Elora Dairy Research Station that facilitated the studies in bovine calves. Yfke
Pasman was funded by; (i) a doctoral research assistantship of the Dairy Farmers of
Ontario (2010-2014) and; (ii) a graduate stipend from Dr. Azad K. Kaushik's NSERC
grant (2010-2015).

Yfke Pasman

Chapter 1
Introduction
The vertebrate immune system evolved to protect the host against harmful agents
by sensing and responding to danger signals in order to restore and maintain homeostasis.
Such an ability to protect oneself is achieved via development of innate and adaptive
immunity with complex interactions among a variety of immune effector cells and
molecules that may circulate throughout the body. Although, vertebrate and invertebrate
species use distinct protective mechanisms, certain common characteristics exist, for
example, combining site diversities of immune recognition units observed in some
invertebrate lectins (Marchalonis & Schluter 1994; Vasta et al. 2004). In jawless
vertebrates, evidence for convergent evolution in the adaptive immune system is noted,
since structurally distinct antigen (Ag) receptors undergo receptor diversification and
differentiation similar to jawed vertebrates (Tonegawa 1983; Cooper & Alder 2006).
These

antigen

receptors

have

distinct

architecture

when

compared

to

the

immunoglobulin-based recombining antigen receptors of jawed vertebrates but are
functionally similar. Despite a large evolutionary distance of 500 million years,
fundamental operating principles of humoral and cellular immunity are conserved
between jawed and jawless vertebrates (Flajnik & Du Pasquier 2004). Nonetheless, basic
recombination mechanisms responsible for generating humoral, immunoglobulin (Ig), and
cellular, T cell antigen receptor (TCR) effector molecules that act as Ag receptor of B and
T cells, respectively, are unique to jawed vertebrates (Marchalonis et al. 2006). Such a
characteristic seems to be because of incorporation of recombinase activating gene (RAG)
transposons in the vertebrate ancestor genome (Agrawal et al. 1998) as RAG enzymes are
!
!

1!

essential to the recombination process.
Essentially, B and T lymphocytes, effectors of humoral and cell-mediated immunity,
expressing Ig and TCR respectively, are encoded by RAG-based recombination of
variable (V), diversity (D) and/or joining (J) and constant (C) region genes. The
recombination process generates diverse Ig and TCR immune repertoires capable of
responding to 108-1011 possible antigens present in the universe. Antibodies (Abs) are Igs
with a known antigen (Ag) recognition function but these are often used interchangeably.
The Ig molecules are heterodimers comprising two identical heavy and light chains (Fig.
2.1) that are connected via disulfide-bridges. The recombined Ig heavy chain variable
diversity and joining genes, IGHV, IGHD, and IGHJ, encode the variable-heavy domain
(VH) whereas the constant region that determines antibody class is encoded by a unique
IGHC gene. Two kind of light chains, kappa and lambda, are commonly expressed among
vertebrate antibodies. Recombined IGKV-IGKJ genes encode the variable region of kappa
light chain whereas the constant region is encoded by the kappa constant gene (IGKC).
Similarly, recombined IGLV-IGLJ genes encode the lambda light chain variable region
while the lambda constant gene (IGLC) encodes the constant region. The variable region
determines antibody affinity and specificity to an Ag, and the constant region of the
antibody heavy chain confers the biological effector functions. The antigen binding is
non-covalent and the relative role of heavy and light chain variable region in antigen
recognition varies (Xu & Davis 2000; Barrios et al. 2004; Burkovitz et al. 2013; SelaCulang et al. 2013). In fact, antigen interaction mostly occurs with the complementarity
determining regions of the heavy (CDR1H, CDR2H and CDR3H) and light (CDR1L,
CDR2L and CDR3L) chains of an antibody. The IGHV or IGLV/IGKV genes encode

!
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CDR1 and CDR2 with "hotspots" prone to mutations, relevant to the development of
specificity to an Ag. The CDR3H is the most diverse of all CDRs, since three genes
(IGHV, IGHD and IGHJ) encode it, and significant junctional flexibility is added. The
TCR genetics is similar and is discussed elsewhere (Aida et al. 2014). From a
comparative perspective, studies in tetrapods have revealed new antibody classes that
differ from those conventionally described for humans and rodents. The insectivorous
little brown bats (Myotis lucifugus) seem to depend essentially on combinatorial diversity
(Bratsch et al. 2011; Butler & Wertz 2014a) given considerable variable region gene
sequence divergence, rather than somatic hypermutations, unlike other species including
humans. Interestingly, marsupials rely on light chain complexity for generating a diverse
antibody repertoire rather than variable region diversity and heavy chain isotypes (Miller
& Hansen 2014). Monotremes share characteristics with reptile-like ancestors, as
evidenced by a novel heavy-chain class in platypus with characteristics common to both
IgG and IgY (Zhao et al. 2009). Little combinatorial antibody diversity can be generated
in rabbits due to a single predominant IGHV gene (Knight 1992; Knight & Winstead
1997). Hence, most antibody diversification and maintenance of peripheral B cell
populations occurs in gut-associated lymphoid tissue by intestinal microbiota induced
mutations and gene conversion (Severson & Knight 2014). In domestic swine, only a
single IGHJ gene exists and only a few genes encode most of the antibody repertoire
(Butler et al. 2009; Butler & Wertz 2014b). The ratio of light chains isotype expression
varies considerably across species (Sitnikova & Nei 1998; Das et al. 2012). Studies from
mice earlier suggested that kappa light chain rearrangement occurred before lambda light
chain during B lymphocyte ontogeny. This is in contrast to pigs where lambda light chain

!
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rearranges before kappa light chains (Sun et al. 2012a).
It is thus obvious that different strategies are used across phylogeny to generate an
immune antibody repertoire for an adequate host protection. Such species related
differences in the development of antibody-based humoral immunity are relevant to the
development of new Ab-based therapeutics, immunodiagnostics and vaccines.
The construction of the bovine immune system differs from other species with
some unique characteristics

(reviewed in (Pasman & Kaushik 2014)). The bovine fetus

develops without the influence of maternal Igs (Butler 1998) as syndesmochorial
placentation (Schultz et al. 1971) prevents Ig transfer, unlike humans (Pentsuk & van der
Laan 2009). Non-selective absorption of predominantly colostrum IgG, but also some
IgM and IgA occurs in the intestine of a newborn calf within 24 hours post-birth (Butler
& Kerli 2004; Cervenak & Kacskovics 2009). Thus, cattle provide a suitable model to
study the effects of maternal colostral Ig (Butler 1979; Van de Perre 2003; Manz et al.
2005) on the developing neonatal Ab repertoire, suggested to develop via idiotypic
interactions. Idiotype (id) is the variable-region epitope of an Ig that provides immune
repertoire connectivity via ‘id-anti-id’ interactions (Jerne 1984, 1993), called ‘idiotypic
networks’ (Madi et al. 2012). The idiotype network is suggested to shape
(Ab3>Ab2>Ab1) the developing neonatal Ab repertoire (Kearney & Vakil 1986b;
Kearney et al. 1992).
Some bovine Abs have exceptionally long CDR3H (>48 amino acids) (Saini et al.
1999; Saini & Kaushik 2002; Kaushik et al. 2009) that show restricted λ-light-chain
pairing (Saini et al. 2003a). Such an atypical CDR3H initially observed in IgM is now
noted across all bovine antibody isotypes (Larsen & Smith 2012; Walther et al. 2013).

!
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Bovine Ab diversification includes exceptionally long CDR3H generation and somatic
mutations (Kaushik et al. 2009; Koti et al. 2010b; Verma et al. 2010; Larsen & Smith
2012; Verma & Aitken 2012) during B cell ontogeny. The unique exceptionally long
CDR3H feature of cattle Abs has the potential for developing novel Ab-based
therapeutics (Dubel 2010) and vaccines given its size and unique configuration.
Subsequent to the development of hybridoma technology (Kohler & Milstein 1975), a
major advance has been the ability to construct Ab fragments with a desired function,
e.g., single chain variable fragment where VH and VL are artificially linked [scFv; (Huse
et al. 1989; Winter et al. 1994); reviewed in (Holliger & Hudson 2005; Dubel 2010;
Kontermann 2010)] and these can be expressed in phage (Huse et al. 1989; Winter et al.
1994), yeast (Cregg et al. 2009) or other expression systems (Larrick & Thomas 2001;
Houdebine 2002). Previously, we constructed neutralizing scFvs of bovine origin (Koti et
al. 2010a; Koti et al. 2011) to BoHV-1 (Tikoo et al. 1995), a cattle pathogen, and
increased its virus neutralization potency by multimerization (Pasman et al. 2012).
Further knowledge of bovine Ig ‘structure-function relationships’ is required for structural
optimization (Beck et al. 2010; Chan & Carter 2010; Kontermann 2011) of scFvs for a
desired function or manipulating antibody structure to develop novel vaccines.
Since the variable-region epitope of an Ig can be immunogenic (Billetta et al.
1991; Zanetti 1992; Zanetti et al. 1992; Billetta & Zanetti 1993), desired epitope(s)
grafted into the CDRs will antigenize an Ig, similar to an idiotope. The Ig frameworkregions provide the molecular environment for an epitope to be expressed in an
immunologically-accessible and conformationally-suitable way. The antigenized Ig or its
fragment will, upon immunization, elicit a desired immune response. Unlike the shorter
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CDR3H of mouse or human Ig, exceptionally long CDR3H of bovine Ig is better suited
for antigenization with relatively large conformational B-epitopes for inducing antibody
response. The properties of select B-epitopes, from for example bovine herpesvirus-1
(BoHV-1), grafted into the CDR3H of bovine scFv would confer! its! dominant!
immunogenicity.!
!

BoHV-1 infection, prevalent worldwide, causes infectious bovine rhino-tracheitis

(IBR) and abortions in cattle. In addition, BoHV-1 contributes to bovine respiratory
disease complex (BRDC), an economically significant disease costing over 3 billion
dollars annually to the beef and dairy industry in USA alone (Jones & Chowdhury 2007).
BoHV-1 infection establishes life-long latency with recurrent activation leading to
immunosuppression and shedding of the virus, hampering disease eradication efforts. In
Europe, a glycoprotein E (gE) deleted modified live virus (MLV) vaccine is mandatory to
enable differentiation between infected and vaccinated animals, while in North America a
regular BoHV-1 MLV vaccine is used (Chowdhury et al. 2014). Abortions and outbreaks
of IBR in feedlot cattle after vaccination with MLV BoHV-1 vaccines have been reported
(Ellis et al. 2005; O'Toole et al. 2012). Given the viral latency and the ineffective
protection of young calves (Windeyer et al. 2012), the currently available vaccines are not
effective and there is a need for safer and more effective vaccines for BoHV-1 prevention
and eradication.
The focus of this dissertation is: (i) to analyze the global transcriptome aimed at
understanding the natural development of neonatal antibody repertoire, pre- and postcolostrum up to four weeks post-birth (Chapter 3); (ii) to understand the relative role of
monospecific and polyspecific Ab heavy and light chain variable domains in Ab function
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(Chapter 4); and (iii) to antigenize bovine scFv with an exceptionally long CDR3H with
a viral conformational B-epitope with an objective to induce a specific immune response
(Chapter 5).
Various hypotheses tested to achieve these objectives are as follows:
1. Immunoglobulin diversification and expansion of neonatal antibody repertoire occurs
subsequent to colostrum feeding post-birth (Chapter 3).
2. Specific differentially expressed Ig gene sets are involved in the development of
neonatal humoral immunity (Chapter 3).
3. The variable heavy and variable light chain domains contribute differentially to various
Ab functions, such as antigen recognition and virus neutralization (Chapter 4).
4. The exceptionally long CDR3H of bovine Ig provides a suitable platform for sustaining
conformational B-epitope capable of inducing a specific immune response (Chapter 5).
The experiments outlined in this thesis have led to the following conclusions:
1.

The bovine neonatal global transcriptome, while distinct from the adult, shows a

significant transition within the first week post-birth, involving upregulation of 717 genes.
A stringent pathway analysis of neonatal transcriptome demonstrated 110 differentially
expressed genes at birth that include immune-related genes, such as, complement,
defensins, major histocompatability complex II, chemokines and cytokines. Thus, the
newborn calf is capable of protection via innate immunity. A higher expression of
cytokines (e.g. IL7, IL1B, IL12B), signaling molecules (LAX1, BLK, GATA3) and
transcription factors (ICOS, FOXP3) is noted that is relevant to B- and T-cell
development.
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2.

Development of neonatal humoral immunity is remarkable for a higher IGKC

expression in the neonates as compared to the adults. Further, members of IGKV2 family,
similar to adults, are preferentially expressed in the neonates. IGLC also predominates in
neonatal B-cells where two members of IGLV family, IGLV1.b.1 and IGLV1x.1, are
mostly expressed. Interestingly, a member of rarely expressed IGLV3 family, IGL3.4, is
preferentially expressed in neonatal B cells.
3. An acquisition of humoral immune responsiveness is marked by detectable IGHM
transcripts at birth that reach adult levels by day 7. This is followed by appearance of
IGHA by day 14 and IGHG by day 28. The neonatal B-cells preferentially express most 3'
IGHV1S1(BF4E9) gene together with the longest diversity IGHD2(DH2) gene that encode
Abs with exceptionally long CDR3H, relevant to the development of neonatal humoral
immunity.
4. Analysis of VH and VL domains to Ab function revealed fine differences with regard to
Ag recognition and virus neutralization functions. The FdVH1H12 originating from
polyspecific IgM with an exceptionally long CDR3H (Saini et al. 1999) is capable of
recognizing multiple Ags by itself, unlike its light chain counterpart (FdVL1H12). The
scFv1H12 with exceptionally long CDR3H recognized IgG (rheumatoid factor activity)
with low to moderate affinity and had a ‘slow on-rate’ probably because of the varying
Ag-binding site conformations in solution. Unlike polyspecific IgM, both FdVH073 and
FdVL074 originating from monospecific IgG recognize target Ag individually but the
antigen recognition is enhanced by VH+VL pairing. As for virus neutralization function,
both VH and VL domains are required since scFv-18L (Koti et al. 2011) neutralized
BoHV-1 but the individual FdVH073 and FdVL074 did not. These observations suggest
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functional differences in relative role of VH and VL domains in Ag recognition and virus
neutralization functions.
5. A 32 kDa gC envelope glycoprotein of BoHV-1 was identified to have B-epitope
recognized by anti-BoHV-1 scFv3-18L (Koti et al. 2011). A 156 amino-acid long gC
fragment (gC156) was grafted into the exceptionally long CDR3H of scFv1H12
(gC156scFv1H12) and expressed as recombinant protein. Separately, gC156 fragment
was also expressed as recombinant protein. The antigenized scFv sustained gC156 Ag
conformation similar to the native glycoprotein on BoHV-1 as it was recognized by antiBoHV-1 scFv3-18L. Analysis of antibody response, subsequent to immunization of
calves with free gC156 and antigenized gC156scFv1H12 recombinant proteins, showed
that antigenized scFv induced higher antibody response as compared to free gC156
protein. Thus, antigenization of scFv with exceptionally long CDR3H provides a new
approach to developing next generation of vaccines for humoral and cell mediated
protection.
Overall, the outlined experiments demonstrate that rapid Ig diversification and
expansion occurs in developing B-cells within the first week post-birth. The IGHM
transcripts also achieve adult levels by day 7. Based on transcriptome analysis, it is likely
that the humoral immune competence is acquired four weeks post-birth in bovine
neonates. In another set of experiments, analysis of functional contributions of VH and VL
domains of an Ab revealed subtle differences in Ag recognition and virus neutralization
functions. Further, antigenization of bovine scFv with an exceptionally long CDR3H with
a conformational B-epitope of BoHV-1 envelope, demonstrated retention of native Bepitope conformation that induced a specific immune response upon immunization.
!
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Advances in knowledge of the development of neonatal immunity in bovine
calves provide reference transcriptome values to assess neonatal immunocompetence and
offers opportunities for developing strategies to strengthen neonatal immunity for disease
prevention. Secondly, the structural and functional knowledge of VH and VL domains in
Ag recognition and virus neutralization functions offers opportunities for improved
designing of Ab based therapeutics. Finally, antigenization of bovine scFv with
exceptionally long CDR3H with desired B and T epitopes provides a novel approach to
developing next generation of vaccines.
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Chapter 2
Literature review
2.1

The vertebrate immune system
The immune system has evolved to sense danger signals, to protect vertebrates

against invading foreign or harmful substances and to preserve homeostasis. The key
elements involved in the development of immunity are the recognition of potentially
harmful self- and non-self substances called antigens (Ags) and the activation of a
protective response to clear the Ag and maintain homeostasis. The immune response is
often categorized into innate or non-specific and adaptive or specific to a target Ag.
The innate immune system is intrinsic and heritable and includes epithelial
barriers, phagocytic leukocytes, dendritic cells, natural killer cells and a variety of
antimicrobial proteins. The innate immunity is the first line of host defense but also helps
to modulate the adaptive immune response. Recognition of epitopes on an Ag by
accessory cells occurs via a variety of pattern recognition receptors (PRRs) against
common conserved epitopes on Ag, called danger associated molecular patterns
(DAMPs) and pathogen associated molecular patterns (PAMPs). A rapid detection and a
readily available response is initiated upon binding of PRR on an effector cell to eliminate
the invader and prevent infection or damage. For example, innate accessory cells like
macrophages and neutrophils phagocytose Ags, secrete cytokines and chemokines to
initiate inflammation, attract other cells to the affected area, and modulate the adaptive
immune response.
The most important characteristics of the adaptive immune system are specificity,
diversity and memory, effected by humoral and cell-mediated immune responses by B
!
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and T lymphocytes, respectively. Recognition of Ags by B-cell receptors (BCRs) also
named immunoglobulins (Igs), and T cell antigen receptors (TCRs) triggers the adaptive
immune response. Igs and TCRs are encoded by recombined variable (V), diversity (D),
joining (J), and constant (C) genes where conserved recombination-activating gene
encoded recombinases, RAG1 and RAG2, are involved in the rearrangement process. The
complete immune repertoire is comprised of T and B cells potentially expressing TCR
and Ig diversity and is capable of recognizing up to 108-1011 potentially harmful Ags. In
jawed vertebrates, T cells develop in the thymus where a TCR-repertoire is generated that
mediates cellular immunity through MHC-restricted Ag recognition. Activation of T cells
can lead to death of infected cells by cytotoxic T-lymphocytes (CTL). Further, innate and
adaptive immune responses are modulated by cytokines secreted by a variety of T-helper
and regulatory T-cells.
The research outlined in this thesis is focused on bovine antibody-mediated
immunity and therefore literature will be reviewed that emphasizes the bovine immune
system development as well as the structural and functional aspects of bovine antibodies.
Basic elements of Ig, like the constant and framework regions (FR) are essentially
conserved across species. However, the development of B lymphocytes and the
generation of Ig-diversity varies across species. Although antibody (Ab) and Ig are often
used interchangeably, the term Ab is usually reserved for an Ig with a known specificity
for an Ag. Across species, Ig share basic structural features essential to Ag recognition
and effector functions to facilitate Ag clearance. The Ig heavy chain constant region
genes (IGHC), encoding five classes or isotypes of Ig (Fig.1) (IgA, IgD, IgE, IgG and
IgM), are found in many species, including cattle. The designation IGHD as per
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immunogenetics (IMGT) nomenclature (Lefranc et al. 2003) must be considered in the
right context as it might refer to a heavy chain constant region (Cδ) or a diversity (D)
mini-gene involved in encoding the variable region of a heavy chain. Although Ig
structure is conserved across species, differences exist in germline sequence divergence
with respect to the variable (IGHV), diversity (IGHD) and joining (IGHJ) genes encoding
the heavy chain variable domain, and IGLV and IGLJ or IGKV and IGKJ encoding the
lambda or kappa light chain variable domain, respectively. This has led to a variety of
antibody diversification strategies, crucial for the development of an effective Ab
repertoire. Some species, for example bats (Bratsch et al. 2011), have a significant
number of gene families that generate most of the Ig-repertoire diversity mainly by the
rearrangement process. Other species, including most ruminants, have a limited germline
diversity where the combinatorial diversity is expanded by other mechanisms, such as
junctional flexibility and somatic hypermutation (SHM). All jawed vertebrates make Agspecific Abs, but affinity maturation in the germinal centers after exposure to Ag is only
seen in warm-blooded vertebrates (Flajnik 2002). In most species, the gut and mucosa
associated lymphoid tissues play an important role in the development of the Ab
repertoire (Du Pasquier 2005).
Igs exert humoral immunity via neutralization, opsonization, complement
activation, mast cell degranulation, and antibody dependent cellular cytotoxicity (ADCC)
resulting in Ag clearance. The functional activity and tissue distribution of Abs are a
function of the specific Ig isotype. Only neutralization can be accomplished by the
antigen-binding site without the constant region of an Ab involved in biological effector
functions. The structural and functional correlates of an Ig are important to confer the
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desired function by developing Ab engineering strategies. Expression of recombinant Abs
and Ab fragments can be accomplished by a variety of microbial or mammalian
expression systems. Ab fragments containing the Ag-binding site alone, like a single
chain fragment variable (scFv) or single domain Abs (fragment domain variable of heavy
or light chain), FdVH or FdVL are mostly utilized in the development of recombinant Ab
fragments for in vitro diagnostics, targeted delivery of small molecules for in vivo
diagnostics or therapeutics, and for virus and toxin neutralization. The bovine Ig
characteristics are also reviewed in the context of Ab engineering for development of
diagnostics and therapeutics against bovine herpes virus type 1 (BoHV-1).
2.2

Immunoglobulin structure and function
Immunoglobulins are heterodimers of two identical heavy and two identical light

chains.

Both the heavy and light chains contain functionally distinct variable and

constant domains (Fig. 2.1). Historically, the Ig-constant domains were considered to be
responsible for the isotype and associated effector function, but recent studies have shown
evidence for their role in Ag binding (Sela-Culang et al. 2013). The variable domains
contain the Ag-binding site, also termed paratope, where complementarity determining
regions (CDRs), that interact directly with an Ag, are located. Antibodies with the same
variable but different constant regions can have a different affinity or epitope specificity
for the same Ag (Cooper et al. 1993; Brumeanu et al. 1996a). Allosteric influences of the
constant region can influence the epitope binding; one study demonstrated that two antiHIV-IgG1 and IgA2 Abs with identical antigen binding sites recognized only partially
overlapping epitopes (Tudor et al. 2012). Understanding the dynamics operating at the
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Figure!2.1!! Schematic!representation!of!a!conventional!IgG!antibody!!
VL,! variable! region! light! chain;! VH,! variable! region! heavy! chain;! CDR,!
complementarity! determining! region;! CDRH,! complementarity!
determining! region! heavy! chain;! FR,! frame! work! region;! C,! constant!
region!gene;!Fab,!antigen!binding!fragment;!Fv,!variable!fragment;!Fc,!
crystallizable!fragment;!*carbohydrate!moiety.!
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Ab-Ag interface involved in Ag recognition with high affinity and specificity are crucial
to understanding Ab function and immunity. While the antigenic determinants or epitopes
for T cells (T cell epitopes) are well studied and readily predicted, Ab-Ag interactions are
not well characterized and B cell epitopes are more difficult to predict.
2.2.1

Immunoglobulin light chain constant region
The constant region of the light chains has no known biological effector function

other than to make a covalent association with the heavy chain in order to form a stable
antigen recognition site in the variable region. The jawed vertebrates, except for the avian
species who have a single lambda light chain locus, express two light chain isotypes,
kappa (κ) and lambda (λ). Other light chain isotypes are: sigma (σ), expressed in
amphibians, teleost and cartilaginous fish, and σ-cart expressed only in cartilaginous fish
(Flajnik et al. 2011). Relative levels of each isotype vary across species; in cattle the
lambda light chain is mainly expressed (>90%, (Arun et al. 1996)) whereas in mice the
kappa light chains predominate (>95%). Some species like camel and shark can produce
some antibodies devoid of light chains (Hamers-Casterman et al. 1993; Greenberg et al.
1995). Although Abs with κ or λ light chains seem to be equally efficient in providing
protection in the form of an adequate Ab repertoire, the conservation of their specific
markers throughout evolution (over 350 million years) suggests an important role for each
isotype (Das et al. 2008a). That functional differences between the two isotypes exist is
demonstrated by the ability of κ-Abs but not λ-Abs, to interact with the bacterial surface
protein L (Nilson et al. 1992).
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2.2.2

Immunoglobulin heavy chain constant region
The heavy chain constant region interacts with other soluble and cell membrane

receptors to invoke biological effector functions. Differences in functional activity and
tissue distribution vary according to the Ab isotype. Within the five different isotypes,
IgA, IgD, IgE, IgG and IgM there may be subclasses that vary across species and reflect
subtle differences in composition and function. IgM is the first Ab generated in the
primary humoral immune response and is a potent activator of the complement cascade.
IgM molecules form penta- and/or hexamers in serum, where these molecules are linked
via disulfide bridges and polymerized by a J-chain. Even though IgM Abs are usually of
low to moderate affinity, this is compensated for by the increased avidity due to increased
valency. The polymeric IgM structure is suitable for recognizing repetitive epitopes on an
Ag, such as bacterial lipopolysaccharides. Similar to IgM, IgD is considered a primordial
Ig (Ohta & Flajnik 2006) that arose from an IgM duplication event >20 million years ago,
before the speciation of cattle (Zhao et al. 2002). Recently, it was shown that IgD is
expressed in cattle (Xu et al. 2012). In humans, it has been suggested that IgD functions
as an immunomodulator; however, its functions are still far from clear (Sun et al. 2011).
Upon Ag stimulation B-cells will mature and move to the lymphoid organs where they
start differentiating and proliferating. At the end of the primary response, affinity
maturation and class switching leads to the expression of IgA, IgE and IgG.
The secondary immune response is more rapid, of higher magnitude and includes
specific, high affinity class-switched Abs, mostly IgG. IgG is present as a monomer and is
the most dominant Ab present in extracellular fluids (Fig 2.1). IgG can mobilize potent
mechanisms for rapid and effective elimination of infectious agents through binding of
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Fcγ-receptors on effector cells of the innate immune system and also by activating the
complement cascade (Paul 2008). In cattle there are three subclasses of IgG: IgG1, IgG2
and IgG3. In general, all IgG subclasses can neutralize Ag but differ in their effector
activation function such as opsonization (IgG1>IgG3), complement activation
(IgG3>IgG1>IgG2) and sensitization for natural killer (NK) cells (Paul 2008). IgG has a
high affinity for neonatal Fc receptors (FcRn). The FcRn receptor can transport IgG
across the placental and epithelial barriers but its tissue distribution differs across species
(Kacskovics 2004). In ruminants such as cattle, there is no transfer of Ig across the
placenta. Another important role of FcRn is in its contribution to the long half-life of
serum IgG, 16 days in cattle (Matsushita et al. 2014). FcRn recycles IgG by preventing
proteolytic degradation after binding and uptake in effector cells (Cervenak & Kacskovics
2009). The half-life of IgG1 and the transfer of humoral immunity from mother to
offspring based on the FcRn distribution shows highly species-specific differences.
However, the mechanisms of protection of IgG degradation by FcRn are similar across
species (Kacskovics et al. 2006; Cervenak & Kacskovics 2009). The characteristic high
affinity, biological effector functions and the long half-life in vivo, make IgG the
preferred format for therapeutic Ab engineering (Liu et al. 2008).
IgA is the most expressed immunoglobulin isotype in mammals as it predominates
in external secretions such as mucus and tears. In serum, IgA primarily exists as a
monomer while in mucosal secretions IgA is found in polymeric forms, usually dimers
but trimers and tetramers also occur. All IgA polymers contain a J-chain polypeptide
essential for binding to the poly-Ig (pIg) receptor for transport through mucous
membrane, epithelial cells. A piece of the pIg receptor stays attached as a secretory
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component to IgA forming secretory IgA (sIgA). The secretory component protects IgA
against proteolytic degradation, and is involved in establishing local interaction with
bronchial mucus (Mkaddem et al. 2014). IgM can also be transported across mucosal
surfaces by a similar mechanism (Natvig et al. 1997). The sIgA prevents the attachment
of potential pathogens to mucosal surfaces and easily forms complexes because of its
polymeric nature, trapping Ag in mucosal layers for elimination. The sIgA alone and
when complexed with an Ag can be transported from the intestine by Peyer's patch M
cells to sub-epithelial dendritic cells, and therefore it has been suggested sIgA has an
important function in mucosal immune surveillance (Baumann et al. 2010).
IgE is present in small amounts and seems to have the same role across species
where it is involved in antibody-dependent cellular cytotoxicity and anti-parasitic defense
by inducing degranulation of basophils and mast cells. The IgE mediates hypersensitivity
reactions and is mostly known for its role in allergic reactions.
2.2.3

Immunoglobulin variable region and antigen recognition
The variable regions of an Ig molecule comprise the Ag binding site, which is

composed of six hypervariable loops or complementarity determining regions (CDRs)
that protrude into the solvent from conserved β-sheets that characterize four framework
regions (FRs) (Fig. 2.1). On the interface of the variable domains of heavy and light
chain, CDRs of either or both, non-covalently bind to a specific epitope on an Ag. The
binding surface of an Ig variable domain is called the paratope. Identification of the CDRs
is a first step in determining the paratope, and over the years several systems to identify
the exact boundaries of the CDRs have been used (Chothia & Lesk 1987; Kabat & Wu
1991; Al-Lazikani et al. 1997; Zhao & Lu 2010; Kunik et al. 2012). Depending on the
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nomenclature system, slight variations exist with regard to CDR identification. While
only a few residues within these CDRs make actual contact with the epitope (Sela-Culang
et al. 2013), framework (FR) residues may also make contact or influence the Ag-binding
site indirectly (Foote & Winter 1992; Sedrak et al. 2003). In this thesis, the IMGTnumbering system for defining CDR-regions will be used (Lefranc et al. 2003). Often, the
CDR3 of the heavy chain (CDR3H) forms the center of the Ag binding site and is critical
for Ag recognition (Kabat & Wu 1991). Most of the Ab repertoire is generated by the
diversity in sequence and length of CDR3H through a variety of mechanisms, and
therefore CDR3H is often considered the most important CDR (Al-Lazikani et al. 1997;
Barrios et al. 2004). However, there are cases in which other CDRs bind dominantly or
where binding depends on specific interactions of different CDRs (Burkovitz et al. 2013).
Important characteristics of CDR3H are its composition and size variation. Cattle CDR3H
can range in size from 5-67 amino acid residues and has unique structural properties
(Saini et al. 1999; Wang et al. 2013). Thus far, such exceptionally long CDR3H (>48
amino acids) have not been discovered in species other than cattle.
An Ag is of self- or foreign origin, containing epitope(s) that bind specifically to
Ig, and/or to TCR when complexed with MHC class I or II molecules. Ags are not
necessarily immunogenic. Immunogenicity of an Ag is determined by its foreignness,
molecular size, composition, complexity and ability to be processed and presented by
MHC. Abs can bind soluble Ag and can be generated against proteins, lipids,
polysaccharides and synthetic substances. Abs predominantly recognize epitopes on
protein structures and these can be linear but are thought to be mostly conformational and
non-sequential (Sela-Culang et al. 2013). In general, the immune system is able to

!
!

20!

distinguish between self- and non-self molecules, but the presence of natural
autoantibodies against conserved natural self-Ags is known.
To date, available computational modeling methods are not able to predict B-cell
epitopes accurately (Ponomarenko & Bourne 2007). One of the difficulties is that,
depending on the circumstances, most of an Ag-surface can become part of an epitope
(Kunik & Ofran 2013), and this is not distinguishable by its amino acid composition.
Recent analysis of epitopes recognized by Abs describes them as flat, oblong-shaped
surfaces of approximately 15 residues. The center of a B cell epitope contains mainly
hydrophobic amino acids flanked by charged residues (Kringelum et al. 2013).
Identification of B cell epitopes can assist in designing molecules that mimic or constitute
potentially protective epitopes for therapeutic or prophylactic purposes. The variable
region of an Ig is, paradoxically, antigenic and such variable region epitopes are called
idiotypes.
2.2.4

Immunoglobulin idiotype
The idiotype of an Ab is defined by a single antigenic determinant in the variable

domain generated by the conserved (public) or unique (private) amino acid sequence
specific to each Ab. The presence of anti-idiotypic Abs is well studied especially in the
context of deregulation as seen in autoimmune diseases (Larsson et al. 2013). The
idiotype is also implicated in the maintenance of memory B and T cells (Vani et al. 2007;
Vani et al. 2009). Anti-id Abs were first developed to prove the singularity of membrane
bound Ig (Kuby 2007). The generation of anti-id Abs as a result of monoclonal Ab
therapeutics has reduced the clinical effectiveness of mAb therapy in some cases (Imaeda
et al. 2014). Regulatory networks consisting of idiotypic (id) and anti-idiotypic (anti-id)
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Abs, that extend to T cells as well, is a recurring theme relevant to sustaining
immunological diversity and memory (Jerne 1974b; Cohen & Young 1991; Cohen 2007).
Some anti-id therapeutic Abs have been developed (Colja Venturini et al. 2009), and antiId Abs are also responsible for the success of intravenous Ig (IVIG) therapy in some
immunodeficiency and autoimmune diseases (Bayry et al. 2011; Kaveri et al. 2011). In
short, IVIG immunomodulatory functions include: 1) interfering with the expression and
function of Fc receptors, 2) interfering with complement activation and cytokine
expression, 3) influencing the idiotypic network, 4) inducing proliferation of cells of the
innate and adaptive immune system, and 5) delivering NAbs that restore homeostasis as
seen in healthy individuals (Quinti et al. 2013). NAbs are physiological Abs that can
protect directly against pathogen, apart from their immunomodulatory function (Kaveri et
al. 2011). NAbs are also considered to be part of the innate immune system as a high
proportion of them bind to PAMPs (Kohler et al. 2003). It is suggested that early events
in the development of immune response depend on polyspecific Ag recognition
(Avrameas et al. 1981; Dimitrov et al. 2012). NAbs are mostly of the IgM isotype, but are
described in other antibody classes (Boes 2000). The role of NAbs and anti-Id Abs in the
regulation of the immune response is essential to tolerance and immune homeostasis
(Kieber-Emmons et al. 2012).
2.3.

Bovine immunoglobulin genetics
In 2009, two versions of the bovine genome were assembled and published

(version BTAU 4.6 (Tellam et al. 2009) and reference assembly UMD3.1 (Zimin et al.
2009)). These map approximately 91% of the genome on 30 chromosomes, and has made
it possible to partially map immunoglobulin heavy and light chain genes in the genome.
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However, the coverage of the Ig-gene loci is not complete and inaccuracies exist
especially the heavy chain locus (Niku et al. 2012; Pasman et al. 2013; Pasman &
Kaushik 2014) and for these reasons most Ig genes are not yet annotated in the complete
assembly. Similar to other ruminants, but distinct from other species like human or
mouse, the bovine Ig-genome is characterized by a relatively limited germline diversity
for both heavy and light chain variable regions (Fig. 2.2, 2.3, 2.4 and Table 2.1).
2.3.1 Immunoglobulin light chain genes
Bovine antibodies mainly contain λ-light chains (>90%) (Arun et al. 1996).
Relatively little is known about the expression and role of κ-light chains in cattle.
2.3.1.1 Immunoglobulin kappa genes (IGK)
Using the completed bovine Hereford genome assembly, Ekman et al. (Ekman et
al. 2009) partially characterized the κ-light chain locus and annotated 24 IGKV-segments,
three IGKJ genes and one IGKC gene. Within the current reference assembly UMD 3.1
(Zimin et al. 2009), a complete map of the bovine κ-light chain locus was constructed
indicating the genomic complexity, organization and expression of the IGKV, IGKJ, and
IGKC-genes (Fig. 2.2). Located on chromosome 11, the κ locus comprises 17 IGKV
genes including 7 pseudogenes (ψ). A total of four IGKV -gene families are identified
(>80% identity (Pasman & Kaushik 2014)). The preferentially expressed IGKV2 gene
family (IGKV3ψ, IGKV8, IGKV10, IGKV12 and IGKV14) is most related to those found
in sheep IGKVII family (91% sequence similarity) (Pasman & Kaushik 2014). As in
humans and mice, the IGKV genes from different families are interspersed and not
clustered together (Sitnikova & Nei 1998). The IGKV CDR1L size varies but is restricted
to 6, 10 or 11 codons. In humans this varies from 6-12 codons and in mice, 5-12 codons
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(Ekman et al. 2009). CDR2L is restricted to 3 codons, which is consistent across humans,
mice and sheep. The complete V-gene cluster is spread over 150kbp, approximately 20
kbp upstream of the IGKJ cluster. Three IGKJ genes are clustered together within 800 bp
followed by a single IGKC segment. Though all IGKJ genes are functional, IGKJ1 is
preferentially expressed (Pasman & Kaushik 2014). The recombination signal sequence
(RSS) of IGKJ2 has only 22 nucleotides instead of the classic 23 nucleotide spacer which
might influence its expression (Stein et al. 2012). The kappa variable domain encoded by
the IGKJ3-gene has a distinct "EIN" (Glutamate-Isoleucine-Asparagine) structure instead
of the conserved "EIK" (Glutamate-Isoleucine-Lysine) at position 10-12 (Das et al.
2008a) that might have a specific function.
The IGKC gene has at least three alleles that code for two allotypes and these were
found to be unequally distributed among the genomes of four cattle breeds analyzed. All
the alleles are identified in three breeds (Holstein Friesen, German Simmental and
Aubrac) whereas the IGKCa allele was noted only in the German Pied breed (Stein et al.
2012). Junctional flexibility involving N or P nucleotide additions or deletions, together
with somatic hypermutations, compensates for limited combinatorial diversity at the IGK
locus. There is no evidence to suggest that gene conversion is involved in diversification
of the bovine κ-light chain repertoire. In summary, the bovine IGK locus comprises eight
functional IGKV genes, three IGKJ genes and a single IGKC gene. The predominant
IGKV2-IGKJ1-IGKC recombination encodes most κ -light chains in the Ab repertoire.
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2.3.1.2 Immunoglobulin lambda genes (IGL)
The bovine λ-light chain (IGL) locus spanning 360 kbp on chromosome 17 (Fig
2.3) has 25-34 IGLV genes of which 14 to17 are potentially functional (Ekman et al.
2009; Pasman et al. 2010). A number of additional IGLV genes are found in unplaced
scaffolds of BTAU 4.6 of which 11 are potentially functional (Ekman et al. 2009). Three
IGLV gene families are organized in subclusters that are separated by 87 kb and 10 kb
respectively. The predominantly expressed IGLV1 genes are located downstream of rarely
expressed IGLV2 and IGLV3 gene family subclusters that are proximal to IGLJ (Pasman
et al. 2010). The bovine IGLV1 and IGLV2 families are closely related to those in sheep
(>92% nucleotide identity)(Pasman & Kaushik 2014). Bovine IGLV encoded CDR1L
consists of 6,8 or 9 codons whereas CDR2L is restricted to 3 or 7 codons similar to what
is seen in humans and mice (Ekman et al. 2009). Within the IGLV1-family five
subfamilies are defined: IGLV1a, IGLV1b, IGLV1d, IGLV1e and IGLV1x. IGLV1a and
IGLV1b are the predominantly expressed genes. The IGLV1d, IGLV1e and IGLV1x gene
families encode light chains that specifically pair with heavy chains expressing long
CDR3H regions (>48 amino acids) and are seen in ~9% of IgM expressing B cells (Saini
et al. 2003a). Similar to what is seen in other species, bovine IGLJ and IGLC are
arranged as cassettes. Of the four IGLJ-IGLC cassettes only IGLJ2-IGLC2 and IGLJ3IGLC3 are functional where the latter is predominantly expressed. Three allotypic
variants of IGLC2 and five of IGLC3 are described in cattle but their clinical relevance is
unclear (Diesterbeck et al. 2012). While gene conversion was suggested to be involved in
IGL diversification in cattle (Parng et al. 1996) this observation was based on a very
limited analysis and has yet to be confirmed (Lucier et al. 1998). Despite seemingly
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higher complexity at the IGL locus, restricted IGLV1-IGLJ3-IGLC3 recombinations
encode most of the lambda light chain repertoire.
2.3.1.3 Surrogate light chain genes
After VDJ rearrangement, the heavy chain is expressed on the pre-B cell in
association with surrogate light chain (SLC) prior to arrangement at the light chain locus.
Three surrogate light chains genes, VPREB1, VPREB2, and VPREB3 and another lambdalike polypeptide 1 (IgLL1) resembling the constant region of Ig light chain, have been
identified in cattle (Ekman et al. 2009; Ekman et al. 2012). Expression of VPREB2 and
VPREB3 seems to be unrelated to the expression of VPREB1, IGLL1, RAG1 and RAG2.
The biological function of VPREB2 and VPREB3 is, therefore, likely unrelated to B-cell
development at the pre-B cell stage. Absence of VPREB1, IGLL1, RAG1 and RAG2
expression in adult tissues suggest a decline of B lymphopoiesis in adult cattle (Ekman et
al. 2012).
2.3.2

Immunoglobulin heavy chain genes
The bovine heavy chain locus was initially mapped to chromosome 21q23 and

21q24 (Tobin-Janzen & Womack 1992) and confirmed by other researchers (Niku et al.
2012; Matsushita et al. 2014). However, the heavy chain Ig genes are currently annotated
on chromosomes 7, 8 and 21, (Pasman et al. 2013; Pasman & Kaushik 2014). Given that
there have been two rounds of whole genome duplication events in mammals (Flajnik &
Kasahara 2010), the presence of Ig-genes on multiple chromosomes is not unexpected. In
humans, IGHV and IGHD genes are known to be located on multiple chromosomes
(Tomlinson et al. 1994). However, the presence of functionally expressed Ig with VDJ
rearranged from genes located on multiple chromosomes is unlikely due to allelic
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Figure 2.4 Putative organization of IGH locus on chromosome 21 (Zhao et al. 2003; Koti et al. 2008; Niku et al. 2012;
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exclusion, although, transchromosomal class switch recombination is identified in sharks
(Zhu et al. 2012). An understanding of genetic elements encoding Ig is essential to
developing targeted rational breeding practices and for the development of novel
applications such as the production of human antibodies in cow milk for therapeutic
purposes (Matsushita et al. 2014).
2.3.2.1 Heavy chain variable genes (IGHV)
A total of 36 IGHV genes are identified in the cow genome (Zimin et al. 2009), on
chromosome 7 and 21 of which 10 to 13 are potentially functional (Niku et al. 2012;
Walther et al. 2013). The IGHV genes are classified in three families, but only the IGHV1
family has functional genes (Niku et al. 2012) (Fig. 2.4). Recently, more IGHV1 genes
were identified but these are likely to be allelic variants (Liljavirta et al. 2014). The
IGHV1 gene family is polymorphic and closely related to that in sheep (89%) (Saini et al.
1997; Pasman & Kaushik 2014). Bovine IGHV1 CDR1H is 8 codons long and conserved
similarly to other species like mouse, chicken, sheep and pig. A majority of bovine
IGHV1 CDR2H are composed of 7 codons where 9% may vary from 4 to12 codons
(Larsen & Smith 2012). The bovine VDJ encoded CDR3H can uniquely vary in size from
5 to 67 codons. The contribution of IGHV-replacement to either expand CDR3H diversity
(Zhang et al. 2003a; Zhang et al. 2003b) or as a source of conserved short nucleotide
sequences (CSNS) at the IGHV-IGHD junction (Koti et al. 2010b) is unclear and
although cryptic RSS exist in some bovine IGHV genes (Merelli et al. 2010; Pasman &
Kaushik 2012), no gene conversion is known to occur at IGHV locus.
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2.3.2.2 Heavy chain diversity genes (IGHD)
Analysis of the IGHD genes in Holstein and Hereford cattle has allowed the
identification of 10-15 IGHD genes: IGHD1-8, with 2 copies of IGHD4, and two
unclassified genes temporarily named IGHD9 (3 copies) and IGHD10 (2 copies) (Fig.
2.4) and IGHDQ52 (Shojaei et al. 2003; Koti et al. 2008; Liljavirta et al. 2014; Pasman &
Kaushik 2014). IGHD vary in size from the conserved 14 bp IGHDQ52 (Hosseini et al.
2004) (IGHDS9 (Liljavirta et al. 2014)) to 148bp IGHD2 in Holstein or 154 bp IGHD2 in
Hereford (Shojaei et al. 2003; Koti et al. 2008; Pasman & Kaushik 2014)(IGHDS12
(Liljavirta et al. 2014)). This size variation is reflected in VDJ-encoded CDR3H which
can vary from 5 to 67 codons (Wang et al. 2013). The IGHD-locus seems to be organized
in four clusters: cluster 1 (IGHD1, IGHD2, IGHD3, IGHD9), cluster 2 (IGHD4, IGHD5,
IGHD6, IGHD7, IGHD9 (2), IGHD10), cluster 3 (IGHD4 (2), IGHD8, IGHD9 (3), IGHD
10(2)), and cluster 4 (IGHDQ52) (Koti et al. 2008; Pasman & Kaushik 2014). The IGHDgenes within the clusters are separated by 338-355 bp except IGHD9 and IGDH10, which
are separated by 1060-1160bp. In the bovine genome (UMD3.1), these clusters appeared
to be spread over three chromosomes but this is likely due to incorrect assembly (Niku et
al. 2012; Walther et al. 2013). The IGHD genes likely originated by gene duplication
given their high sequence similarity (IGHD1 and IGHD6 (97.6%), IGHD3 and IGHD7
(94.8%)), and characteristic repetitive codons (Shojaei et al. 2003; Das et al. 2008b).
Three bovine DH gene segments, IGHD1, IGHD6 and IGHD7, are most related to chicken
DY and D6 genes and bovine IGHD2, IGHD4, IGHD5 and IGHD8 are closest to rabbit
D2B and D5 genes. As would be expected, the conserved IGHDQ52 gene is closest to
shark H01 gene. Similar to other species, polymorphism exists at the bovine IGHD gene
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locus, which is evident across various cattle breeds (Shojaei et al. 2003; Koti et al. 2008;
Zimin et al. 2009).
Due to the high level of homology between the D-genes and the high frequency of
point mutations, insertions and deletions assigning D-genes in VDJ rearrangements is a
challenging task (Walther et al. 2013). In bovine fetal VDJ recombinations, there is
evidence of IGHD2, IGHD3, IGHD5, IGHD7 and IGHD8 gene expression with a
preference for IGHD7. In adult cattle, IGHD5 was found to be preferentially expressed in
VDJ recombinations (Koti et al. 2008). In general, IGHD encode three categories of
CDR3H: short (3-10 codons), mid-size (11-29 codons) and long (>48 codons)(Walther et
al. 2013). IGHD4 is mostly found recombined in mid-range CDR3H but is also used to
encode short CDR3H together with IGHDQ52 (Walther et al. 2013). Exceptionally long
CDR3H is generated by a single long IGHD2 gene, (IGHDS2 in Holstein, or IGHDS12 in
Hereford), with the potential to encode 49 or 51 codons, respectively. In chickens, horses,
and humans, IGHD-IGHD fusions can increase CDR3H size (Meek et al. 1989) but no
such evidence exists in cattle, though cryptic RSS exist in some IGHD genes (Pasman &
Kaushik 2012).
2.3.2.3 Heavy chain joining genes (IGHJ)
Six bovine IGHJ genes are identified, 130-500 bp apart, that span 18 kb and are
located approximately 7 kb upstream of the IGHM gene on chromosome 21 (Zhao et al.
2003). Duplication of IGHJ genes together with the IGHDQ52 genes was originally noted
on chromosome 11 (Hosseini et al. 2004) and later assigned to chromosome 8 (Zimin et
al. 2009). This duplicated "low" locus on chromosome 11 is similar to the expressed
"high" locus (Zhao et al. 2003; Hosseini et al. 2004). Only two bovine IGHJ genes are
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Table 2.1
IGHV gene families, complementarity-determining region (CDR) size diversity of variable heavy chain region of
antibodies across species (IMGT numbering system (Lefranc 2003)) and the various mechanisms contributing to the generation of
diversity of the antibody repertoire across a variety of species.
VH encoded CDR Size Diversity (codons)
Mechanism of CDR3H diversification
Species
V Gene
CDR1H
CDR2H
Reference
CDR3H
CSNS
N*
P**
D-D
Reference

expressed as others either lack RSS or splice site. Mostly IGHJ1 is expressed with low
IGHJ2 expression in bovine Abs (Saini et al. 1997; Hosseini et al. 2004). Similar to the
case in other mammals, IGHJ genes characteristically encode "VTVSS" (ValineThreonine-Valine-Serine-Serine) motifs at their 3' end. The bovine IGHJ1 shares
significant sequence similarity with sheep IGHJ4 (95%) (Pasman & Kaushik 2014).
2.3.2.4 Heavy chain constant genes (IGHC)
The bovine Ig heavy chain (IGH) locus is organized as 5'-JH-7kb-µ-5kb-δ-33kbγ3-20kb-γ1-34kb-γ2-20kb-ε-13kb-α -3', and spans approximately 150kb on chromosome
21 (Zhao et al. 2003). BLAST analysis of the IGHJ and IGHC gene cluster determined
95% ID on the +/- strand of chromosome 21 of aligned contigs AY221098 and
AY158087 (Zhao et al. 2002; Zhao et al. 2003; Hosseini et al. 2004) containing the
bovine constant regions and the IGHJ "high" expressed locus. An additional IGHC locus
with a functional IGHM and an IGHD pseudogene was identified on chromosome 11q23
(Hayes & Petit 1993), currently assigned to chromosome 8 (Zimin et al. 2009). These two
loci are apparently functional (Hosseini et al. 2004) where trans-chromosomal
recombinations might occur (Kuroiwa et al. 2009). However, it has been found that the
two functional IGHM genes are located on chromosome 21 (Matsushita et al. 2014),
though no IGHC genes are yet annotated in the reference assembly UMD3.1. Other
ruminant species, goat and sheep, are also known to have two IGH loci, but their
functionality is not known. In contrast to humans and mice, both IGHM genes are
functional and both need to be disrupted for inducing B-cell deficiency in cattle (Kuroiwa
et al. 2009). Whether or not allelic exclusion occurs at the two functional IGH loci in
cattle is not known.
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The IgM constant gene (IGHM) is comprised of four constant exons (IGHM 1-4)
encoding each of the four domains together with two additional exons (M1 and M2)
encoding the transmembrane domains. The M1 exon is spliced into the IGHM4 exon, as
in other species (Mousavi et al. 1998), resulting in the membrane form transcript of IgM.
Three bovine IgM allotypes are described (IgMa, IgMb and IgMc) (Saini & Kaushik
2001), though other IgM variants may be derived via alternative splicing, e.g., insertion of
three in-frame codons at the IGHM1 and IGHM2 junction (Saini & Kaushik 2001). The
presence of fewer proline residues in the IGHM2 domain, that acts as a hinge, affects its
relative flexibility (Saini & Kaushik 2001).
The bovine IgD (IGHD) gene is transcriptionally active at a low level (Zhao et al.
2002). The IGHD1 exon is highly similar to IGHM1 (96.6% at nucleotide and 93.5% at
protein levels) (Zhao et al. 2002). Unlike other species, the IGHD gene has a short switch
region, Sδ, that may permit class switch recombination (Sun et al. 2012b).
Three subclasses of IgG (IgG1, IgG2, IgG3) (Knight et al. 1988; Kacskovics &
Butler 1996; Rabbani et al. 1997) are described in cattle, unlike four seen in humans, two
in sheep and one in rabbits. Bovine IGHG1 gene is most likely the homologue of both
IGHG2 and IGHG3 genes, as gene duplication first led to the IGHG2 gene followed by
the second event to the IGHG3 gene. Allelic differences exist across all the IgG
subclasses of cattle. Four allotypic variants of IgG1 (IgG1a, IgG1b, IgG1c and IgG1d)
have been described where polymorphisms exist in all domains including the hinge region
(Symons et al. 1989; Saini et al. 2007). The unique Pro-Ala-Ser-Ser motifs in the CH1
domain (positions 189-192 and 205-208) of IgG1c seem to confer a novel cellular
adhesion and migration function (Saini et al. 2007). In cattle, IgG1 seems to play a role in
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the protection of mucosal surfaces and is relatively stable, being resistant to proteolytic
degradation (Hurley & Theil 2011). A better understanding of the role of IgG1 isotype in
protection of mucosal surfaces from a functional perspective is needed. Two IgG2
allotypic variants are characterized (Heyermann & Butler 1987; Symons et al. 1989) with
a 96.3% nucleotide identity, IgG2a and IgG2b that are co-dominantly expressed
(Kacskovics & Butler 1996; Bastida-Corcuera et al. 1999). Allelic distribution varies
across cattle breeds where, for example, Brown Swiss are 100% homozygous for IgG2b
and Hereford are 41% homozygous for IgG2a. The IgG2b allotype is twice as efficient in
activating the classical complement pathway. This could make animals homozygous for
IgG2a more susceptible to infection with extra-cellular pyrogenic pathogens that can be
eliminated by complement mediated lysis or phagocytosis upon opsonization. However,
no differences in clinical disease in vaccinated beef cattle homozygous for IgG2a or
IgG2b was noted (Kacskovics et al. 1995). Interestingly, a difference in onset of
expression between allotypes was seen in Holstein calves known to be heterozygous. In
these calves IgG2b expression started early after birth but IgG2a was not detected until 34 months of age (Corbeil et al. 1997). Two IgG3 allotypes (IgG3a and IgG3b) have been
described that only differ by six amino acids in the coding region and the presence of an
84 bp insertion in the intron between the CH2 and CH3 exons (Rabbani et al. 1997). No
differences in expression or functionality of IgG3a and IgG3b have been described.
A single copy of bovine epsilon (IGHE) gene has been identified (Knight et al.
1988) with four exons (CH1-4) with 87% sequence similarity to the sheep IGHE. Bovine
IgE has a heat-labile, skin sensitizing ability analogous to human IgE (Hammer et al.
1971).
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A single IGHA gene is identified in the bovine genome (Knight et al. 1988). At
the protein level, cattle IgA is closest to swine, another artiodactyl, but has an additional
N-linked glycosylation site at position 282 as do rabbit IgA3 and IgA4. Restriction
fragment length polymorphism (Brown et al. 1997) and serological (De Benedictis et al.
1984) analysis have revealed two allelic variants of bovine IgA, although this could not
be confirmed by genomic DNA analysis of 50 Swedish cattle (Brown et al. 1997). Further
understanding of the expression and functions of different allotypes of the bovine Ig
transcriptome could be useful in the development of more disease-resistant cattle and
efficient immunization strategies.
2.4

The bovine humoral immune system

2.4.1

B-lymphocyte development
B-cell development and acquisition of humoral immunity is genetically

programmed. In human and mice, primary B-cell development from hematopoietic stem
cells (HSC) occurs rapidly in the fetal liver and forms a population of self-renewing B-1
cells. The absence of membrane bound IgD, restricted diversity and the secretion of
broadly cross-reactive antibodies characterize the B-1 cells (Paul 2008). In human and
mice, approximately 5% of all B cells in adulthood are B-1 cells. The HSC gradually
migrate to the bone marrow where they continue to differentiate throughout adulthood
from which a population of conventional or B-2 cells is generated. In cattle, generation of
B cells and Ig diversification occurs primarily in the ileal Peyer's patches (PP), but also in
bone marrow and lymph nodes from late gestation to the juvenile age (Yasuda et al. 2006;
Ekman et al. 2010; Ekman et al. 2012). The highly proliferating population in ileal PP,
which extends one to two meters along the terminal small intestine, gives rise to the bulk
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of peripheral B-cell compartment in cattle consisting mainly of B-1 cells (Griebel & Hein
1996; Ekman et al. 2010). Naive B-cells then migrate from the ileal PP, which involutes
at adolescence, to the jejunal PPs and periphery. Declining B lymphopoieses with age was
demonstrated by the absence of the expression of surrogate light chains (Vpreb1; IGLL1),
and RAG1 and RAG2, which are indicators of Ig-gene rearrangement, in adult tissues
(Ekman et al. 2012). The jejunal PPs develop into secondary lymphoid tissue with
characteristic germinal centers, around one month of age and retain this function
throughout life (Yasuda et al. 2004).
In mammalian systems, the HSC that develop into committed lymphoid progenitor
cells partially continue to differentiate into a pro-B cell expressing CD45R, CD19, CD43
and CD24 under the influence of transcription factors like early B cell factor (EBF) and
paired box-5 (PAX5). EBF and PAX5 are important to specification, commitment and
function of B cells throughout B lymphopoiesis (Cobaleda et al. 2007; Lukin et al. 2008).
Furthermore, PAX5 contributes to IGH-VDJ recombination by contracting the heavy
chain locus in pro-B cells (Medvedovic et al. 2011). In pro-B cells, RAG1 and RAG2
enzymes are activated, and rearrangement at the heavy chain locus begins. First an IGHD
gene combines with an IGHJ followed by an IGHV to produce a rearranged IGHV-IGHDIGHJ and the B-cells transition to the pre-B cell stage. After successful rearrangement of
the Ig heavy chain the pre-BCR is expressed as heavy chain associated with a surrogate
light chain (encoded by VPREB1 and IGLL1). The signaling peptides, Igα and Igβ
(CD79a and CD79b), and other pre-B cell markers, CD19, CD24 and CD25 are also
expressed at this time.
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Subsequent to the expression of pre-BCR, recombination occurs at the light chain
locus leading to expression of heavy and light chains. The immature B cell expresses
membrane bound IgM (mIgM) and CD21, but CD25 expression is lost. IgM+B cells are
detectable in the bovine fetus as early as 59 days of gestation (Schultz et al. 1973),
whereas rearranged, heavy (VDJ) and light (VJ) chain variable regions are evident in
splenic B cells as early as 125 days of gestation (Saini & Kaushik 2002). In humans and
mice, maturation of the B cell is signaled by co-expression of mIgM and mIgD on the cell
surface. Cattle B cells are mainly categorized as B-1 cells as mIgD levels are very low to
undetectable (Naessens 1997). Recently, it was confirmed that monomeric IgD are
secreted in some Holstein cattle and membrane bound IgD expression has been confirmed
in the spleen (6.8%), jejunal PP (~0.8%) and peripheral blood mononuclear cells
(PBMCs) (1.2%); however, mIgD is almost undetectable in bone marrow and ileal PP
(Xu et al. 2012). The antibody diversity in peripheral lymph nodes of the bovine neonates
starts to increase 1-2 weeks after birth (Yasuda et al. 2006), and this may be modulated
by colostral uptake (Zhao et al. 2006).
2.4.2

Neonatal immunity
During gestation and post-birth, non-genetic maternal transfer of hormones,

nutrients, Ig and other factors has a significant impact on the health of the offspring.
During pregnancy, the maternal immune system is required to maintain immune tolerance
to the fetus and provide protection against infection at the same time. Passively
transferred maternal Abs and natural immunity play a significant role in providing
immune protection during early development when the neonatal lymphocytes rapidly
mature and expand (Hasselquist & Nilsson 2009). In humans, fetal B-cell development
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precedes T-cell development but both B and T cell repertoire diversity and complexity
mature in utero, including SHM and class switch recombination (Rechavi et al. 2015).
The percentage of peripheral blood B lymphocytes in neonatal calves (<1 week) is
approximately 5% of the total mononuclear cell population and reaches adult levels
(approximately 19%) around 20 weeks of age (Senogles et al. 1978). Activation of B cells
by CD4+T helper cells is required for a proper humoral response against protein Ags. In
calves, T-cell subpopulations are present in peripheral blood at comparable levels to adult
cattle (Kampen et al. 2006). T-cell populations include of the classical CD4+ T helper
cells, CD8+ T cytotoxic cells expressing αβTCR, and approximately 6.6% CD4+CD25+ T
regulatory cells. The γδT cells are an important component of the bovine T-cell
compartment as the bovine genome has a high number of γ and δ genes encoding a much
more diverse γδ TCR repertoire as compared to humans and mice (Herzig et al. 2010;
Chen et al. 2012). It has been suggested that γδT cells provide a link between innate and
adaptive immunity (Scotet et al. 2008; Kabelitz 2011). In humans and mice only ~0.5%
of the adult T-cell population consists of γδ T cells. However, γδT cells comprise 60% of
circulating T lymphocytes in calves but this declines to approximately 16% at 6 months
of age (Ayoub & Yang 1996; Kampen et al. 2006).
2.4.2.1 Passive protection by maternal antibodies
Colostrum, as well as milk, contains acquired and innate immune components to
protect both the neonate and the host mammary gland. Bovine colostrum is rich in IgG1,
which can exceed levels of 100 mg/ml (Farrell et al. 2004) but generally is found in the
range of 30-75 mg IgG1/ml (Butler 1983). Such high levels, up to ten times to that of
other Ig classes, are remarkable and relevant for the protection of the newborn (Mechor et
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al. 1987). This is in contrast to humans where IgA is the major class of antibody in
colostrum and milk. Findings of several research groups (Story et al. 1994; Mayer et al.
2002b, a; Kacskovics 2004) support the idea that abundant maternal IgG is important in
passive transfer of immunity, whereas IgA provides only mucosal protection (Butler et al.
2006). The maternal Abs contribute the acquired immunological phenotypes representing
the immunological experience of the mother. In mice, it has been shown that maternal
Abs can induce maternal imprinting that is detectable until adulthood, demonstrating the
ability to influence beyond providing passive immunity (Victor et al. 1983b, a). Besides
being rich in Ig, bovine colostrum also contain a range of antimicrobial factors, cytokines,
miRNAs and growth factors that may impact the developing neonatal immune system,
and also influence intestinal development and gut immunity (Stelwagen et al. 2009; Sun
et al. 2013). In addition, colostrum and milk contain leukocytes, including activated
neutrophils, macrophages and lymphocytes (Hurley & Theil 2011).
In cattle, there is no transport of IgG to the fetus during gestation due to
syndesmochorial placentation (Schultz et al. 1971) and absence of neonatal Fc (FcRn)
receptors within the placenta (Kacskovics 2004). Non-specific, FcRn independent uptake
of colostral macromolecules, predominantly IgG1, across the intestinal wall of colostral
macromolecules occurs within 12-24 hours of birth (Kacskovics 2004). This is in contrast
to human infants, where the capacity of the gut to absorb intact protein is very low, even
at birth. A large proportion of the ingested IgG selectively recycles back into the
gastrointestinal lumen where it contributes to protection against gut bacteria. The
presence of FcRn in lamb duodenal crypt cells but not in enterocytes suggests that, in
neonatal ruminants, FcRn recycles IgG into the gut to protect against enteric infection
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(Mayer et al. 2002b). The FcRn receptor can transport IgG across mucosal surfaces and is
found in the bovine mammary gland, large and small intestine and lung (Kacskovics
2004). To date, FcRn has been detected in bovine hepatocytes, monocytes and
macrophages where it is thought to sustain serum IgG concentration. Bovine FcRn was
expected to play an important role in transport of IgG1 to colostrum and milk (Cervenak
& Kacskovics 2009), but currently bRab25, bRhoB and bFcGRT are the only potential
candidates for IgG1 transcytosis in bovine mammary cells (Stark et al. 2013). FcRn
however, does play a fundamental role in IgG metabolism and homeostasis in cattle
(Kacskovics et al. 2006). FcRn binding confers a longer half-life to IgG (10-22days) as
compared to the other isotypes, IgM (4.8 days), IgA (3.4 days) and IgE (1.9 days) (Butler
1983). Polymorphisms in FcRn of dam and calf influence serum IgG levels and also
successful transfer of passive immunity to neonatal calves (Laegreid et al. 2002).
Colostral Igs are known to suppress immune responsiveness of the neonate probably via
down regulation of IgG expression on the B-cell surface (Zhao et al. 2006).
2.4.3

Development of the antibody repertoire
VDJ and VJ recombinations in splenic B lymphocytes appear as early as 125 days

of gestation in cattle. Two IGHV genes BF4E9 and BF2B5 (Saini et al. 1999; Saini &
Kaushik 2002) are preferentially expressed in the fetal VDJ recombinations together with
IGHD7 or IGHD5 and IGHJ1, similar to adults. N and P nucleotide additions as well as
junctional nucleotide loss play an important role in generating fetal and adult
recombinatorial diversity. Extensive CDR3H heterogeneity (9 to 56 codons) (Saini &
Kaushik 2002; Liljavirta et al. 2014) and somatic mutations in the absence of Ag
exposure characterize the developing fetal Ab repertoire.
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In adults, CDR3H heterogeneity increases even more and can vary from 5-67
codons (Saini et al. 1999; Wang et al. 2013). The characteristics of exceptionally long
CDR3H regions are reviewed in section 2.4.4.1. In both fetal and adult cattle, extensive
N-nucleotide additions, 10-36 bp (Liljavirta et al. 2014), are seen in VDJ recombination
at both the VD and DJ junctions. "A" and "T" rich insertions (64%) are predominant at
VD-junctions which could be in the form of conserved short nucleotide sequences
(CSNS) (Koti et al. 2010b), or N-nucleotide addition by terminal deoxynucleotidyl
transferase (TdT). However, N-nucleotide addition by TdT in humans and mice
predominantly consist of "G" and "C" nucleotide addition. Nucleotide addition in bovine
VDJ recombinations at the DJ-junction was evenly distributed among the different
nucleotides. In contrast to humans and mice where there is no evidence of N-additions in
light chain recombination, addition of up to 8 nucleotides was evident in κ- and λ-lightchain VJ junction (Liljavirta et al. 2014). At 125 days of gestation, somatic
hypermutation (SHM) is evident in the CDR1H and CDR2H of VDJ recombinations in
the absence of exposure to exogenous Ag. The biased 'hot spot' triplets in the CDRs of
bovine VDJ recombinations predispose them to SHM (Kaushik et al. 2009), as is seen in
other species (Table 2.1). SHM is also involved in diversifying the VJ recombinations
encoding cattle λ-light-chains (Lucier et al. 1998).
2.4.4

Mechanisms of bovine antibody diversification
The limited germline sequence divergence at the heavy and light chain Ig locus

gives rise to relatively small combinatorial diversity in cattle. The main strategies for
bovine Ig diversification during B-cell ontogeny include somatic hypermutation in the
absence of Ag (Koti et al. 2010b; Verma & Aitken 2012) and extensive CDR3H size
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heterogeneity (5-67 codons) (Saini et al. 1999; Saini & Kaushik 2002; Larsen & Smith
2012). The SHM mediated by activation-induced cytosine deaminase (AID) enzyme is
important in Ab diversification during B-cell development and affinity maturation. The
AID enzyme has been characterized in cattle (Verma et al. 2010) and is expressed in fetal
spleen and IPP but not in the bone marrow. Junctional flexibility, including P- and Nnucleotide additions, is a common diversification mechanism in most species, including
cattle. Further modifications at the VD and DJ junctions are generated by exonuclease
activity where 1-3 nucleotides are trimmed from the V and J gene termini and deletions of
up to 6 nucleotides were found in recombined D genes (Liljavirta et al. 2014). Both
nucleotide additions and deletions contribute significantly to the CDR3H size
heterogeneity and diversity. Additionally, the presence of multiple cysteine residues in
exceptionally long CDR3H (Saini et al. 1999) leads to an increase in diversity by the
creation of mini-domains by intra CDR3H disulfide-bridge formation (Wang et al. 2013).
The creation of mini-domains has also been reported in chickens (Wu et al. 2012). There
is no evidence to suggest that other mechanisms such as fusion of D-genes (Wu et al.
1993) or gene-replacement play a role in diversifying the bovine Ab repertoire (Zhang et
al. 2003a; Zhang et al. 2003b; Pasman & Kaushik 2012). The use of pseudogenes in
gene-conversion, as reported in rabbits (Becker & Knight 1990) and in chickens
(Reynaud et al. 1985) (Table 2.1), is not evident in bovine heavy and

light chain

rearrangements (Kaushik et al. 2009; Liljavirta et al. 2014; Pasman & Kaushik 2014)
although earlier suggested for lambda light chain rearrangement (Parng et al. 1996).
Overall, bovine limited germline divergence restricts Ab combinatorial diversity. Intrinsic
non-antigen and Ag dependent SHM and extensive CDR3H size heterogeneity beyond
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germline potential contribute to diversification of neonatal and adult bovine antibody
repertoire.
2.4.4.1 Bovine immunoglobulin with exceptionally long CDR3H
One of the unique strategies seen in bovine Ig diversification is the generation of
atypically long CDR3H. The CDR3H region is the most diverse because it is generated
by the rearrangement of three gene segments IGHVx, IGHDx and IGHJx. Further N- and
P- nucleotide additions and deletions, insertion of CSNS, imprecise joining by RAG
enzymes and exonucleases generate significant junctional diversity. In cattle there are
distinct groups with regard to the CDR3H size: CDR3H size ranging from 5-10, 12-31
and long, ≥48 amino acid residues. Long and mid-length CDR3H are mainly composed of
hydrophilic amino acid residues, while short CDR3H were found to also include
hydrophobic amino acid residues (Walther et al. 2013). In cattle, the CDR3H size is
relatively long, averaging 22.7 ±3.2 amino acids (Almagro et al. 2006) as compared to
humans 15.2 ± 4.1 and mice 11.5 ± 2.1 (Zemlin et al. 2003).
Bovine Ig with exceptionally long CDR3H are mainly encoded by a single IGHV
BF9E4 gene (Saini & Kaushik 2002) designated IGHV1S1 (Niku et al. 2012) that
encodes five residues of CDR3H, "TTVHQ" (Threonine-Threonine-Valine-HistidineGlutamine) after the conserved cysteine residue of FR3 unlike two amino acids residues
encoded by the other IGHV genes (Wang et al. 2013). A single long IGHD gene, capable
of encoding 48 codons in Holsteins (Shojaei et al. 2003; Koti et al. 2008)) or 51 codons
in Herefords (Pasman et al. 2013; Pasman & Kaushik 2014)), are notable

for

characteristic GGT and TAT repetitive codons (Saini et al. 1999). The CDR3H region is
further extended by the insertion of CSNS nucleotides rich in A and T at the IGHV!
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IGHD-junction by an unknown mechanism (Koti et al. 2010b; Liljavirta et al. 2014). A
single IGHJ-gene containing the standard mammalian "VTVSS" in FR4 encodes most
bovine Abs including the ones with long CDR3H (Zhao et al. 2003). The exceptionally
long CDR3H is found in 9% of IgM antibodies, but is not restricted to IgM although it
occurs at a much lower frequency in other isotypes (Saini et al. 1999; Saini & Kaushik
2002; Kaushik et al. 2009; Larsen & Smith 2012; Walther et al. 2013). The long CDR3H
is characterized by hydrophilic residues and multiple cysteine residues (Saini et al. 1999;
Walther et al. 2013), and this potential to form intra-protein disulfide-bond constrained
CDR3H, contributes to the expansion of the bovine Ab repertoire (Saini et al. 1999;
Wang et al. 2013). Analysis of the crystal structures of two bovine Fab with exceptionally
long CDR3H revealed an unusual knob-stalk formation (Wang et al. 2013). These
structures show the existence of a diverse knob-domain characterized by disulfide-bridges
forming mini-domains within the knob. The stalk is characterized by a rare, solvent
exposed, anti-parallel β-sheet formation by two 7-residue strands. These strands often
contain a "CPDG" (Cysteine-Proline-Aspartate-Glycine) motif in the ascending, and a
"YxYxY" (Tyrosine-x-Tyrosine-x-Tyrosine) motif in the descending strand These motifs
are common to both fetal and adult exceptionally long CDR3H regions (Saini & Kaushik
2002). The base of the stalk interacts with other CDRs of the heavy and light chain
consistent with restricted pairing of IGHV1S1/BF4E9 with germline IGLV1.d, e and x
genes required for structural support (Saini et al. 2003a). The length heterogeneity and
the formation of disulfide-bond mini-domains in CDR3H, may both compensate for
constraints imposed on antibody diversification due to restricted V(D)J sequence
divergence in the cattle germline. Although most bovine antibodies with long CDR3H
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regions are of the IgM-isotype (Kaushik et al. 2009) and some may be poly-specific
(Saini et al. 2003b), these can be generated during an immune response (Wang et al.
2013). The greater diversity of the ascending strand as compared to the descending strand
of the "stalk" may contribute to low affinity interactions with the Ag but it is mainly the
"knob" that provides high affinity contact with an Ag. Together with somatic mutations
(Kaushik et al. 2009), and diverse disulfide bond patterns within long CDR3H (Wang et
al. 2013), it is obvious that these originate via affinity maturation during an immune
response. Variation in CDR3H size and the unique architecture of unusually long CDR3H
contribute significantly to the primary Ab repertoire.
Due to the size and the expected unique structure of bovine CDR3H, it was
postulated that bovine exceptionally long CDR3H could be used for therapeutic
applications as it is capable of stabilizing the conformation of B-cell epitopes (Kaushik &
Saini 2004). Recently, some therapeutic humanized Abs have been developed, which
utilize some of the distinct characteristics of the exceptionally long CDR3H of cattle Abs.
Insertion of agonist polypeptides, bovine granulocyte colony-stimulating factor (bGCSF),
or human erythropoietin into the "knob" domain of bovine CDR3H grafted on humanized
Fc fusion proteins has resulted in enhanced pharmacological properties in vitro and in
vivo (Smider et al. 2013; Zhang et al. 2013a; Zhang et al. 2013b). Furthermore, bGCSF
Abs with a 21Å "coiled-coil" amino acid structure replacing the "stalk" region in CDR3H
have been shown to be functional (Zhang et al. 2014). Future studies will show whether
the unique bovine "stalk-knob" architecture can be inserted into CDRs of Ab of other
species, thus opening opportunities for the engineering of biologically active proteins, e.g.
cytokines, growth factors and hormones, with enhanced pharmacological properties. In
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addition to the potential benefit of incorporating biologically active proteins, the insertion
of desired epitopes into CDR regions could be used to generate antigenized Abs capable
of inducing an immune response upon immunization (Kaushik & Saini 2004).
2.5

Experimental systems in genetics and antibody engineering
DNA-technologies such as gene amplification, modification, sequencing and

cloning have been employed in this research, in part to unravel the bovine transcriptome
during neonatal development and also for the development of recombinant Ig and Igbased proteins. Some contemporary techniques are discussed in this section.
2.5.1

Next generation sequencing and bioinformatics
Next generation sequencing (NGS) technology is a powerful tool for high

throughput sequencing of genomic DNA or cDNA libraries. The most commonly used
platforms are the Roche 454 and Illumina where a large number of short (100- 500bp)
DNA fragments can be readily sequenced (Luo et al. 2012). NGS is a valuable tool in
genomic, metagenomic and transcriptome studies within and across individuals or a
species. Messenger RNA (mRNA) sequencing (RNA-Seq) from cDNA libraries allows
for a comprehensive analysis and quantification of mRNA transcripts in tissues or cells in
a specific developmental stage or physiological and pathological conditions. The NGS
RNA-Seq technology makes whole transcriptome analysis possible whether it concerns
global or specific gene expression. Compared with cDNA microarrays, RNA-Seq is not
limited to reference sequences for known probes but can detect alternative splice sites,
isoforms, post-transcriptional mutations, and transcripts expressed at a low level (RopkaMolik et al. 2014).

RNA-Seq generates large data sets in a reproducible manner

(Yendrek et al. 2012). Recent developments in RNA-Seq technology include direct RNA
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sequencing and RNA quantification from very small amounts of biological materials,
including single cells (Ozsolak & Milos 2011). Functionally, mRNA and protein levels
are only modestly correlated, suggesting strong involvement of post-transcriptional
regulation of gene expression (Wang et al. 2014). Proteomic analysis is needed to confirm
the validity and functional relevance of RNA-Seq data.
Analysis of gene-expression data is made possible by a variety of computer
programs that often rely on sequence alignment to a reference genome (RefSeq). Other
programs have been developed for de novo transcriptome reconstruction for RNA
quantification. A common approach for comparing gene expression data relies on
counting aligned short sequences called reads for a gene of interest and then converting
read counts into relative expression levels using a basic quantification algorithm (Li &
Dewey 2011). There are several problems with relying on read counts to describe the
transcriptome, such as transcript coverage variability, uneven read coverage across a
transcript, sequencing errors in the reads, and the presence of multiple transcripts in a
locus that may include alternative splicing (Grabherr et al. 2011). Besides examining
individual gene expression, further analysis can be performed by gene enrichment
analysis, which can identify significantly differentially expressed (DE) functionally
coherent gene-sets (e.g., immune related pathways). The number of gene sets is usually
smaller than the number of individual genes (Merico et al. 2010).
The National Center for Biotechnology Information (NCBI) RefSeq database public
domain is a collection of annotated genomic, transcriptomic and protein sequences (Pruitt
et al. 2014). The 2009, BTAU 4.6 bovine genome assembly (Elsik et al. 2009), and the
current RefSeq genome, UMD 3.1 (Zimin et al. 2009) enables NGS-based whole
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transcriptome analysis. However, both assemblies only cover approximately 90% of the
genome and unfortunately immunoglobulin heavy chain gene sequence information is
both incomplete and incorrectly assembled (Niku et al. 2012; Liljavirta et al. 2014;
Pasman & Kaushik 2014). An in-depth transcriptome analysis will increase our
understanding of the molecular mechanisms involved in specific biological processes
such as the development of the bovine immune system.
2.5.2

Recombinant antibody technology
With the advent of hybridoma technology (Kohler & Milstein 1975), a specific

monoclonal antibody (mAb) to a defined epitope could be produced in vitro, leading to a
revolution in therapeutics and immunodiagnostics. The next break-through, based on the
knowledge of the structure and function of Abs, led to Ab engineering where minimal
antigen- (Ag) binding fragments of desired specificity could be produced for
immunological and clinical diagnosis and immunotherapy. Recombinant DNA
technology permits insertion of DNA, encoding targeted functional domains of Abs, into
an appropriate expression vector so that small Ag-binding fragments of desired specificity
and function could be expressed in a microbial expression system. A single-chain variable
fragment (scFv) is an example of a monovalent Ag binding fragment where a flexible
linker holds the amino-terminal variable heavy- and variable light-chain domains
together. This permits the formation of a stable antigen-binding site directed against a
desired epitope where binding of the scFv, for example, can lead to neutralization of a
virus (Filpula 2007; Weisser & Hall 2009).
Antibody fragments have advantages and disadvantages compared to full size
mAbs. The most obvious advantage of antibody fragments is the reduced size and the
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absence of the Fc portion make it less immunogenic and increases its ability to penetrate
tissues (Ward et al. 1989; Jain 1990) and bind evasive pathogen glycoproteins (Stijlemans
et al. 2004) or enzyme active-site pockets (Lauwereys et al. 1998). The smaller size
makes Ab fragments easier and economical to produce using microbial expression
systems. The Ab fragments have a short circulating half-life due to rapid clearance via the
kidney (Schott et al. 1992), which may be advantageous in certain cases. Other
modifications such as pegylation or coating of nanoparticles may be necessary to enhance
their half-life and avidity (Yang et al. 2003; Filpula 2007). It is known that Ab fragments
may form aggregates or may be less stable as compared to full size Abs (Bird et al. 1988).
Because antibody fragments lack the Fc, these do not induce effector functions such as
antibody-dependent cellular cytotoxicity or complement mediated cytotoxicity, (Sanz et
al. 2005).
At the beginning of 2015, there were four therapeutic mAbs and one Fab in
review status awaiting FDA approval, and 44 mAb, including one bispecific tandem scFv
approved for use in humans in the U.S.A. These mAbs mostly have the IgG1 format
(Reichert 2015). A high affinity associated with the biological effector functions and long
half-life makes IgG1 Abs the most desired format for therapeutic Ab engineering (Liu et
al 2008). A need for new therapeutics against cancer, and immunological and infectious
diseases necessitates antibody (fragment) based therapeutics.
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2.5.2.1 Single chain variable fragment (scFv)
A variety of scFvs for diagnostic and therapeutic purposes have been constructed
against bacterial and viral pathogens using various expression systems (reviewed by
Holliger and Hudson, 2005). When the heavy and the light variable chain, VH and VL, are
artificially joined via a polypeptide linker, a single chain fragment variable (scFv) is
generated (Huse et al. 1989; Winter et al. 1994) usually with a molecular mass of
approximately 26 to 32 kDa. Amino acid linker length, structural conformation and
concentration of scFv all influence its multimerization, which affects its avidity and halflife (Iliades et al. 1997; Kortt et al. 2001; Holliger & Hudson 2005). The formation of a
multivalent scFv enhances avidity as a result of multiple antigen binding sites capable of
recognizing two or more epitopes. The spatial display of the epitopes must be within the
steric possibilities of the multimer to take advantage of increased avidity. The linker is
most often composed of multiple glycine and serine residues that provide flexibility and
enhance hydrophilicity of the peptide backbone. These residues permit hydrogen bonding
to improve solubility and protease resistance (Kortt et al. 2001). If the linker length in the
construct is shortened to less than twelve amino acids there is a tendency for
multimerization resulting in the formation of dimers (diabody) and trimers (tribody)
(Holliger et al. 1993). In addition to the association of identical scFv molecules,
functional bispecific diabodies from two different scFv molecules have been designed
that are relevant to immunodiagnostics and therapeutics (Kortt et al. 2001).
2.5.3

Protein expression systems with focus on Pichia pastoris
There are three major microbial expression systems for the production of

recombinant proteins: Escherichia coli, Saccharomyces cerevisiae and Pichia pastoris
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(Frenzel et al. 2013). Previously, our laboratory constructed and expressed scFvs in P.
pastoris with a two, seven and eighteen amino acid linker that neutralized BoHV-1 (Koti
et al. 2010a; Koti et al. 2011; Pasman et al. 2012). It is important to note that P. pastoris
was reclassified to the genus Komagataella. However, phylogenetic multi-gene sequence
analyses of P. pastoris gene showed that it is actually K. phaffii (Kurtzman 2009). In this
thesis, the name P. pastoris will refer to the genus Komagataella. The P. pastoris
expression system has a strong, tightly regulated and easily manipulated alcohol oxidase I
gene (AOX1), and a strong preference for respiratory versus fermentative growth. As a
eukaryotic single-celled organism it can perform many post-translational modifications
common to mammalian cells such as protein folding, disulfide bridge formation and
glycosylation. P. pastoris is capable of expressing proteins intra-cellularly, as well as
through its secretory pathway, which is crucial for the production of proteins with the
correct conformation. Although various signal sequences can be used to direct the
heterologous protein to the secretory pathway, the S. cerevisiae alpha-mating factor (αMF) pre-pro leader sequence is commonly used (Daly & Hearn 2005). The concentration
of recombinant protein in the culture supernatant can be as high as 10 g/L (Werten et al.
1999).
P. pastoris can express proteins with N- and O-glycosylation. N-glycosylation
occurs on the Arg-X-Thr/Ser consensus site, similar to other eukaryotes. If these amino
acid sequences are encoded in the primary structure of the protein, oligosaccharide chains
may be added post-translationally to the nascent protein by P. pastoris (average 8-14
mannose residues per side chain) (Daly & Hearn 2005). Little is known about the
glycosylation of the variable regions of Ab (Spiegelberg et al. 1970). The Fc regions of
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Abs are usually N-glycosylated, which may influence their immune-effector functions,
especially ADCC (Umana et al. 1999). The majority of P. pastoris N-linked glycosylation
is of the high mannose type (Grinna & Tschopp 1989). No preferred consensus site for Oglycosylation has been found yet. It is known that O-glycosylation occurs on serine or
threonine, mostly when they are abundantly present or in combination with charged
residues (Lys, Arg, Asp, Glu) or proline. In contrast to higher eukaryotes, O-glycosylation
in yeast is composed of only mannose residues. The first and second mannose residues
are added in the endoplasmic reticulum but further additions can occur in the Golgi
leading to short alpha 1-2 linked oligomannose made of one to eight mannose residues
that may incorporate phosphate (Duman et al. 1998). O-glycosylation occurs particularly
in the yeast mating system, which is commonly used for the expression of secreted
proteins (Daly & Hearn 2005; Felber et al. 2014). In general, little O-linked glycosylation
has been observed in the P. pastoris expression system. In contrast to S. cerevisiae
glycosylation, no terminal α-1,3 glycan linkages have been reported which are believed to
be of hyper-antigenic nature (Cregg et al. 1993). The addition of some O-mannose
residues can be advantageous for activating the immune system. The mannose-rich
carbohydrates can be used to target mannose receptors on dendritic cells and induce
enhanced antigen-specific CD4+ T-cell proliferation as compared to non-mannosylated
proteins. An uptake of mannosylated ovalbumin in mice has been shown to be primarily
due to mannose-specific C-type lectin receptors (MR and DC-SIGN) (Lam et al. 2007;
Luong et al. 2007). Furthermore, stronger CTL responses and IFN- gamma, IL-2, IL-4,
IL-5 cytokines were induced after vaccination with mannnosylated Ag in mice (Ahlen et
al. 2012). These studies demonstrated that yeast-derived mannosylation of antigens
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enhances immunogenicity for both humoral and cellular immune responses (Ahlen et al.
2012; Apostolopoulos et al. 2013). For these reasons, recombinant protein glycosylation
occurring in the P. pastoris expression system has to be taken into consideration in the
context of the desired application.
2.5.4

Immunization and vaccines
Immunization is a process designed to evoke immune protection against a disease-

causing agent, usually a pathogen or a toxin. Immunization can be passive or active.
Passive immunity is generated by the transfer of preformed, protective antibodies, for
example the natural transfer of maternal Abs to fetus or neonate, or by injection of
immune-serum. Passive immunization does not activate the immune system and provides
only temporary, short-term protection. Nevertheless, passive immunization is essential for
survival of newborn and is vital in cases where exposure to a pathogen or toxin can be
fatal before an effective immune response develops. For long-term protection, the host's
immune system must be activated to induce a protective immune response. Vaccination is
the artificial process of immunization to successfully elicit an immune response capable
of protecting the host against a specific pathogen or toxin. Protection conferred by Abs
depends on its specificity and affinity to an Ag depending on the paratope-epitope binding
characteristics, and its isotype governing the effector function. Thus both the variable and
constant regions of the Ab induced by vaccination are essential to successful
immunization.
Key requirements for vaccine development include safety, effectiveness, stability,
affordability and ease of use. There are different strategies for vaccine development,
including the oldest and most successful, involving whole organisms in live attenuated,
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inactivated, or killed form. The attenuated vaccines, despite being effective, especially in
inducing cell-mediated immune responses, pose problems and concerns with regard to
reversion back to the virulent form. The use of inactivated organisms is considered safe,
but these do not induce a cell-mediated immune response, and there are some concerns
regarding proper inactivation. Subunit vaccines make use of purified macromolecules
such as toxoid, capsular polysaccharides, surface glycoproteins or other antigenic
proteins. Similar to inactivated organism vaccines, subunit vaccines elicit a mostly
humoral response. To compensate for the limited ability to induce a robust immune
response, adjuvants containing immunopotentiaters and/or modified delivery systems are
used. In general, adjuvants are added to vaccine Ags to prolong exposure time and engage
T cells and accessory cells in order to induce maximum protection (reviewed in ((Mohan
et al. 2013)). For the next generation of vaccines, immunodominant T and B epitopes of
an Ag need to be incorporated in vaccine formulation. The use of the unique architecture
of the massive bovine CDR3H could provide the opportunity to present stable
conformational B-cell epitopes (Kaushik & Saini 2004) in antigenized Ab or Ab
fragments. One of the latest developed subunit vaccines, racotumomab, is a novel antiidiotype monoclonal Ab vaccine, and is currently in advanced clinical trials to treat nonsmall-cell lung cancer (Gajdosik 2014). Other vaccine formats that are being developed
are DNA vaccines and recombinant vector vaccines, which both induce a prolonged
exposure to antigenic proteins and are able to elicit T-cell responses. A few DNAvaccines have been approved for veterinary use (Redding & Weiner 2009).
A thorough understanding of bovine immunogenetics and the bovine immune
system is necessary for the development of novel vaccines, therapeutic Abs,
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immunodiagnostics and breeding practices to raise healthier cattle, an economically
important species. Administration of protective monoclonal Abs and related antibody
fragments against systemic infections to bovine calves could be feasible by the oral route
in the first 48 hours after birth. Furthermore, antibody-based therapeutics and vaccines
could potentially be produced in colostrum and milk for pharmaceutical applications in
hyperimmunized (Kramski et al. 2012; Sponseller et al. 2015) and human Ab producing
transchromosomal cows (Kuroiwa et al. 2009; Hooper et al. 2014; Matsushita et al.
2014).
2.6

Bovine herpes virus-1 infection in cattle
BoHV-1 is the causative agent of infectious bovine rhinotracheitis (IBR),

conjunctivitus, abortions, and genital disease (vulvo vaginitis, and balano-posthitis).
Subsequent to infection, BoHV-1 survives in neurons of the peripheral nervous system
and/or the trigeminal ganglia via latency (Jones & Chowdhury 2007). BoHV-1 causes
immune suppression and epithelial damage, resulting in the development of Bovine
Respiratory Disease Complex (BRDC) (Muylkens et al. 2007). BoHv-1 plays a role in
BRDC by contributing to viral/bacterial synergism (Czuprynski 2009; Rivera-Rivas et al.
2009) that leads to severe, sometimes fatal, pneumonia. BRDC alone costs the U.S. cattle
industry up to 3 billion dollar annually (Jones & Chowdhury 2007).
2.6.1

Biology of BoHV-1
BoHV-1 is a double stranded DNA (dsDNA), enveloped virus: family

Herpesviridae, member of the subfamily Alphaherpesvirinae (αHV) genus Varicellovirus
(reviewed in (Yates 1982; Babiuk et al. 1996; Jones & Chowdhury 2007; Levings & Roth
2013a, b). BoHV-1's large dsDNA genome consists of 135,301 bp in which 73 genes are
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identified. The outer shell of BoHV-1 is composed of four proteins of which VP5 is the
major, essential capsid protein and conserved across αHV. The envelope consists of
mostly glycosylated, viral envelope proteins embedded in a host membrane acquired lipid
bilayer. A total of twelve envelope proteins are described of which ten are glycosylated.
Envelope proteins gB, gC, gD and gH are the most potent inducers of neutralizing
antibodies, which have been shown to be able to inhibit viral infectivity and penetration
(van Drunen Littel-van den Hurk & Babiuk 1986; Marshall et al. 1988). Non-essential
envelope protein gC binds first, non-specifically, to the host glycosaminoglycans. Binding
of gB, non-specifically, to the same receptor, and/or specific binding by gD to its receptor
also contribute to the binding of BoHV-1. Even though gC is not essential for attachment,
as is the case with gB and gD, neutralization of BoHV-1 in vitro can be accomplished by
binding to all three envelope proteins (Levings et al. 2014).
Direct nasal contact is the preferred route of BoHV-1 transmission, but aerosol
over short distances can also lead to infection. The individual subtypes of BoHV-1
(BoHV1.1, 1.2a and 1.2b) are associated with different routes of infection (Muylkens et
al. 2007). Envelope proteins gB, gD and gH/L are required for cell-to-cell spread
although gE and gG also may play a role (Trapp et al. 2003; Muylkens et al. 2007).
BoHV-1 is detected extracellularly at 12-13 hours post-infection and can spread by
viremia (Kaashoek et al. 1996) or by infected lymphocytes (Nandi et al. 2009). Cell-tocell spread of the virus infects neurons of the peripheral nervous system and can be
detected in the trigeminal ganglia after 1-6 days where it establishes latency (Jones &
Chowdhury 2007). After reactivation the virus can spread from infected neurons via the
axon. Viral shedding occurs 7-10 days after infection but has been reported up to 17 days
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after infection or reactivation. BoHV-1 employs several virus-evasion mechanisms,
which include infection of neutrophils and macrophages, inhibition of interferon (IFN)
type I production, down regulation of MHCI-expression, and chemokine and complement
binding.
2.6.2

Protective immunity to BoHV-1
BoHV-1 triggers molecular signals in infected cells to produce antimicrobial

peptides and interferons. Type I INF-α and -β, are expressed within 5 hours of BoHV-1
infection by infected cells, and innate immune cells are attracted to the site of infection.
Pathogen recognition receptors (PRRs) are engaged by conserved- signature viral
antigens or pathogen associated molecular patterns (PAMPs) on BoHV-1. Toll-like
receptors (TLRs) are one of several families of PRRs. Of the 10 TLRs that are identified
in cattle (Seabury et al. 2010), TLR7 TLR9 and RIG1, another PRR, are involved in viral
recognition (Marin et al. 2014). Activation through TLR results in the production of proinflammatory cytokines (TNFα and type I IFN), chemokines, co-stimulatory and adhesion
molecules, and antimicrobial peptides(Ackermann et al. 2010). At around the fifth day of
infection, specific TH-cells activate NK-cells and macrophages through the secretion of
IL-2 and IFNγ, and Ag-specific Tc-cells start proliferating (reviewed in (Muylkens et al.
2007; Levings & Roth 2013a, b)). This response peaks at approximately day 10, when Ag
specific Abs start appearing. The concentration of anti-BoHV-1 specific Abs peaks when
the infection is resolved, and functions to clear extracellular virus and prevents reinfection
and recrudescence.
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2.6.3

Problems associated with BoHV-1 prevention and eradication
According to the Office International des Epizooties (OIE), BoHV-1 infection

occurs worldwide and only a few countries (Austria, Denmark, Finland, Italy (province of
Bologna), Norway, Sweden and Switzerland) have successfully eradicated infectious
bovine respiratory disease. BoHV-1 control programs are in place in other countries
including Canada and U.S.A. (Nandi et al. 2009). Not a single country that relied on
vaccination alone in the eradication program has succeeded in eliminating BoHV-1. Most
countries that are officially IBR free also have histories of unexplained new cases
(Ackermann & Engels 2006). With parts of Europe being BoHV-1 free, the ability to
differentiate BoHV-1 infected animals from vaccinated individuals is critical to trade (van
Drunen Littel-van den Hurk 2007). Development of effective vaccines, in combination
with alternative preventive strategies such as passive immunization with engineered Abs,
will be a critical part of any BoHV-1 eradication program.
Several vaccines against BoHV-1 have been developed including modified live,
inactivated, subunit (Van Donkersgoed et al. 1996), and gene-deleted marker vaccines
(Strube et al. 1996). Although these vaccines do not prevent BoHV-1 infection, they do
reduce disease severity (van Drunen Littel-van den Hurk et al. 1996; Castrucci et al.
2002; Ackermann & Engels 2006). Apart from inadequate protection and abortion in
pregnant animals, there is concern over the potential for recombination of wild type virus
with the vaccine strains, which has been demonstrated experimentally (Schynts et al.
2003; Thiry et al. 2006). To be able to differentiate between natural and induced
immunity, marker vaccines were developed using gene-deleted viruses that could be
detected with specific immunoassays (Strube et al. 1996; Van Oirschot et al. 1997;
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Wellenberg et al. 1998a). The gE deleted marker vaccine, conferred by MLV or
attenuated BoHV-1 virus without the gE glycoprotein encoding gene, is widely used in
Europe. This gE deletion allows for the differentiation between infected and vaccinated
animals with gB and gE blocking ELISAs, both for serum and (bulk) milk (van Drunen
Littel-van den Hurk et al. 1996; Wellenberg et al. 1998b; Mars et al. 2000a, b). Other
BoHV-1 vaccines have been experimentally developed, which contain BoHV-1 proteins
alone or in combination with liposomes, ISCOMS, with regular adjuvants or in
combination with TLR9 containing adjuvants (Ioannou et al. 2002; Mackenzie-Dyck et
al. 2014).
Passive immunization by feeding neonatal calves with colostrum containing high
levels of anti-BoHV-1, serum neutralizing antibodies, protects them from the fatal multisystemic form of IBR (Mechor et al. 1987) but vaccination at week 2 and 5 post-birth did
not induce protection (Windeyer et al. 2012). Passive immunization of rabbits with
bovine monoclonal Abs against the BoHV-1 envelope proteins gB, gC and gD decreased
mortality after experimental infection with BoHV-1 (Levings 1992; Levings et al. 2014).
BoHV-1 neutralizing recombinant Ab fragments have been developed in our laboratory
for diagnostic and therapeutic purposes, but have not yet been tested in vivo (Koti et al.
2010a; Pasman et al. 2012).
2.7

Research focus
Little is known, in general, about the development of neonatal immunity essential

to developing appropriate vaccination strategies of the newborn for disease prevention.
Unlike humans, cattle provide a suitable model for understanding development of
neonatal immunity since the fetus develops in the absence of exposure to maternal
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immunoglobulins because of syndesmochorial placentation (Schultz et al. 1971). Towards
this goal, one of the objectives of this thesis is to analyze the global neonatal
transcriptome to delineate the development of neonatal humoral immunity before and
after colostrum uptake until four weeks of age (Chapter 3).
Antigen specific Igs or antibodies are generated after exposure to antigen that
specifically recognizes specific B epitopes with high affinity to provide protection. It is
known that most variable CDR3 of the variable heavy chain is mainly involved in antigen
recognition (Kabat & Wu 1991). However, relative contributions of VH and VL domains
in various Ab functions, such as Ag recognition or virus neutralization are not fully
understood. With an objective to define antibody structural and functional relationships,
contributions of VH (FdVH) and VL (FdVL) domains originating from monospecific antiBoHV-1 IgG and polyspecific IgM bovine antibodies were determined (Chapter 4).
Our laboratory discovered that some bovine antibodies are the largest known to
exist in a species because of an exceptionally long CDR3H (Saini et al. 1999; Saini &
Kaushik 2002; Shojaei et al. 2003; Koti et al. 2010b; Wang et al. 2013; Pasman &
Kaushik 2014). Indeed, these antibodies are found across all isotypes (Larsen & Smith
2012; Walther et al. 2013) and these are functional as some may have polyspecific
reactivity (Saini et al. 1999). Earlier, murine and human Ig were antigenized with short B
and T epitopes that induced a specific immune response subsequent to immunization
(Zanetti et al. 1992; Brumeanu et al. 1996a). However, Ig antigenization is constrained by
shorter CDRs of murine and human Igs as these can not sustain large conformational B
epitopes. Given the massive size of bovine Ig CDR3H, a large conformational viral B
epitope was grafted into the CDR3H of a bovine Ab fragment (scFv, i.e., VH+VL
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artificially linked together) with an objective to determine whether it retained the native B
epitope conformation capable of inducing a specific immune response (Chapter 5).
!
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Chapter 3
Immunoglobulin heavy chain variable and diversity genes encoding antibodies with
exceptionally long CDR3H are most expressed at birth in the bovine neonate
3.1

Abstract
The bovine fetus develops in the absence of an exposure to maternal

immunoglobulin (Ig) because of syndesmochorial placentation and, therefore, cattle
provide a suitable model to study the natural development of neonatal immunity pre- and
post-colostrum uptake. We have analyzed 18 RNA-Seq libraries from three calves, from
day 0, 7, 14 and 28, and their dams (day 0 and day7) to understand the development of
neonatal immunity, specifically humoral immunity. A significant shift in the neonatal
transcriptome occurs within the first week of neonatal life, distinct from dams, where 717
genes are upregulated at birth. Stringent global pathway analysis of the transcriptome
showed 110 differentially expressed (DE) immune related genes, which were identified in
calves at birth. These include immune related genes that encode proteins such as
complement, major histocompatibility complex II, chemokines, chemokine receptors,
defensins and cytokines. The newborn calf, though capable of innate immunity at birth, it
achieves adult expression levels of innate components by day 7. Subsequently, IL7
cytokine expression, required for B- and T-cell development, consistently increases from
day 0 to day 28 post-birth. Similarly, various genes encoding signaling molecules (LAX1,
BLK) and transcription factors (ICOS, FOXP3, GATA3) relevant to B and T cell
development are expressed at high levels in the neonatal transcriptome. As compared to
adults, the Ig kappa light chain constant domain gene (IGKC) is expressed at higher levels
in neonates, though Ig lambda light chain constant domain gene (IGLC) expression is still
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predominant at birth. The members of the IGKV2 family, IGKV10 and IGKV12 are
preferentially expressed. Two members of the IGLV1 family, IGLV1b.1 and IGLV1x.1 are
most expressed in neonatal B cells. Another member IGLV3.4 of rarely expressed IGLV3
family is preferentially used in neonatal B cells at birth. IGHM and IGHD transcripts are
expressed at birth and IGHM achieves adult levels by day 7. This is followed by IGHA
and IGHG transcripts at 14 and 28 days, respectively, post birth. Interestingly, most 3'
IGHV1S1(BF4E9) gene, known to encode antibodies with exceptionally long CDR3H, is
preferentially expressed in neonatal B cells. In parallel, the single longest IGHD2(DH2)
gene that encodes such an atypical CDR3H is expressed at high levels at birth. It seems
that IGHV1S1(BF4E9) gene has an important functional role in the development and
expansion of neonatal B-cell repertoire. Further, anti-idiotypic antibodies to an IgG1
associated ‘id9907’ idiotype of colostrum origin could be traced in neonatal blood
circulation indicating that maternally acquired id-anti-id antibodies may influence the
developing neonatal antibody repertoire. To conclude, the bovine neonate expresses
innate immunity at birth and develops humoral immunocompetence by day 28 to defend
itself against infection.
3.2

Introduction
Infections account for most mortality in the newborn because of lack of

maturation of the developing immune system to be able to provide adequate protection
(Basha et al. 2014; Windeyer et al. 2014). The protection during fetal and early neonatal
development is often provided by maternal antibodies (Abs) that may be transferred from
mother to offspring through the placenta or through colostrum post-birth. In humans,
where IgG Abs cross the placenta, a correlation is demonstrable in IgG but not the IgM
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repertoire of the mothers and newborn suggesting structured development of antibody
reactivities, consistent with the concept of immunological homunculus (Poletaev &
Osipenko 2003; Meffre & Salmon 2007; Merbl et al. 2007; Madi et al. 2012). Unlike
humans, the bovine fetus develops in the absence of an exposure to maternal Ig since
syndesmochorial placentation (Schultz et al. 1971) and the absence of FcRn receptors in
the placenta (Kacskovics 2004) prevents Ig transfer. The newborn bovine calf, thus, must
acquire Ig through colostrum, predominant in IgG1 Abs, within 24-48 hours post-birth for
immediate passive protection. The development of humoral immunity has been suggested
to occur via idiotypic-anti-idiotypic (id-anti-id) interactions that contribute to B cell
expansion and shaping (Ab3>Ab2>Ab1) of the developing Ab repertoire (Victor et al.
1983b, a; Kearney & Vakil 1986b, a; Vakil & Kearney 1988). Indeed, high idiotypic
connectivity among natural Abs (NAbs) secreted by the B cells in newborn mice, in
contrast to the adult counterpart, has been demonstrated (Holmberg et al. 1986).
Therefore, cattle provide a suitable model to study the developing Ab repertoire without
an influence of maternal Igs, i.e. prior to colostrum ingestion, and subsequent to exposure
to maternal Igs. Generation of a functional Ab repertoire requires development of a large
diversified set of antigen (Ag) receptors, T-cell receptors (TCR) and Igs (B-Cell
receptors), largely dictated by germline sequence divergence and diversity generated via
recombination of various genes. Since little is known about bovine neonatal
transcriptomics, we used a discovery driven approach to examine various globally
expressed gene sets during the first four weeks of natural neonatal life with a focus on the
development of humoral immunity and immunologically relevant effectors. The
experiments outlined here demonstrate that prior to ingestion of maternal Igs post-birth,
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the neonatal calf is immunodeficient and likely immunosuppressed and subsequent to
maternal Ig acquisition via colostrum it expresses IgM antibody encoding transcripts
comparable to adult levels by day 7 followed by IgA by day 14 and IgG by 4 weeks postbirth. The transcripts that encode Abs with exceptionally long CDR3H appear at birth
during B-cell ontogeny and, thus, seem to be important in the development of nascent Ab
repertoire in cattle. Though bovine Abs mostly express lambda light chains (Arun et al.
1996), kappa light chains are expressed at higher levels during B cell ontogeny.
3.3

Materials and Methods

3.3.1

Blood samples
Whole blood samples were collected from three Canadian Holstein calves

(females) (University of Guelph Elora research station, Canada) pre-colostrum (day 0)
and at day 7, 14 and 28 post-birth (Table 3.1). Only calves that had received an adequate
amount of quality colostrum within 8 hours of birth were included in this study.
Colostrum and blood samples were collected from the dams at the day of giving birth and
at day 7. Institutional ethical guidelines, approved by the Animal Care Review Board of
the University of Guelph, were followed. Fresh blood samples (BD vacutainer® EDTA)
were centrifuged for 15 min at 1500 x g and peripheral blood mononuclear cells (PBMCs)
collected from the interface, were resuspended in TRIzol® (Life technologies, USA) and
stored at -70°C. Serum was collected from blood samples (BD vacutainer® serum) after
incubation at 37°C for 1 hour to allow clot formation, followed by >2 hours at 4°C.
Serum was collected after centrifugation (5 minutes 2000 x g).
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3.3.2

cDNA libraries and next generation sequencing
Total RNA was extracted from PBMCs using TRIzol® and Purelink® RNA

purification mini kit (Life technologies USA). The quality of the RNA was confirmed by
analysis on an Argyle Bioanalyzer. Samples with a RNA integrity number >8 qualified
for next generation sequence (NGS) analysis (The Centre for Applied Genomics,
Toronto). The cDNA libraries were prepared following the Illumina TruSeq mRNA
library preparation protocol for the Illumina platform. Briefly, poly-A containing mRNA
was separated by poly-T oligo magnetic beads. After purification, the mRNA was
fragmented into smaller pieces and copied into first strand cDNA by reverse transcriptase
and random primers. A single "A" overhang is added to the cDNA fragments followed by
ligation of an adapter sequence. The samples are then purified and enriched by PCR to
create the final cDNA library. The samples were sequenced with the Illumina HiSeq
2500 with TruSeq v3 sequencing by synthesis chemistry, using the multiplex paired-end
sequencing protocol that produces short sequences of the transcriptome or reads (2x151bases). Raw sequence data, forward and reverse 151bp sequence fragments or 'reads',
were generated in fastq format by the Illumina pipeline 1.8.2.. For global analysis similar
sized data sets were used (Supplement 3.1). All the data sets were investigated for de
novo Ig transcriptome assembly and determination of Ig-transcriptome abundance.
3.3.3

Transcriptome sequence data filtration and de novo assembly
Adapter and quality trimming of raw reads were performed using Trim-galore

(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/)

version

0.3.3

(Supplement 3.2). Trim-galore removes low quality bases from the 3' end based on a
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phred score threshold of 20; it also removed the illumina adapters from 3' end of the
reads.
Preprocessed reads from each sample were assembled into transcriptomes using
Trinity version r20140717 (http://trinityrnaseq.sourceforge.net/; Supplement 3.2); each
sample was assembled separately to better capture different Ig gene transcript isoforms.
Various assembly statistics, including total number of transcripts, total number of
components, N50, and span, transcript lengths were generated using custom scripts
(Supplement 3.1 and 3.2)
3.3.4 Multi-dimensional scaling (MDS) and global differential gene expression
analysis
Cufflinks version 2.2.0 (Trapnell et al. 2010) (http://cufflinks.cbcb.umd.edu/)
(Software versions and settings in Supplement 3.2) was used to perform reference-based
transcript assembly and generate gene abundance estimates, which were imported in the R
package cummeRbund version 2.0.0 (http://compbio.mit.edu/cummeRbund/) to generate
the MDS plot.
Preprocessed reads for each sample were aligned to Bos taurus UMD 3.1 genome
((http://support.illumina.com/sequencing/sequencing_software/igenome.html
NCBI: UMD_3.1, 22,318 genes) (Zimin et al. 2009)) using Tophat (Trapnell et al. 2009;
Trapnell et al. 2012) (http://ccb.jhu.edu/software/tophat/index.shtml) version 2.0.11
(Supplement 3.2) and gene counts were estimated using HTSeq (Anders et al. 2015)
(http://www-huber.embl.de/users/anders/HTSeq/doc/overview.html)

version

0.6.1.

(Supplement 3.2). Genes with less than 1 mapping read were discarded prior to
differential analysis. Paired differential analysis was carried out using the EdgeR v3.2.4
R/Bioconductor package (Robinson et al. 2010) (Supplement 3.2); for the paired analysis,
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samples were paired by family when comparing mothers to calf and by animal when
comparing different time points. To calculate reads per kilobase per million (RPKM)
values for each gene, the transcribed length of the gene was calculated by adding up the
length of each exon and RPKMs were then calculated using EdgeR.

Genes of interest

qualified for further analyses if the Benjamini and Hochberg false discovery rate (FDR)
was low, FDR<0.05 (FDR is the expected percentage of false predictions in the set of
predictions) and expression measured by fold change (FC) was either increased
(logFC>1) or decreased (logFC<-1) by at least two fold and expression levels
RPKM>1.0.
3.3.5

Pathway analysis
Differentially expressed genes were obtained from EdgeR when comparing

RPKM values from calves at day 0 versus (vs) calves at day 7 (paired by animal), and
calves day 0 vs dams day 0 (paired by family). For each separate analysis, the genes
having an EdgeR FDR ≤ 5% were designated as differentially expressed and compared to
the rest of the genes. Gene length bias was corrected in GOseq (Young et al. 2010) using
mature transcript length based on the same models that were used for RNA-Seq read
alignment (NCBI UMD 3.1). The enrichment p-value for each analysis was corrected for
multiple comparisons using Benjamini and Hochberg false discovery rate. Mapping
between genes and gene ontology terms were obtained using genome wide annotation for
bos

taurus

from

the

R

package

org.Bt.eg.db

(http://bioconductor.org/packages/release/data/annotation/html/org.Hs.eg.db.html)
(Supplement 3.2). The enrichment results were visualized as a gene-set overlap network
using the Cytoscape plugin enrichment map (Shannon et al. 2003; Merico et al. 2010).
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Enrichment significance level was set to FDR 1% to display the most relevant sets. The
gene-set overlap was calculated using the Jaccard and overlap combined score with the
cutoff set to 0.6 (Supplement 3.2).
3.3.6

Immunoglobulin transcriptome analysis
To quantify the expression of curated Ig genes, pre-processed reads from each

sample were split into 50 bp segments (3x50 bp reads for each original read). RSEM
version 1.2.17 (Li & Dewey 2011) (Supplement 3.2) was used to estimate expected
counts based on the read alignments to the curated Ig gene sequences. Since Ig genes
rearrange and vary in length, using 50bp reads ensures maximum sensitivity. Counts were
reported for specific genes and for gene groups and normalized by sample ((number of
matched 50bp reads/total aligned reads for the full transcriptome) x1,000,000). Graphs
and statistical values were generated using GraphPad Prism version 5.00 for Mac OSX,
(GraphPad Software, La Jolla California USA). The p-values were determined by oneway ANOVA with Newman-Keuls multiple comparisons post test for statistical
significance. Error bars represent the standard error of the mean (SE).
3.3.7

Colostrum and serum immunoglobulin quantification
IgG levels in serum and colostrum were determined by radial immuno diffusion

(RID) as per manufacturers' instruction (Triple J Farms, Bellingham USA).
3.4

Results

3.4.1

Rapid differential gene expression occurs within first week post-birth
A total of 18 RNA-Seq libraries were generated and subsequent to filtering poor

quality reads, average of 27.1 million sequences (reads) per sample were analyzed
(Supplement 3.1). Alignment of the filtered reads to the Bos taurus reference genome
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UMD (version 3.1.1) demonstrated that on an average 17,477 genes mapped with at least
one read. Global transcriptome analysis using multi dimensional scaling (MDS) showed
clustering of expressed genes in individual calves with a consistent time course at day 0,
7, 14 and 28, with a remarkable shift in the transcriptome of all the calves one week postbirth subsequent to colostrum uptake (Fig. 3.1). Such a shift in neonatal transcriptome is
in contrast to the individual dam transcriptomes that clustered together, separate from the
calves, where no such change was evident. A volcano plot of expressed genes (Fig. 3.2)
demonstrated significantly (FDR<0.05) higher expression of 717 gene transcripts in the
newborn calves at day 0 as compared to day 7 where a different set of 735 genes are
significantly (FDR<0.05%) upregulated compared to day 0. As compared to dams,
newborn calves at day 0 show higher expression of 758 genes whereas dams subsequent
to parturition have 877 genes upregulated compared to calves at day 0. Most of these
differences are likely to be development related in the neonate while differences
compared to the dams mostly relate to reproduction and immunity.
Using a robust analytical approach by gene set enrichment analysis (FDR<0.01)
(Young et al. 2010) of DE genes, a 110 immune related genes (Supplement 3.3) out of
the available 4603 gene ontology (GO) annotated genes in the bovine genome (NCBI
UMD3.1) were identified in calves day 0 vs day 7 or vs dams day 0 (Fig. 3.3). Inspection
of DE gene sets in the neonates (day 0 vs day 7) showed significant enrichment for some
of the immune related genes that included: complement component (component 2, 3, 9,
factor B), MHCII, chemokine receptors and ligands (CCL4, CXCL10, CXCL6, CXCR3,
CXCR4, CX3CR1), defensins (DEFB10, DEFB7), Fc receptor (FCGR3A, Fc low affinity
receptor IIIa, CD16a), interferon regulatory factor 1, interferon inducible protein and
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receptor (IRF1, IFI6, IFNAR2), interleukins (IL1B, IL12B), marginal zone B and B1
specific protein (MZB1) etc. (Table 3.2, 3.12; Supplement 3.4). Most of these
immunological genes are relevant to innate immunity when a high stringency analysis
(FDR<0.01) was performed.

An extended analysis of EdgeR for genes relevant to

immune neonatal development in calves day 0 versus day 7 showed significant
differences (FDR<0.05) with regard to interleukins (IL8, IL27) and interleukin receptors
(IL1R2, IL12RB1, IL12 RB2, IL7R, IL21R) (section 3.4.2, Fig. 3.5). An increase in
transcript level for FCGR3A (CD16a) is evident from day 0 to day 7 (LogFC 1.66, FDR
1.75E-07) to reach subsequent steady levels (Fig. 3.4a). Further, IRF1 transcription
activator of IFNα, beta and gamma, required for both innate and acquired immunity, is
significantly increased on day 0 vs day 7 (LogFC 1.58, FDR 1.37E-13) and then remains
at stable levels (Fig. 3.4b).
Similarly, a comparison of the neonate at birth with the dam demonstrated DE
gene sets relevant to immunity as follows: MHCII, neutrophil beta defensin-9 like
peptide, complement related components (C1, C2, C9, SERPING1), chemokines (CCL4,
CXCL10, CXCL2, CXCL6), chemokine receptors (CCR5, CCR7, CXCR3), CD40, CD8A,
defensins (DEFB10, DEFB5, DEB7, BNBD-9-LIKE), Fc receptor (FCGRIIIa),
transcriptional factors (GATA3, IRF1, NFIL3, NR1D1,), cytokines (IFNAR2, IL1B,
IL12B, IL7), signaling molecules (LAX1), MZB1, neutrophil NADPH oxidase,
immunomodulatory proteins (SEMA4A), Toll like receptors (TLR10, TLR4, TLR6) etc.
(Table 3.3, 3.12; Supplement 3.5).
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Figure 3.1 MDS plot of bovine gene expression profiles. Transcriptomes are grouped by
animal (calves 4324(B), 4327(A), 4355(C) and dams 3761 (B), 3731(A) 4045 (C), letters
A, B and C refer to mother-calf pairs. Note the different location on the graph of the calf
transcriptomes as compared to the dams and the change in global gene expression profile
in calves from day 0 to day 7.
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Figure 3.2 Volcano plots of DE genes between calves day 0 vs day 7 (a) and calves day 0
vs dams day 0 (b). A large number of genes are more than two times down regulated
(LogFC<-1) or up regulated (LogFC>1) significantly (FDR<0.05 in red).

!!

(a) CalfD7 > CalfD0, positive LogFC (735 genes are up regulated in calves at day 7)
CalfD0 > CalfD7, negative LogFC (717 genes are up regulated in calves at day 0).
(b) MotherD0 > CalfD0, positive LogFC (877 genes are up regulated in mother at day 0)
CalfD0 > MotherD0, negative LogFC (758 genes are up regulated in calf at day 0).
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Table 3.1 Animals used for these studies
Calves
4324
4327
4355

DOB* calves
DDMMYY

120613
110713
101013

Gender

Dam

female
female
female

3761
3731
4045

DOB* dam
DDMMYY

181107
180807
091110

# lactations
4
4
2

*DOB-Date of birth
Table 3.2 Immune related GO gene clusters of interest, identification of significantly DE
genes 1 week post birth FDR<0.05
# genes
# genes
LogFC <-1
LogFC>1
# genes
Cluster
LogFC <-1
LogFC>1
FDR<0.01
(Examples)
(Examples)
RPKM>1
RPKM>1
Immune
Table S3.4e**
Table S3.4e**
83
22
43
response
(IGF2, NPPA)
(ADA, MZB1)
Defense
Table S3.4a
Table S3.4b
43
15
22
response
(C9, CXCL6)
(C2, C3, IRF1)
Reg. of
Table S3.4c
Table S3.4c
defense
24
4
(CXCR4,
9
(CXCL10, IRF1)
response
CXCL6)
Cytokine
4
0
2
CASP4, IL1B*
production
Response to
Table S3.4d
Table S3.4d
17
5
9
cytokine
(IL12RB2, KIT)
(IL1B*, IL12B)
Note: *some genes are present in multiple gene sets for example IL1B; FDR<0.01 on
matched observations, not grouped at time point, **DE genes not already part of other
GO clusters are in this table; S refers to Supplementary tables containing genes in cluster
Table 3.3 Immune related GO gene clusters of interest, identification of significantly DE
genes of calves day 0 vs dams day 0 (FDR<0.05)
# genes
# genes
# genes
LogFC <-1
LogFC>1
Cluster
LogFC <-1
LogFC>1
FDR<0.01
(Examples)
(Examples)
RPKM>1
RPKM>1
Adaptive
Table S3.5a
Table S3.5a
immune
11
3
(CXCL6, KIT,
8
(C1QB, C2)
response
ZP3)
Interleukin
Table S3.5b
production
4
0
4
(PYCARD,
IL1B)
Reg. of
Table S3.5d
Table S3.5c
cytokine
17
7
10
(TLR4,TLR6,
(GATA3, LAX1)
secretion
TLR10)
Innate
Table S3.5e
Table S3.5f
immune
109
40
(CD8A, NOS3,
40
(BLA-DQB,
response
SERPING1)
CD40,IL7)
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Figure 3.3 Pathway analysis based on GO classification of differential gene (DE)
expression in calves day 0 vs calf day 7 and calves day 0 vs dams day 0 (FDR<0.01)
visualized using the Cytoscape plugin enrichment map (Merico et al. 2010). The pathway
analyses of DE genes of calves at day 0 compared to day 7 identified 25 gene clusters
(FDR<0.05) of which five gene clusters: immune response, defense response, reg. of
defense response, cytokine production and response to cytokine, were further analysed
with a higher stringency (FDR<0.01) (Table 3.2, Supplement 3.4). The comparison of
calf transcriptomes day 0 vs dams day 0 identified 26 gene clusters of which four clusters
(adaptive immune response, interleukin production, regulation of cytokine production and
regulation of the innate immune response) were further analysed (FDR<0.01). (Table 3.3,
Supplement 3.5)
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Figure 3.4 Differentially expressed genes in the neonatal calf day 0 versus day 7.
a. FCGR3A (CD16a) FDR<0.001 day 0 versus day 7; b. IRF1, interferon regulatory
factor-1, FDR<0.001 for day 0 versus day 7
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3.4.2

Variable cytokine gene expression occurs during neonatal development
IL7 gene expression that encodes IL-7, a cytokine essential to B- and T-cell

development required for VDJ recombinations, consistently increases when compared
from day 0 to day 28 post-birth (LogFC 1.98, FDR 0.0054; Fig. 3.5a). By contrast, IL7
receptor (IL7R) gene expression significantly declines from day 0 to day 7 (LogFC -1.22,
FDR 6.1E-08; Fig. 3.5b) and then remains at stable levels. The IL21 gene is expressed at
very low levels (data not shown) but IL21R gene expression is increased at day 0
compared to day 7 (LogFC 1.17, FDR 0.000140; Fig 3.5c) and remains at steady levels
and is comparable to the adult. Such stable expression of IL21R is relevant to
development of T, B and NK cells. While the IL12A gene is expressed at very low levels,
the IL12B gene, a subunit of IL-12 and IL-23 that is involved in TH differentiation and
IFNγ production, expression increases from day 0 vs day 7 (LogFC1.14, FDR 0.016; Fig.
3.5d) and then declines by day 28. The corresponding IL12RB1 increases from day 0 to
day 7 to achieve adult levels (LogFC1.31, FDR 5.5E-10; Fig 3.5e). By contrast, IL12RB2
declines significantly within 7 days post-birth (LogFC -1.46, FDR 3.1E-05; Fig 3.5e) to
attain adult levels. Both IL12RB1 and IL12RB2 constitute the IL12 receptor complex and
are important to differentiation of T cells into TH1 and TH17. IL27, a member of the IL-12
family, is expressed at low levels at birth but reaches adult levels by day 7 (LogFC 1,66,
FDR 0.006; Fig. 3.5f). IL1B expression increases post-birth by day 7 (LogFC 1.44, FDR
0.0083; Fig 3.5g) whereas its corresponding receptor IL1R2 gene is expressed at high
levels at birth and declines significantly by day 7 (LogFC -3.22, FDR 5.9E-34; Fig. 3.5h).
The chemotactic chemokine IL8 gene expression (encoding CXCL8) is significantly
declined at day 7 post-birth vs day 0 (LogFC -1.13, FDR 0.00015; Fig. 3.5i) and then its
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Figure 3.5 Significant differentially expressed interleukin and interleukin receptor genes
in neonatal calves were identified; a. IL7, FDR<0.01 day 0 versus day 28; b. IL7R,
FDR<0.001 day 0 versus day 7; c. IL21R, FDR<0.001 day 0 versus day 7; d. IL12B
FDR<0.05 day 0 versus day 7 and FDR<0.001 day 7 versus day 28; e. IL12RB1 and
IL12RB2 FDR<0.001 day 0 versus day 7; f. IL27 FDR<0.01 day 0 versus day 7; g. IL1B
FDR<0.01 day 0 versus day 7, FDR<0.005 day 0 versus day 14 and day 14 versus day 28;
h. IL1R2 FDR<0.001 day 0 versus day 7; i. IL8 FDR<0.001 day 0 versus day 7; j. TNF
FDR<0.05 day 0 versus day 14
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expression remains stable. The pro-inflammatory cytokine TNFα gene expression
increases by day 14 post-birth (LogFC 1.04, FDR 0.015; Fig 3.5j) and remains at steady
levels. While various cytokines are expressed in a dynamic manner, an increase in IL-1B,
IL-7, IL-12B, and a decrease in IL-8, is likely to be of functional significance in the
development of accessory cells and immune effector T and B cells.
3.4.3

Higher expression of genes encoding signaling molecules and transcriptional

factors relevant to B and T lymphocytes occurs in the neonates
LAX1, lymphocyte transmembrane adaptor 1, known to negatively regulate TCR
and BCR mediated signaling is consistently expressed at higher levels and remains
consistent until 4 weeks of neonatal life as compared to adult (FDR<0.001, Fig 3.6a).
Similarly, BLK, a cell signaling tyrosine kinase required during B-lymphocyte
development and important for transition from pro- to pre-B cell stage via signal
transmission through surface Ig, is expressed at consistently higher levels post-birth as
compared to the adult (FDR<0.001, Fig. 3.6b). Higher expression of these genes is
reflective of, positive and negative signaling, required for T and B cell development,
selection and proliferation. Further, a trend for increased expression of Igα (CD79A) and
Igβ (CD79B) in neonatal B cells is noted when compared from day 0 to day 28 (LogFC
0.8, FDR <0.15; Fig. 3.6c). The CD40 expression is also significantly increased by day 14
post-birth (LogFC 1.05, FDR .00039; Fig. 3.6d) and remains at steady levels by day 28,
consistent with B cell activation, proliferation and class switching at this developmental
stage. No parallel increase in T-cell signaling molecules e.g. CD3G and CD3D gene
expression is evident in neonatal T-cells (Fig. 3.6e), but is significantly higher than in
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Figure 3.6 Expression levels of some genes important in B- and T-cell signalling in
neonatal calves.
a. LAX1 FDR<0.001 neonatal calf versus dams day 0; b. BLK FDR<0.001 neonatal calf
versus dams day 0; c. CD79A and CD79B (encoding Igα and Igβ co-receptor); d. CD40
FDR<0.001 day 0 vs day 14; e. CD3D and CD3G; f. ICOS (CD278) FDR<0.001 day 0
versus day 7; g. FOXP3 FDR<0.001 day 0 versus day 7; h. GATA3 R<0.001 neonatal calf
versus dams day 0.
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h.

dam (FDR<0.05, data not shown). However, the ICOS (CD278) gene expression is
significantly increased from day 0 to day 7 post-birth (LogFC 1.11, FDR 0.00027; Fig.
3.6f). ICOS is a molecule involved in T-cell proliferation, secretion of cytokines, and Band T- cell cooperation for developing immune responses to T-dependent antigens.
Similar, significant increase is noted in FOXP3 gene expression that encodes a protein of
forkhead/winged-helix family of transcriptional factors involved in the development of
regulatory T cells, in bovine neonates day 0 vs day 7 (LogFC 1.23, FDR 0.00063; Fig.
3.6g). The expression of GATA3 transcription factor required for TH2 differentiation is
high in neonatal transcriptome as compared to the adult (FDR<0.001, Fig 3.6h) in the first
four weeks post birth. These observations suggest extensive cell signaling involved in
proliferation and selection of both T and B cells in the neonate.
3.4.4

IGKC is expressed at higher levels in bovine neonatal B cells
Significant differences are seen with regards to immunoglobulin surrogate light

chain (IGLL1) as well that show a continual increase from day 0 to day 28, but are most
significant from day 0 to day 7 (LogFC 1.71, FDR 1.01E-09; Fig. 3.7). Such differences
in IGLL1 expression are also significant from day 7 versus day 28 (FDR<0.01).
While IGLC encoding lambda light chains are expressed at 92-94% in adult cattle,
IGKC encoding kappa light chain is expressed at higher levels at birth ranging between
16.7% and 22.1% until 4 weeks post-birth (Fig. 3.8a and b, Table 3.4 and 3.5). In parallel,
IGLC expression is decreased from 83.3% to 77.9% by 4 weeks post-birth. These
observations suggest that lambda light chains are predominantly expressed at birth and a
further increase in IGLC expression in adult cattle occurs likely as a result of Ag selection
in the periphery later in life. Within IGLC, IGLC2 gene expression remains low as
!
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Figure 3.7 Expression of IGLL1 that encodes surrogate light chain is significantly
increased from day 0 to day 7 post-birth (FDR<0.001) in the neonate.
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Figure 3.8 IGKC and IGLC gene expression in neonatal B cells. a. Relative IGKC and
IGLC expression (%) in neonatal B cells; b. Relative IGKC and IGLC expression (%) in
dams
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Figure 3.9 a. Relative transcription levels (%) of expressed IGKV genes (>1 TPM) in
calves and; b. dams; c. Transcript levels of expressed IGKV genes (TPM>1) in neonatal B
cells; d. Transcript levels of expressed IGKV genes (TPM>1) in adult B cells. (*p<0.05,
**p<0.01)
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Table 3.4 Expression of light chain constant region genes (TPM)
Gene
IGKC
total
IGL
IGLC2
IGLC3

Day 0
Calves
Dams
12.0 ± 3 29.7± 4.2

Aligned Transcripts per million reads (50bp)
Day 7
Day 14
Calves
Dams
Calves
Dams
72 ± 87
76.2 ± 10
91 ± 45
ND

Day 28
Calves
Dams
134 ± 36
ND

59.4 ± 3

357 ± 18

231 ± 51

1205 ± 524

315 ± 91*

ND

459 ± 63**

ND

9.4 ± 2.8
47.5 ± 1

76.0 ± 44
229 ± 66

31.0 ± 24
192 ± 66*

384 ± 317
566 ± 29

36 ± 20
267 ± 62*

ND
ND

43 ± 24
401 ± 52**

ND
ND

*P<0.05, **P<0.01 compared to expression in calves at day 0; ND - not done

Table 3.5 Relative expression (%) of light chain constant region genes
Gene
IGKC
IGLC

Day 0
Calves
Dams
16.7 %
7.7 %
83.3 %
92.3 %

Relative expression of IGKC and IGLC (%)
Day 7
Day 14
Day 28
Calves
Dams
Calves
Dams
Calves
Dams
20.9 %
6.0 %
23.5 %
ND
22.1 %
ND
79.1 %
94.0 %
76.5 %
ND
77.9 %
ND

ND - Not done

Table 3.6 Relative expression (%) of expressed IGKV genes (TPM>1) compared to total
IGKV expression
Calves
Dams
Gene

day 0
Mean ± SE

day 7
Mean ± SE

day 14
Mean ± SE

IGKV8

18.65 ± 4.82

29.86 ± 22.11

33.41 ± 13.52

IGKV10

23.00 ± 20.73

30.58 ± 29.52

30.18 ± 26.18

IGKV12

37.20 ± 3.55

32.03 ± 13.43

28.99 ± 9.84

IGKV14

10.16 ± 4.14

4.16 ± 0.70

IGKV16

10.99 ± 2.80

3.36 ± 0.69

!
!

day 0
Mean ± SE

day 7
Mean ± SE

36.00 ± 7.43

35.31 ± 6.84

30.03 ± 3.97

21.39 ± 16.10

20.93 ± 11.58

15.13 ± 6.56

36.21 ± 3.93

35.68 ± 7.96

48.59 ± 19.44

4.64 ± 1.23

4.73 ± 0.75

6.39 ± 2.22

5.42 ± 1.59

2.78 ± 0.52

1.66 ± 0.52

1.70 ± 1.03

0.84 ± 0.39
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day 28
Mean ± SE

compared to IGLC3, which is expressed at higher levels at birth and significantly
increases by 4 weeks increase in IGLC expression in adult cattle occurs likely as a result
of Ag selection in the periphery later in life. Within IGLC, IGLC2 gene expression
remains low as compared to IGLC3, which is expressed at higher levels at birth and
significantly increases by 4 weeks of neonatal life taking into consideration absolute
number of actual transcripts/million (Table 3.4).
Analysis based on 13 curated IGKV reference genes (<95% identity) representing
all IGKV families, members of the IGKV2 family (IGKV8, IGKV10, IGKV12 and
IGKV14) were predominantly expressed in both neonatal and adult bovine B cells (Fig.
3.9a and b). Indeed, three IGKV genes, IGKV8, IGKV10 and IGKV12 encode most kappa
light chains regardless of neonatal or adult stage (Fig. 3.9c and d, Table 3.6). The
neonatal B cells at birth mostly express IGKV8, IGKV10 and IGKV12 indicating their
preferential expression. A significant steady increase in IGKV12 expression by day 28 is
evident, though IGKV8, IGKV10 are also variably expressed at higher levels. The
IGKV14, though expressed at relatively low levels, shows a significant increase from day
0 to day 14 and 28. Thus, a single IGKV2 family, mostly IGKV8, IGKV10 and IGKV12,
encodes most of the kappa light chains both at neonatal and adult stage.
Analysis based on 25 curated IGLV genes, representing IGLV1, IGLV2 and IGLV3
families, revealed that a single IGLV3.4 gene, rarely expressed in adult cattle (Fig 3.10b),
is preferentially expressed in neonatal B cells at birth (Fig 3.10a, Table 3.7). Two
members of the IGLV1 family, IGLV1b.1 and IGLV1x.1, are most expressed at birth in the
neonatal B cells and such an expression is maintained in adult cattle. In general, IGLV
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Figure 3.10 a. Relative transcription levels (%) of expressed IGLV genes (TPM>1) in
calves and; b. dams; c. Transcript levels of expressed IGLV genes grouped by IGLV1
subfamilies, IGLV2 and IGLV3 family genes in neonatal B cells (TPM>1); and d. adult B
cells (TPM>1). (* p<0.05, ** p<0.01, ***p<0.005)
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Table 3.7 Relative expression (%) of expressed IGLV genes (TPM>1) compared to total
IGLV expression
Calves
Gene

Dams

day 0

day 7

day 14

day 28

day 0

day 7

Mean ± SE

Mean ± SE

Mean ± SE

Mean ± SE

Mean ± SE

Mean ± SE

IGLV1a.1

2.32 ± 0.24

1.68 ± 0.43

2.23 ± 0.47

2.27 ± 0.69

1.24 ± 0.20

1.44 ± 0.38

IGLV1a.3

7.28 ± 2.45

11.63 ± 6.22

12.98 ± 7.11

11.82 ± 3.67

8.82 ± 1.05

11.43 ± 5.07

IGLV1a.4

3.38 ± 0.82

2.07 ± 0.99

1.95 ± 0.61

1.21 ± 0.50

0.52 ± 0.15

0.36 ± 0.10

IGLV1a.5

0.32 ± 0.16

0.29 ± 0.14

0.53 ± 0.35

0.47 ± 0.23

0.42 ± 0.28

0.57 ± 0.47

IGLV1a.6

1.41 ± 0.57

2.15 ± 1.36

2.01 ± 1.19

2.15 ± 0.80

9.09 ± 3.90

11.96 ± 7.70

IGLV1a.7

6.61 ± 1.18

15.72 ± 8.41

9.96 ± 3.48

8.95 ± 2.26

5.03 ± 0.41

4.62 ± 1.57

IGLV1a.8

0.29 ± 0.23

0.28 ± 0.21

0.23 ± 0.18

0.18 ± 0.14

0.22 ± 0.10

0.15 ± 0.07

IGLV1b.1

17.14 ± 0.07

19.26 ± 4.58

25.63 ± 6.40

34.30 ± 3.73

38.27 ± 5.29

36.88 ± 10.16

IGLV1d.1

0.60 ± 0.13

0.38 ± 0.04

0.19 ± 0.06

0.23 ± 0.07

0.20 ± 0.10

0.12 ± 0.01

IGLV1e.8

7.13 ± 1.01

9.53 ± 3.78

8.62 ± 2.68

8.26 ± 2.74

1.23 ± 0.05

1.16 ± 0.25

IGLV1x.1

18.10 ± 2.98

13.74 ± 2.02

12.31 ± 4.44

10.90 ± 1.76

30.09 ± 3.19

26.38 ± 12.92

IGLV2.4

0.75 ± 0.31

0.77 ± 0.41

0.67 ± 0.28

0.56 ± 0.27

0.64 ± 0.15

0.52 ± 0.16

IGLV3.1

0.73 ± 0.15

0.46 ± 0.08

0.56 ± 0.15

0.59 ± 0.06

0.12 ± 0.06

0.17 ± 0.06

IGLV3.2

3.05 ± 0.35

3.15 ± 0.35

7.77 ± 4.11

7.04 ± 0.81

2.52 ± 0.16

2.53 ± 0.74

IGLV3.3

0.91 ± 0.23

0.56 ± 0.08

0.70 ± 0.41

0.58 ± 0.19

0.09 ± 0.02

0.08 ± 0.01

IGLV3.4

29.98 ± 1.78

18.33 ± 3.24

13.63 ± 0.98

10.47 ± 1.43

1.51 ± 0.27

1.63 ± 0.27
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gene family expression follows a pattern: IGLV1>IGLV3>IGLV2 (Fig. 3.10c and d), that
is maintained through adulthood. It should be noted that the IGLV1x.1 encoded light
chains are expressed in bovine antibodies with exceptionally long CDR3H.
3.4.5

IGHM and IGHD transcripts alone are detectable at birth prior to colostrum
uptake
Newborn calves at birth, prior to colostrum uptake, only express IGHM and IGHD

transcripts in neonatal B cells (Fig. 3.11). While IGHD transcript levels remain relatively
unchanged by 4 weeks post-birth, IGHM transcript levels reach adult levels by day 7
(Table 3.8) and are significantly elevated as compared to day 0 (p<0.05). The IGJ gene
expression that encodes joining chains, exponentially increases from day 0 to day 14
(LogFC 2.78, FDR 3.27E-19; Fig. 3.12) and remains consistently high at day 28
indicating significant IgM and IgA polymerization during the development of neonatal
Ab repertoire. The transcript levels of IGHA and IGHG1 reach adult levels by day 28,
while IGHE, IGHG2 and IGHG3 remain lower as compared to the adult by day 28 (Table
3.8). Indeed, serum IgG levels are undetectable at birth (Table 3.9), consistent with low
IGHG expression on day 0 prior to colostrum uptake. Serum IgG levels in the 28-day-old
neonates remain below adult levels despite IgG1 uptake from colostrum and comparable
levels of IGHG1 and IGHG2 transcripts. Thus, no correlation exists between increasing
IGHG transcript levels and serum immunoglobulin concentration in the neonates.
Interestingly, an increase in IGHG1, IGHG2 and IGHG3 transcript levels from day 14 to
28 (p<0.001) suggests significant constitutive IgG synthesis in newborn calves. A similar
increase is noted in IGHE where most endogenous IGHE synthesis occurs during 14 to 28
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Figure 3.11 IGHC gene expression in neonatal B cells
(* p<0.05, ** p<0.01, *** p<0.005)

IGJ, J-chain gene
RPKM (Mean ±"SE)

400
300
200
100
0

0

7

14

28

Days post-birth

Figure 3.12 IGJ gene expression levels, encoding the J-chains essential for IgM and IgA
polymerization, in neonatal calves. Note the significant increase from day 0 to day 14
(FDR<0.001) followed by a steady increase until 28 days post-birth.
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Table 3.8 Expression of IGHC genes (TPM) in neonatal calves and dams
Calves
Dams
day 0

day 7

day 14

day 28

day 0

day 7

Mean ± SE

Mean ± SE

Mean ± SE

Mean ± SE

Mean ± SE

Mean ± SE

IGHA

1.58 ± 0.44

30.58 ± 18.50

156 ± 41.16

324 ± 101

275 ± 53.02

1050 ± 665

IGHD

60.77 ± 8.37

79.01 ± 13.44

98.50 ± 23.74

121 ± 9.76

110 ± 13.46

164 ± 15.84

IGHE

0.27 ± 0.01

0.74 ± 0.26

1.16 ± 0.13

4.00 ± 0.76

19.46 ± 11.99

15.95 ± 6.37

IGHG1

3.64 ± 0.84

65.21 ± 37.43

114 ± 27.09

377 ± 35.69

217 ± 44.56

915 ± 414

IGHG2

1.10 ± 0.16

13.62 ± 9.67

32.98 ± 8.96

160 ± 10.45

108 ± 20.71

771 ± 415

IGHG3

0.22 ± 0.01

1.47 ± 0.52

3.30 ± 0.82

25.02 ± 7.07

52.82 ± 6.88

154 ± 53.04

IGHM

403 ± 25.60

1030 ± 194

1138 ± 201

1198 ± 200

837 ± 145

1314 ± 125

Genes

Table 3.9 IgG levels in serum and colostrum
Animal
Calves
Dams

Sample
Serum
Serum
Colostrum

Day 0
BD
15.4 ± 2.0
73.19 ± 6.8

Day 7
11.95 ± 1.6
22.78 ±3.2
-

Day14
8.95 ±1.8
ND
-

Day 28
7.80 ± 1.6
ND
-

BDL - below detection level (<0.18 mg/ml); ND - not done

Table 3.10 Relative expression (%) of IGHD2(DH2) (Shojaei et al. 2003)
Animals
Dams
Calves

Relative IGHD2 expression as compared to total IGHD (%)
Day 0
Day 7
Day 14
Day 28
20.2%
27.1%
ND
ND
33.5%
18.8%
17.4%
12.6%

ND - not done
Table 3.11 Relative expression (%) of IGHJ1 gene (Zhao et al. 2003)
Animals
Dams
Calves

Relative IGHJ1 expression as compared to total IGHJ (%)
Day 0
Day 7
Day 14
Day 28
65.5%
75.7%
ND
ND
64.8%
76.4%
78.4%
72.0%

ND - not done
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days of neonatal life. The IGHA transcription varies considerably between individual
calves, but transcription levels also mostly increased 14 to 28 days post-birth. To
conclude, most class switch recombination leading to transcription of IGHG, IGHE and
IGHA occurs 14 days post-birth.
3.4.6

The 3' BF4E9 (IGHV1S1) gene, known to encode Abs with exceptionally long
CDR3H, is preferentially expressed in neonatal B cells
Five germline IGHV genes, IGHV1S1(BF4E9) > IGHV1S3(BF5F10) > BF2D12

(unclassified) > IGHV1S2(BF3H11) > U55170 (unclassified), encode most (>80%) of the
developing antibody repertoire in the neonate similar to adults (Fig. 3.13a and b). But
relative expression of these IGHV genes differs in the adults from the neonates as follows:
IGHV1S1(BF4E9)/ U55170 (unclassified) > IGHV1S2(BF3H11)/BF2D12 (unclassified) >
IGHV1S3(BF5F10) (Fig. 3.13b and d). Interestingly, the most 3' IGHV1S1(BF4E9) gene
is preferentially expressed in neonatal B cells but its relative expression decreases
subsequently by day 28 as compared to day 0 (p<0.05) (Fig. 3.13c and d), though absolute
expression increases as a result of B cell expansion (Fig 3.13a). The IGHV1S1(BF4E9)
gene is known to encode exceptionally long CDR3H expressed at high levels in bovine
IgM antibodies. Thus, antibodies with exceptionally long CDR3H, unique to cattle,
appear early during B cell ontogeny as a result of preferential utilization of
IGHV1S1(BF4E9) gene and are likely to have a functional role in the development and
expansion of neonatal B cell repertoire. Indeed, the relative expression of the
IGHV1S1(BF4E9) gene in the 28-day old neonates when compared to adult dams is
significantly different (p<0.05). An increased expression in the adult cattle is likely due to
Ag selection in the periphery. !
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Figure 3.13 IGHV gene expression in bovine neonates and dams. a. Global IGHV gene
expression in neonates; b. Global IGHV gene expression in dams; c. Relative expression
of five most expressed IGHV genes in neonatal calves; d. Relative expression five of
most expressed IGHV genes in dams. (* p<0.05, ** p<0.01)
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Dam 4045

Calf 4355

4

2
1
0
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Calf 4327
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Figure 3.14 Detection of anti-id9907 antibodies in the serum of neonatal calves (4327,
4355) and their dams' sera and colostrum (3731, 4045) in ELISA. a. Dam 4045 high antiid9907 transfer to calf 4355; b. Dam 3731 low anti-id9907 transfer to calf 4327
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In parallel to IGHV1S1(BF4E9), expression of the single IGHD2(DH2) (Shojaei et
al. 2003) gene, known to encode exceptionally long CDR3H, is also high in the neonates
post-birth but it decreases by day 28 (Table 3.10) as a result of B cell expansion. Similar
to IGHV1S1(BF4E9), IGHD2 gene expression is higher in the adults indicating Ag
selection in the periphery for Abs with an exceptionally long CDR3H. The IGHJ1 gene
(Zhao et al. 2003) is the most expressed IGHJ gene (Table 3.11) both in neonatal and
adult B cells, other IGHJ gen expression is below cut of level (TPM<1)
3.4.7

Colostrum immunoglobulins including id/anti-id antibodies are transferred to
the newborn
We used an idiotype (id9907) expressed as scFv (scFv3-18L (Koti et al. 2011))

present on neutralizing IgG1 antibodies against bovine herpesvirus-1 (BoHV-1) to detect
anti- idiotypic Abs in the colostrum of the dam and traced it in the newborn up to four
weeks post-birth. One of the dams (4045) had high anti-id9907 Ab titers present in the
serum as well as in colostrum as compared to the other dam (3731). Obviously, dam 4045
had strongly responded to BoHV-1 either as a result of vaccination or natural infection
resulting in high id9907 Ab titers leading to parallel increased levels of anti-id9907 Abs
both in blood circulation and colostrum (Fig. 3.14). Upon tracing anti-id9907 Abs in the
newborn, these were clearly noted at high levels on day 7 with a corresponding decrease
by day 28 in the calf that acquired id9907 associated with anti-BoHV-1 IgG1 Abs from its
dam (Fig. 3.14a). Such a transfer of anti-id9907 was not evident in the offspring (4327) of
dam 3731 with low presence of anti-id9907 Abs (Fig. 3.14b). Indeed, the quality of
colostrum and serum Ig levels in calves indicated adequate passive transfer of IgG from
colostrum to calves. These observations suggest that maternal Igs transferred via
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colostrum are likely to affect the development of neonatal B cell repertoire via 'id-anti-id'
interactions (Kearney & Vakil 1986b, a).
3.5

Discussion
An understanding of the development of neonatal immunity is essential for host

protection against infectious disease and prevention of immunodeficiency, apart from
defining neonatal immunocompetence and developing better vaccination strategies. It is
known that though neonates may mount an immune response mostly to thymus
independent type I and type II antigens, they are relatively immuno deficient and prone to
infections resulting in mortality. While vaccination has proven to be successful in disease
prevention, vaccination of neonates is problematic in calves (Hodgins & Shewen 2000;
Windeyer et al. 2012) as well as in humans (Wood & Siegrist 2011), but it is feasible
(Ellis et al. 2001a; Ellis et al. 2001b; Siegrist 2001). Cattle provide a suitable animal
model for studying neonatal immunity free from maternal Ig influences because of
syndesmochorial placentation (Schultz et al. 1971; Kuroiwa et al. 2009). This is in
contrast to other species like humans where the fetal immune system is exposed to
maternal Igs that are able to cross the placenta because of hemochorial placentation. This
is particularly significant since maternal Igs are thought to influence the developing
repertoire (Hasselquist & Nilsson 2009) by expanding and shaping (Ab3>Ab2>Ab1) the
nascent antibody repertoire via ‘id-anti-id’ interactions (Kearney & Vakil 1986b, a). The
other colostrum factors may also influence the developing immune system (Yamanaka et
al. 2003; Firth et al. 2005; Hurley & Theil 2011). For these reasons, we have analyzed the
development of neonatal immunity in calves, pre- and post-colostrum uptake, from a
global transciptome perspective and a focus on humoral immunity, i.e., Ig genes.
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Table 3.12 Function of some of the significant immune related differentially expressed
genes in neonatal immune development.
Group

Gene

Molecule

Complement

C1
C2
C9

complement
factor 1,2
and 9

Chemokines
and
Chemokine
receptors

CCL4
CXCL10
CXCL2CX
CL6
IL8#
CCR5
CCR7
CXCR3

CCL4
CXCL10
CXCL2
CXCL6
CXCL8
CCR5
CCR7
CXCR3

IL1B

IL-1B

IL12B

IL-12B

TNF

TNFα

Cytokines

Anti-microbial
peptides

Pattern
recognition
receptors

!
!

DEFB10D
DEFB5,
DEB7
BNBD-9LIKE
TLR4

Defensins
TLR4

TLR6

TLR6

TLR10

TLR10

Function
Part of complement system a complex innate
immune surveillance system, playing a key role in
host homeostasis, inflammation, and in the defense
against pathogens. Key effector function in humoral
immunity(Merle et al. 2015a; Merle et al. 2015b)
mediate chemotaxis of some leucocytes and regulate
expression and/or adhesiveness of leucocyte
integrins, directional migration of cells in numerous
physiological and pathological processes
directional migration of cells in numerous
physiological and pathological processes
part of heterodimer IL-1, wide variety of biological
activities in and outside adaptive and innate
immunity, produced by many cell types
part of heterodimer IL-12 and IL-23, Induces
differentiation of TH1, IFNγ production, expressed
by macrophages and dendritic cells. Also active in
monomeric and homodimeric form (Cooper &
Khader 2007)
multifunctional proinflammatory proteins mainly
secreted by macrophages.
Involved in cell proliferation, differentiation,
apoptosis, lipid metabolism, and coagulation
Cationic peptides that can kill a wide variety of
bacteria by disrupting membranes, mainly produced
by neutrophils
binds LPS, targets Gram negative bacteria
targets mycobacteria; in combination with TLR2,
Gram positive bacteria and fungi
modulatory pattern-recognition receptor with mainly
inhibitory properties (Oosting et al. 2014).
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Experiments outlined here from three individual bovine neonates clearly demonstrate a
distinct clustering of the transcriptome as compared to their dams, revealed by multidimensional scaling, where a remarkable, rapid shift in neonatal transcriptome is seen
during first week of life. A volcano plot analysis showed 717 genes at birth, i.e. day 0,
that where expressed significantly at higher levels, as compared to day 7 where a different
set of 735 genes are upregulated. Of these genes, 65 immune related genes are found to be
differentially expressed upon stringent (FDR<0.01) pathway analysis in calves. Most of
these genes are related to innate immunity, for example complement, chemokines and
cytokines, Fc receptor, defensins, etc. (Supplement Table S3.3). These observations
suggest that the newborn calf mostly develops innate immunity by day 7 post-birth. These
findings are in agreement with previous studies that showed neutrophils to be fully
functional in calves in the first week of life (Kampen et al. 2006). Relevant to B- and Tcell development, IL7 expression increases considerably during first four weeks of life.
Despite dynamic cytokine expression, an increase in IL1B, IL7, IL12B and a decrease in
IL8 is likely to be of functional significance in the context of innate and developing
immune system. At day 28 post-birth, there are still 1318 DE genes (FDR<0.01) in
neonates as compared to adult that include some immune related genes requiring further
analysis.
Since the focus of this study was on development of humoral immunity,
transcriptome analysis revealed that B-cell signaling molecules, such as BLK important in
B cell development, tend to be expressed at higher levels in neonates as compared to adult
B cells during 4 weeks post-birth. The signaling molecules, CD79A (Igα) and CD79B
(Igβ) reach adult levels at day 28. This is consistent with the fact that CD40 gene

!
!

102!

expression, encoding CD40 on B cell surface and responsible for B- and T-cell cognate
interaction and class switch recombination, significantly increases from day 0 to day 14 in
the bovine neonate. However, LAX1 encoding a transmembrane adapter molecule that
serves as a negative regulator of BCR and TCR signaling, is also expressed at high levels
in the calves compared to the dams up to day 28. The upregulation of LAX1 in
combination with downregulation of some of the TLRs, important in Ag presentation, Bcell activation (Buchta & Bishop 2014) and downregulation of some complement factors
(Merle et al. 2015b) is consistent with impaired activation or less responsiveness of
neonatal B lymphocytes (Zhu et al. 2005) (Zhu et al. 2005; Hodgins & Shewen 2012).
The high expression of GATA3, the TH2 transcription factor, in neonates as compared to
adult, requires further investigation if it is reflective of a skewed TH2 responsiveness.
GATA3 was also implicated in sustaining high FOXP3 levels, the transcription factor of
regulatory T-cells, and suppression of IL12RB2 which is among other factors critical for
TH1 differentiation (Wan 2014). Development of humoral immunity prior to T cell
functionality in neonates suggests that TH1 mediated immunity follows acquisition of
humoral immunity that develops during first four weeks of life. This is despite the fact
that ICOS gene expression, involved in T-cell proliferation, is significantly increased
post-birth. Further analysis is required for immune related genes relevant to T cell
mediated immunity, including γδT cells.
While cattle antibodies are known to mainly comprise lambda light chains, IGKC
expression is higher in neonates than in adults, though IGLC expression is still
predominant at birth. These observations suggest that high IGLV genomic complexity
results in its higher expression at birth followed by further increase in adults via Ag
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selection in the periphery. In parallel, the IGKC expression that is higher in the first four
weeks of life declines in the periphery due to counter selection by antigen in the
periphery. As for the heavy chain, IGHM and IGHD transcripts alone are expressed at
birth and IGHM transcriptome reaches adult levels at day 7. This likely reflects an
increase in B-cell population in PBMCs (Kampen et al. 2006) as well as relatively high
mIgM density of neonatal B cells (Chattha et al. 2010; Basha et al. 2014). Thus, the
newborn calf is capable of producing IgM Abs by one week of life to provide the first line
of host defense. The IGHA appears relatively before IGHG1 but these reach adult levels
by day 28. These observations suggest that the newborn calf acquires endogenous
immunocompetence by four weeks of life, though circulating Ig levels remain below adult
levels.
The J-proximal IGKV8, IGKV10 and IGKV12 genes are preferentially expressed
in neonatal B cells at birth.

Further, members of IGKV2-family (IGKV8, IGKV10,

IGKV12 and IGKV14) are expressed both in neonatal and adult B-cells. Interestingly,
most J-proximal IGLV3.4 gene, rarely expressed in adult B cells, is preferentially
expressed in B cells at birth. This is suggestive of locus accessibility by RAG enzymes
for preferential recombination of IGLV3.4 during neonatal B-cell development, as
observed in mice (Yancopoulos et al. 1984). The members of the predominantly
expressed IGLV1 gene family both in neonates and adults, IGLV1b.1 and IGLV1x.1, are
most expressed in neonatal B cells. An increased expression of IGLV1x.1 is consistent
with preferential expression of IGHV1S1(BF4E9) that exclusively pair to encode bovine
Abs with exceptionally long CDR3H. Indeed, the most 3' IGHV1S1(BF4E9) gene is
preferentially expressed in neonatal B cells. Obviously, transcripts encoding Ig with
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exceptionally long CDR3H may be involved in neonatal B-cell development and
expansion but it requires further studies involving id-anti-id interactions.
To study the influence of maternal Ig on the newborn, we traced ‘id9907’ present
on bovine IgG1 antibodies capable of neutralizing BoHV-1 in the colustrum and the
serum of the dams and the newborn. Indeed, a dam with higher titers of ‘anti-id9907’,
both in the blood circulation and colostrum, could passively transfer these Ig to the
newborn via colostrum. It is likely that such transfer of maternal Ig, transferring dam’s
environmental experience to the newborn, will not only provide passive protection
(Mechor et al. 1987) but would also influence the developing antibody repertoire (Victor
et al. 1983b, a; Hasselquist & Nilsson 2009).
The experiments outlined here provide evidence for acquisition of humoral
immunity by four weeks post-birth, though IGHM transcripts appear earlier than IGHA
and IGHG1. The description of the bovine Ig transcriptome provides reference values in
the bovine neonate to assess immunocompetence and development of vaccination
strategies. The global transcriptome analysis provides a map of the pathways leading to
the development of innate and acquired immunity. Further studies aimed at correlating
transcriptome analyses with the proteome will provide functional context to differential
gene expression observed in the neonates.
The predominance of transcripts encoding Igs with exceptionally long CDR3H at
birth suggests their important role in the expansion of B cell repertoire and development
of antibody repertoire. A high expression of lambda light chains in cattle Abs is likely due
to its larger genomic complexity and Ag selection in the periphery. Nevertheless, IGKC
expression is higher in the neonate as compared to adult cattle. The role of maternal Igs in
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influencing the developing neonatal Ab repertoire seems plausible, based on id9907
tracing experiments. Knowledge gained from these studies will help develop disease
prevention and vaccination strategies in the bovine calves against neonatal infectious
diseases.
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Chapter 4
Differential role of VH and VL domains from polyspecific IgM and monospecific IgG
antibodies in antigen recognition and virus neutralization functions
4.1

Abstract
We analyzed contributions of individual variable heavy (FdVH) and variable light

(FdVL) domains in comparison with VH+VL pair (scFv) from a polyspecific IgM, with an
exceptionally long CDR3H (61 amino acids), and an induced monospecific IgG1
antibody in antigen recognition and virus neutralization functions. Recombinant FdVH,
FdVL and scFv were constructed and expressed in P. pastoris from bovine polyspecific
IgM and IgG1 encoding cDNA. The scFv1H12 showed polyspecific antigen-binding
similar to parent IgM antibody, though subtle differences in antigen recognition, for
example, higher binding to thyroglobulin, were noted. Such differences reflect influence
of the constant region on the Ag-binding site conformation affecting Ag-binding. In
contrast to the variable light domain FdVL1H12, the variable heavy domain FdVH1H12
alone recognized multiple antigens that differed from the recognition pattern of scFv1H12
and the parent IgM antibody. Nevertheless, role of FdVL1H12 in providing structural
support to FdVH in antigen recognition is noted, apart from its intrinsic ability to bind an
antigen. Surface plasmon resonance analysis revealed low to moderate affinity of binding
of scFv1H12 to IgG and indicated a 'slow on-rate' suggesting varying antigen-binding site
conformations at a time. By contrast, the individual FdVH073 and FdVL074, originating
from induced bovine herpesvirus type 1 (BoHV-1) neutralizing IgG1 antibody,
recognized target epitope on BoHV-1 relatively weakly when compared to VH+VL pair as
scFv3-18L. But both the VH and VL domains of induced IgG antibody are required to
!
!

107!

achieve BoHV-1 neutralization function. To conclude, there exist subtle functional
differences in the relative role of VH and VL from polyspecific IgM and monospecific IgG
antibodies in antigen recognition and virus neutralization functions.
4.2

Introduction
Antibodies and their derivatives are an important class of next generation

therapeutics against diseases, such as, cancer, autoimmune disease and infectious disease
caused by antibiotic resistant organisms (Nelson & Reichert 2009; Dubel 2010; Scott et
al. 2012; Koti et al. 2014). At the beginning of 2015, there were four therapeutic
monoclonal antibodies (mAbs) and one antigen-binding fragment (Fab) of an antibody
(Ab) under review awaiting FDA approval. Forty-four mAbs, mostly IgG1 (Reichert
2015), including one bispecific single chain variable fragment (scFv) are approved for use
in humans in the USA and form a third of all drugs under development. To design and
develop novel Ab-based therapeutics, it is essential to understand structural and
functional relationships of various domains of an immunoglobulin in the context of Ab
effector function.
The antigen (Ag)-binding site of an Ab comprising complementarity-determining
regions (CDR), three each from the variable heavy- and variable light domains supported
by the framework regions, determines antibody specificity. With the exception of CDR3
of the heavy chain (CDR3H) that makes contact with an epitope, five other CDRs may
adapt predicted canonical conformation (Chothia & Lesk 1987; Al-Lazikani et al. 1997;
Weitzner et al. 2015). Given the diversity of CDR3H as a result of VDJ recombination
and imprecise junctional flexibility, CDR3H is critical to the specificity of an Ab
(Sperling et al. 1983; Padlan et al. 1995; Barrios et al. 2004; Dimitrov et al. 2012). The
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VH+VL pairing provides additional antibody diversity by influencing Ag-binding site
conformation. It is known that antibodies depend more on VH than VL in determining
specificity to an antigen, as the same VL frequently pairs with different VH to form a
distinct specificity. By contrast, this is more of an exception for VH (Kabat & Wu 1991).
Nevertheless, it could be argued that both VH and VL together or individual VH or VL may
be involved in Ag recognition. Both restricted and stochastic VH+VL pairings occur in B
cells based on studies in mice (Kaushik et al. 1990; Kaushik et al. 1991; Knott et al.
1998), cattle (Saini et al. 2003a) and humans (Brezinschek et al. 1998; de Wildt et al.
1999; Jayaram et al. 2012) indicating their varying role in sustaining antibody specificity
and stability. However, Ab structure and complexity is further enhanced by other intrinsic
factors, for example, an atypically massive CDR3H size in cattle (Saini et al. 1999; Saini
& Kaushik 2002) or the absence of light chains in some Abs of camelids and sharks
(Hamers-Casterman et al. 1993; Flajnik et al. 2011). An understanding of structural and
functional relationships of VH and VL is critical to designing Ab based therapeutics that
are stable and less immunogenic with a longer shelf life and free of aggregation.
In cattle, the limited germline sequence divergence necessitated development of
new strategies to diversify the Ab repertoire (Saini et al. 1997; Kaushik et al. 2009;
Pasman et al. 2013; Pasman & Kaushik 2014). One such unique characteristic is the
ability to generate exceptionally long CDR3H regions (>48 amino acids) in bovine
antibodies (Saini et al. 1999; Saini et al. 2003a; Larsen & Smith 2012; Walther et al.
2013; Wang et al. 2013) via unusually long germline D-genes (Shojaei et al. 2003; Koti et
al. 2010b), not yet seen in other species. Approximately, 9% of the circulating bovine B
cells express IgM with exceptionally long CDR3H (Saini et al. 1999). Interestingly, these
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Abs show restricted VH and VL pairing where serine 90L in CDR3L seems to provide a
structural support to the atypically long CDR3H (Saini et al. 2003a). Thus, VL may not
directly make contact with the antigen. The exceptionally long CDR3H provides a "knob
and stalk" structure capable of generating conformational diversity via variable intraCDR3H di-sulfide bridging (Wang et al. 2013). The VH and VL orientation may differ
when bound to an Ag as compared to the unbound form since Abs against proteins vary
considerably in their conformation in unbound form (Sela-Culang et al. 2013), unlike
those against haptens. For these reasons, an understanding of the relative role of VH and
VL in various antibody functions is required for developing Ab-based therapeutics for a
desired function. The experiments outlined here have revealed subtle differences in
relative role of VH and VL, originating from a polyspecific IgM and induced IgG
antibody, in Ag recognition and virus neutralization functions.
4.3

Materials and Methods

4.3.1

Construction of scFv, FdVH and FdVL recombinant Ab fragments
RNA isolated (TRIzol, Invitrogen, USA) from xenogeneic (mouse x cattle) bovine

heterohybridoma (BLV1H12) secreting polyspecific bovine IgM antibody with
exceptionally long CDR3H (63 amino acids) (Saini et al. 1997; Saini et al. 1999) was
used to construct scFv with flexible 18 amino acid long linker (scFv1H12) as previously
described (Koti et al. 2010a; Koti et al. 2011; Pasman et al. 2012) Similarly, single
domain heavy- (FdVH1H12) and light-chain (FdVL1H12) antibody fragments were
constructed. Using the same approach, RNA isolated from hybridoma HB9907 [(Levings
1992) alpha-BL5C2.870005; ATCC, Rockville, Maryland, USA] secreting BoHV-1
neutralizing bovine IgG1 antibody was used to construct single-domain heavy (FdVH073)
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and light chain (FdVL074) Ab fragments. Briefly, first-strand cDNA was synthesized
(Superscript II reverse transcriptase, Invitrogen, USA) followed by PCR amplification of
VDJ

and VJ recombinations with built-in SfiI restriction sites including 18 codons

encoding flexible linker. Various primers used to construct different Fd and scFv Ab
fragments are indicated in table 4.1. In case of scFv, individual VDJ and VJ amplicons
were combined in an overlap PCR. The amplicons were cloned into pPICZα vector
(Invitrogen, USA) and in-frame cloning confirmed by sequencing in both directions
(Advanced Analysis Centre, University of Guelph, Guelph, Ontario, Canada). The ligates
were used to transform Pichia pastoris for recombinant protein expression and secretion.
4.3.2

Recombinant protein expression, purification and characterization
Electrocompetent P. pastoris, strain KM71H (Invitrogen, USA), cells were

prepared according to the manufacturer’s instructions (EasySelect™). For transformation,
5 µl (1 µg/µl) SacI linearized plasmid was incubated with 80 µl electrocompetent P.
pastoris for 5 min at 0°C in a cuvette (0.2 cm gap; Bio-Rad) followed by electroporation
by Genepulser (Bio-Rad; voltage 1.5 kV, field strength 7.5 kV/cm, capacity 25 µF,
resistance (pulse controller) of 400 Ω, and time constant 8.1 ms). Subsequently,
transformants were incubated at 30°C for 1.5 h after adding1 ml 1 M sorbitol. Following
plating onto 2% yeast extract-peptone-dextrose (YPD) agar supplemented with 1 M
sorbitol and 100 µg Zeocin™/ml (Invitrogen, USA), transformants were incubated for 4
days at 30°C. A single colony was grown at 30°C in buffered minimal glycerol complex
(BMGY) medium for 18 to 24 h to an optical density at 600 nm >2.0. Protein expression
was induced using 0.5% methanol in buffered minimal methanol complex (BMMY)
medium and maintained by adding 0.5% methanol every 24 hours. Supernatant
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Table 4.1 Various primers used to construct different recombinant antibody fragments.
!
Recombinant
Primer
Nucleotide Sequence (5' to 3')
Ab Construct
GTGGCCCAGCCGGCCCAGGCTGTGCTGACTCAG
FdVL074
s-VJ074
CTGGCCGGCTTGGCCTAGGACGGTCAGTGTGGTC
(HB9907)
as-VJ074
CCGC
FdVH073
s-VDJ073
GTGGCCCAGCCGGCCCAGGTGCAGCTGCG
(HB9907)
CTGGCCGGCTTGGCCACTAGTGGAGGAGACGGTG
as-VDJ073
ACCAG
FdVL1H12
s-VJ1H12
GTGGCCCAGCCGGCCCAGGCTGTGCTGAATCAG
(BLV1H12)
CTGGCCGGCTTGGCCCAGGACGGTCAGTGTGGT
as-VJ1H12
GTGGCCCAGCCGGCCCAGGTGCAGCTGCG
FdVH1H12
s-VDJ1H12
CTGGCCGGCTTGGCCACTAGTTGAGGAGACGGTG
(BLV1H12)
as-VDJ1H12
ACCAG
GTGGCCCAGCCGGCCCAGGCTGTGCTGAATCAG
scFv1H12
s-FvVJ1H12
GGAAGATCTAGAGGACTGACCCAGGACGGTCAGT
(BLV1H12)
as-FvVJ1H12-L
GTGGT
GGTCAGTCCTCTAGATCTTCCGGCGGTGGTGGCA
GCT
s-FvVDJ1H12-L
CCGGTGGTGGCGGTTCCCAGGTGCAGCTGCG
CTGGCCGGCTTGGCCACTAGTTGAGGAGACGGTG
as-VDJ1H12
ACCAG
In between parentheses the hybridoma source of RNA.
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containing secreted recombinant protein was collected at 96 h post-induction and Histagged recombinant protein was purified, under native conditions, on a nickel-charged
affinity column (ProBond™ Invitrogen USA) as described (Koti et al. 2010a; Pasman et
al. 2012). Purified recombinant protein was concentrated using a centrifugal filter device
(Millipore, Bedford, MA) with a 5 (Fd fragments) or 10 kDa (scFv) molecular weight cut
off. The protein concentration was determined by Bradford protein assay (BioRad,
Hercules USA). Various recombinant proteins, scFv1H12, FdVH1H12, FdVL1H12,
FdVH073 and FdVL074, were characterized by gel fractionation (12% SDS-PAGE and
Western immunoblot). The scFv3-18L (Koti et al. 2011) and P. pastoris KM71H P4
clone (without insert) earlier developed in the laboratory provided positive and negative
controls.
4.3.3

ELISA and surface plasmon resonance
Specificity of the Ab fragments was determined by ELISA against a panel of

conserved test Ags (Knott et al. 1998; Saini et al. 1999) including bovine actin, bovine
thyroglobulin, bovine ubiquitin (all from Sigma, St. Louis USA), bovine IgG1 (Bethyl
laboratories, Montgomery USA) and recombinant mycobacterial heat shock protein 65
(rHSP65; UNDP/WHO program Geneva Switzerland), earlier noted to be recognized by
polyspecific IgM antibody secreted by hybridoma BLV1H12 (Saini et al. 1999). The
BoHV-1 recognition by neutralizing IgG1 antibody or Ab fragments was also tested in an
ELISA. Briefly, ELISA plates coated with test antigen (100 µl/well; conserved Ags - 2.5
µg/ml; purified BoHV-1 (Pasman et al. 2012) - 100 µg/ml) in 0.05M carbonate buffer
(pH9.6) and saturated with 2.5% Tween in PBS. The test recombinant Ab fragments were
allowed to react at various concentrations in triplicate. Secondary immunodetection was
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performed using monoclonal mouse anti-His Ab (1:5000 dilution; Invitrogen USA)
followed by goat anti-mouse Ab coupled to alkaline phosphatase (1:5000 Southern
Biotech USA) and the reaction was revealed by pNPP substrate (1 mg/ml in 10% DEAbuffer). Optical densities were measured at 405 nm and 650 nm using SpectraMax™
340pc and SoftmaxPro 3.1 (Molecular Devices, USA). Measurements are corrected for
the mean background and positive when higher than the cut off value of three times the
standard deviation of the mean.
Surface plasmon resonance (SPR) assays were conducted using the ProteOn XPR36
system (Centre for Commercialization of Antibodies and Biologics, Toronto) by
immobilizing recombinant Ab fragments (scFv1H12 and FdVH1H12) and negative
controls (scFv3-18L and FdVH073) in 10 mM sodium acetate, pH 4.5, using amine
coupling of primary amines to GLC sensor chip surface. Mouse IgG was added at
concentrations of 7.3 µM, 2.4 µM, 0.81 µM, 0.27 µM, 90 nM and 30 nM, respectively, for
240 seconds at 25 µl/min in PBS containing 0.05% Tween 20 at 25 °C. The dissociation
was monitored for 300 seconds using PBS with 0.05% Tween 20. Bovine serum albumin
provided non-specific binding methodological control. Binding curves were fitted to the
Langmuir model using non-linear regression analysis.
4.3.4

Virus neutralization assay
Plaque reduction assays were performed with the recombinant Ab fragments to

determine their BoHV-1 neutralization ability (Koti et al. 2010a; Pasman et al. 2012).
Recombinant scFv3-18L earlier developed in the laboratory (Koti et al. 2011) and anti
BoHV-1 positive sera (titer 1:48, Animal Health Laboratory, University of Guelph,
Guelph) were the positive controls. Various negative controls included fetal bovine serum
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(FBS), bovine serum albumin (BSA), phosphate buffered saline (PBS) and Dulbecco’s
minimal essential medium (DMEM). To determine if test recombinant protein resulted in
significant plaque reduction (≥ 50%, p<0.05), one sample t-test (two tailed p-value) was
performed (GraphPad Prism® version 4.03; Graphpad Software U.S.A.).
4.4

Results

4.4.1

Construction of FdVH, FdVL and scFv1H12 from a multispecific IgM antibody
with an exceptionally long CDR3H
First, scFv1H12 was constructed from cDNA isolated from a mouse x bovine

hetero-hybridoma secreting polyspecific bovine IgM with exceptionally long CDR3H
[BLV1H12; (Saini et al. 1999)] that recognized structurally dissimilar Ags, typical of
multispecific Abs.

The VJ and VDJ amplifications was followed by VJ and VDJ

assembly together with 18 codon long linker. The secreted protein sequence (Fig. 4.1a) of
scFv1H12 shows VL-VH orientation of the construct with flexible 18 codon linker.
Indeed, transformation of P. pastoris with the scFv1H12 construct resulted in secretion of
functional recombinant scFv1H12-18L with an approximate molecular size of 39 kDa
(Fig. 4.2a). The difference as compared to theoretical molecular weight of scFv1H12-18L
(36.26 kDa) is likely because of O-glycosylation associated with recombinant protein
expression in P. pastoris (Pasman et al. 2012).
Similarly, FdVH1H12 and FdVL1H12 were constructed with individual VDJ and
VJ amplicons cloned into pPICZα expression vector followed by transformation of P.
pastoris. The protein sequence of FdVH1H12 (Fig. 4.1b) and FdVL1H12 (Fig. 4.1c)!
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scFv1H12>

a
FdVH1H12>

b
FdVL 1H12>

c
Figure 4.1 The amino acid sequence of various recombinant proteins. Secreted protein
sequence of scFv1H12 (a); FdVH1H12 (b); FdVL1H12 (c). Images are created with
Geneious (Drummond et al. 2013) using EMBOSS secondary structure prediction
(Kolaskar & Tongaonkar 1990).
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Ab fragment

Expected Mass
(kDa)

Observed Mass
(kDa)

scFv1H12

36.256

39

FdVH1H12

23.630

24

FdVL1H12

16.358

19 and 38

Figure 4.2 Characterization of recombinant Ab fragments originating from BLV1H12 by
Western immunoblot. Lane 1 - MW ladder; lane 2 - scFv1H12; lane 3 - FdVH1H12 and
lane 4 - FdVL1H12.
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constructs indicate in-frame cloning and expression. Purified recombinant FdVH1H12
showed an approximately 24 kDa band in a Western blot (Fig. 4.2), consistent with
expected theoretical molecular weight. Recombinant FdVL1H12, however, showed two
bands in Western immunoblot of approximately 19 kDa and 38 kDa (weak) indicating
considerable glycosylation given the expected molecular size of 16.36 kDa. It is likely
that the 38 kDa band is because of recombinant protein multimerization (Pasman et al.
2012).
4.4.2

Construction of FdVH and FdVL from IgG antibody against BoHV-1
Earlier, we constructed and expressed scFv3-18L originating from bovine

HB9907 hybridoma secreting neutralizing IgG Ab specific to BoHV-1 (Koti et al. 2011).
We now expressed FdVH073 and FdVL074, from HB9907 hybridoma cDNA, as
recombinant protein by cloning individual VDJ and VJ amplicons into pPICZα expression
vector. The amino acid sequence of FdVH073 (Fig 4.3a) and FdVL074 (Fig.4.3b, d)
confirmed in-frame cloning for proper expression. Purified recombinant FdVH073 showed
the expected molecular size of approximately 19 kDa (Fig. 4.4). The recombinant
FdVL074 showed two bands of approximately 17 kDa and 33 kDa (weak) indicating
possible multimerization. In contrast to the variable heavy domain (FdVH), both
recombinant FdVL1H12 and FdVL074 show multimerization that seems intrinsic to the
structural composition of the antibody light chain variable domain. Recombinant scFv318L earlier developed in the laboratory (Koti et al. 2011) is shown for comparison to
indicate the expected molecular size of approximately 32 kDa (Fig. 4.4).
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FdVH 073>

a

FdVL074 >

b
Figure 4.3 Amino acid sequence of recombinant Ab fragments originating from
BoHV-1 neutralizing IgG. Secreted protein sequence of FdVH073 (a) and; FdVL074
(b). Images are created with Geneious (Drummond et al. 2013) using EMBOSS
secondary structure prediction (Kolaskar & Tongaonkar 1990).
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Ab fragment

Expected Mass
(kDa)

Observed Mass
(kDa)

scFv3-18L

31.555

32

FdVH07

18.788

19

FdVL07

16.459

17 and 33

Figure 4.4 Characterization of various recombinant Ab fragments originating from
BoHV-1 neutralizing IgG antibody cDNA (HB9907 hybridoma) by Western immunoblot,
lane 1- Mw ladder, lane 2 - FdVL074, lane 3 - FdVH073, lane 4 - scFv3-18L.
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Figure 4.5 Recognition of conserved natural autoantigens (Knott et al. 1998) by
recombinant Ab fragments (scFv1H12, FdVH1H12, FdVL1H12, scFv3-18L, FdVH073,
and FdVL074) in an ELISA. a. Actin; b. HSP65; c. IgG1; d. thyroglobulin, e. ubiquitin
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Table 4.2 Antigen specificity of various antibody fragments as determined by solid-phase
ELISA.
Polyspecific IgM Ab
Antigen

Monospecific IgG1 Ab Fragment

scFv
1H12

FdVH
1H12

FdVL
1H12

IgM*
1H12

scFv
3-18L

FdVH
073

FdVL
074

Actin

++++

++++

-

++++

+

+

-

rHSP65

++

-

-

++++

-

-

-

IgG1

++

-

-

++++**

-

-

-

Thyroglobulin

+++

+++

-

++

+

-

-

Ubiquitin
++++
+++
++++
+
OD405 >2.0 (++++); 1.0-2.0 (+++); 0.5-1.0 (++); 0.1-0.5 (+); *(Saini et al. 1999);
**mouse IgG
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-

4.4.3

Recombinant scFv1H12 shows polyspecific Ag-binding similar to parent IgM

antibody
Upon testing Ag-binding against structurally dissimilar conserved natural antigens
in a solid phase ELISA, the recombinant scFv1H12 demonstrated polyspecific Agbinding of polyspecific scFv1H12 together with FdVH1H12 and FdVL1H12, as compared
to the monospecific IgG negative control (scFv3-18L, FdVH073 and FdVL074), is shown
in figure 4.5. Minor differences in the degree of Ag recognition are evident between the
monomeric scFv1H12 and multimeric IgM, for example, relative binding to bovine
thyroglobulin was higher as compared to the parent IgM Ab. By contrast, relative binding
of scFv1H12 to recombinant HSP65 and IgG1 was lower as compared to the parent Ab.
In some instances, Ag-binding was comparable between scFv1H12 and parent IgM Ab,
e.g., actin and ubiquitin. These observations suggest that the constant region influences
antigen-binding site conformation by variably affecting antibody specificity. Perhaps,
such subtle differences in Ag recognition may also reflect differences related to single Ag
binding site of a monomeric scFv when compared to multivalent IgM Ab.
Affinity analysis using SPR of polyspecific scFv1H12 and FdVh1H12 binding to
IgG, i.e., rheumatoid factor activity, is consistent with the Ag-binding observed in solid
phase ELISA (Table 4.2) since FdVH1H12 did not reveal a binding affinity to IgG,
whereas VH and VL domains linked together as an scFv1H12 showed an affinity of 9 x 106

M to IgG (Fig. 4.6). These experiments demonstrate the successful development of

functional polyspecific scFv1H12 with an exceptionally long CDR3H that follows the
Ag-binding pattern of the parent IgM Ab. Further, it provides evidence for sufficient
required intrinsic affinity of a single Ag-binding site of a polyspecific IgM Ab for an Ag
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a!

b!

c!

d!

Figure 4.6 SPR affinity measurements of mouse IgG binding by polyspecific IgM
(BLV1H12) Ab fragments (scFv1H12 and FdVH1H12). a. scFv1H12. b. FdVH1H12. c.
Running buffer (negative control, PBS tween 0.05%). d. BSA (Negative control and used
to correct for background non-specific binding)

Table 4.3 Affinity measurements of various Ab fragments to mouse IgG by surface
plasmon resonance

!
!

ka
(1/Ms)

ka Error
(1/Ms)

kd (1/s)

kd Error
(1/s)

KD (M)

scFv1H12

Grouped
6.14E+02

Grouped
4.18E+01

Grouped
5.52E-03

Grouped
8.44E-05

Grouped
9.00E-06

FdVH1H12

2.70E-05

1.56E+09

1.05E-05

3.87E+11

3.87E-01

Buffer

7.01E+03

7.19E+03

4.90E-03

3.12E-03

6.99E-07

BSA
(blank)

6.80E-03

5.83E+01

1.04E-05

1.08E-04

1.53E-03
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Rmax
(RU)
Grouped
47.34
3.08E08
3.40E01
1.06E05

Rmax
Error
(RU)
Grouped
2.57

Grouped
3.46

1.78E+06

2.68

1.35E-01

2.98

9.05E-02

2.49E-21

Chi2
(RU)

BoHV-1
4

scFv3-18L
FdVH073
FdVL074
scFv1H12
FdVH1H12
FdVL1H12

OD405

3
2
1
0

100

300

900

Concentration (nM)

Figure 4.7 Recognition of BoHV-1 by various recombinant Ab fragments (scFv1H12,
FdVH1H12, FdVL1H12, scFv3-18L, FdVH073, and FdVL074) in solid-phase ELISA.

Table 4.4 Recognition of BoHV-1 by Ab fragments in ELISA
!
OD405*!
scFv3O18L!
+++
FdVH073!
++
FdVL074!
++
scFv1H12!
+!
FdVH1H12!
++++!
FdVL1H12!
++++!
*OD405 0.1-0.5 +, 0.5-1.0 ++, 1.0-2.0 +++, >2.0 ++++
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in order to be functional.
4.4.4

Polyspecific FdVH alone is capable of variably recognizing multiple Ags
The FdVH1H12 alone, originating from polyspecific IgM Ab, is capable of

recognizing multiple Ags, though it differs both from the parent IgM and the
corresponding scFv format (Table 4.1). Unlike parent IgM Ab or scFv1H12, FdVH1H12
does not recognize recombinant HSP65 and IgG. The FdVH1H12 recognizes actin similar
to scFv1H12 and IgM Ab, indicating no role for the light chain or avidity effect of IgM
multivalency. Indeed, FdVL1H12 is incapable of recognizing any of the test Ags by itself
(Table 4.2, Fig. 4.5). Nevertheless, a supportive structural role of FdVL1H12 contributing
to recognition of Ags, such as, rHSP65 and IgG is noted, given the differences in Ag
recognition by polyspecific scFv1H12 and FdVH1H12. The scFv3-18L of monospecific
bovine IgG1 Ab origin showed unexpected weak Ag binding to actin and thyroglobulin,
consistent with the phenomena of Ab degeneracy (Sperling et al. 1983; Zhou et al. 2007;
Khan & Salunke 2012; Olsson et al. 2012). Similarly, FdVH073 alone weakly recognized
actin and ubiquitin antigens. Thus, the phenomenon of antibody degeneracy is associated
with FdVH. These observations suggest variable contributions of individual VH or VL and
VH+VL to Ag-binding site conformation to antigen recognition and Ab degeneracy.
Low to moderate affinity binding of scFv1H12 was noted to mouse IgG in SPR
(KD 9.0x10-6, Fig. 4.6a, Table 4.3), consistent with Ag-binding seen in solid-phase (Table
4.2). A lack of binding to BSA, used as negative control, indicates that affinity of binding
of scFv1H12 to IgG1 is indeed specific (Fig. 4.6a, Table 4.3). Since FdVH1H12 did not
recognize IgG1 (Fig. 4.6b), it is clear that the light chain is required to create an Agbinding conformation capable of IgG1 recognition. The concentrations used for SPR
!
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measurements were 3 to 4 times lower than those required for saturation, as indicated by
an increased binding with increasing concentrations (Fig 4.6a). A slow ‘on-rate’ is noted
with scFv1H12 binding to IgG1 suggesting that Abs with exceptionally long CDR3H
bind to an Ag relatively slowly due to variable availability of active Ag-binding site
conformation at a time point. Overall, these observations suggest that despite subtle
differences in Ag recognition, the variable heavy domain alone of a bovine IgM
polyspecific Ab is capable of Ag recognition function. Nevertheless, structural support of
VL to VH is vital to confer upon Ag-binding site the ability to recognize a particular Ag.
4.4.5

Differential role of VH and VL domains of polyspecific IgM and induced IgG Ab

in Ag recognition
As would be expected, scFv3-18L and its individual fragments, FdVH (FdVH073),
and FdVL (FdVL074), originating from a monospecific BoHV-1 neutralizing IgG1 Ab,
variably recognized BoHV-1 in a dose dependent manner in an ELISA (Fig. 4.7). As
compared to scFv3-18L, FdVh1073 and FdVl074 recognized BoHV-1 relatively weakly
(Fig. 4.7). Surprisingly, the individual FdVH1H12 and FdVL1H12 domains of the
polyspecific IgM with exceptionally long CDR3H recognized BoHV-1 strongly in solidphase ELISA. By contrast, scFv1H12 bound the Ag on BoHV-1 very weakly (Fig. 4.7,
Table 4.4), indicating that VH+VL pairing led to modification of the Ag-binding site
conformation such that resulted in loss of antigen-binding. These observations suggest
differences in the relative role of FdVH and FdVL of polyspecific IgM and induced IgG
Abs in Ag recognition that are of functional significance.
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***
***

10
0

50

***

0

Ab."Fragments"&"controls

scFv1H12 10µM
FdVH1H12 10µM
FdVL 1H12 10µM
scFv3-18L 10µM
scFv3-18L 2µM
FdVH073 10µM
FdVL 074 10µM
BSA 10µM
anti-serum 50x
Media no virus
No inhibitors

%"Plaque"reduction"(Mean"±"sem)

Figure 4.8 In vitro BoHV-1 neutralization using plaque reduction assays by various
recombinant Ab fragments (scFv1H12, FdVH1H12, FdVL1H12, FdVH073, and FdVL074)
at a concentration of 10 µM. The controls included BSA (negative), BoHV-1 immune
serum 50 times diluted (positive), no virus (negative), medium control (infected culture;
negative), and scFv3-18L (positive) at a concentration of 2 and 10 µM.
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4.4.6

VH+VL pairing of an induced neutralizing IgG Ab is essential for virus

neutralization function
An evaluation of virus neutralization function of scFv3-18L (Koti et al. 2011),
originating from a BoHV-1 neutralizing IgG1 Ab, and its corresponding FdVH073 and
FdVL074 domains showed that the individual domains were incapable of virus
neutralization function (Fig. 4.8). This is despite the fact that both the individual domains,
FdVH073 and FdVL074, weakly recognized BoHV-1 in an ELISA (Fig. 4.7). As would be
expected, polyspecific IgM Ab fragment and its individual domains did not neutralize
BoHV-1 (Fig.4.8). These observations suggest that both VH and VL domains originating
from induced neutralizing IgG Ab are required for increased Ag recognition and are
critical to virus neutralization function.
4.5

Discussion
Significant differences exist across species with regard to the kappa or lambda

light chain use in Abs (Arun et al. 1996; Butler 1998), for example, species such as cattle
and horses mainly use lambda light chains (90-95%) unlike humans where Abs express
60% kappa and 40% lambda light chains. By contrast, mouse antibodies mainly use kappa
light chains (95%) where high murine kappa/lambda ratio, apart from genomic
complexity of the kappa-locus, may be as a result of endogenous selection against the
lambda-light chain to restrict self-reactivity (Knott et al. 1998). By contrast, camel and
lama produce some Abs that are devoid of light chains altogether (Hamers-Casterman et
al. 1993; Flajnik et al. 2011). Based on large antibody structural data (Kabat & Wu 1991;
Thomson et al. 2011), antigen recognition may relate to either individual VH or VL
domains and VH+VL pairs of an Ab.
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We have now investigated the relative functional role of VH and VL domains of a
polyspecific IgM with an exceptionally long CDR3H (61 amino acids; Kabat numbering;
(Saini et al. 1999)) and an induced anti-BoHV-1 IgG1 antibody. In this context, we
successfully developed functional recombinant scFv1H12, FdVH1H12 and FdVL1H12 in
P. pastoris from cDNA that encoded a polyspecific IgM antibody. Thus, it is feasible to
develop scFv or FdVH with an exceptionally long CDR3H, with a ‘knob and stalk’
structure (Wang et al. 2013) capable of recognizing antigen. Interestingly, scFv1H12 with
an exceptionally long CDR3H showed polyspecific binding similar to the parent IgM but
subtle differences existed as compared to the parent Ab. For example, an increase in Ag
binding of scFv1H12 to thyroglobulin with a corresponding decrease to other Ags, for
example, HSP65 and IgG, was noted as compared to the whole IgM Ab. Such differences
observed in the study are likely due to influence of constant regions on the conformation
of the Ag binding site affecting antigen-binding and are supported by previous
observations (Cooper et al. 1993; Brumeanu et al. 1996b; James et al. 2003; Torres et al.
2005; Tudor et al. 2012; Sela-Culang et al. 2013). It could be argued that Ab
multivalency may be responsible for enhanced binding to thyroglobulin but it does not
explain decreased binding to rHSP65 or IgG. Further, O-glycosylation of recombinant
proteins because of expression in P. pastoris (Pasman et al. 2012) could possibly
influence antigen-binding but this needs to be further examined. However, we earlier
observed that glycosylation as a result of expression in P. pastoris does not result in loss
of antigen recognition or virus neutralization function of an Ab fragment (Koti et al.
2010a; Koti et al. 2011; Pasman et al. 2012). A low to moderate affinity of binding to IgG
(9.0 x10-6) of scFv1H12 was noted where there seems to be a slow ‘on-rate’ of binding
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likely due to variable conformation of the Ag-binding site generated via exceptionally
long CDR3H at a time point (Berger et al. 1999; Zimmermann et al. 2010). Such a slow
‘on-rate’ of Ag-binding may be a characteristic of bovine Abs with an exceptionally long
CDR3H, but the biological significance is unknown. Remarkably, polyspecific
FdVH1H12 alone recognized multiple Ags with a recognition pattern slightly different
from both parent IgM or its scFv derivative. For example, FdVH1H12 recognized
conserved actin similar to IgM or scFv1H12, but it did not recognize IgG. These
observations demonstrate that both VH and VL influence each other’s conformation that
may influence the antigen-binding specificity, earlier questioned on the basis of large Ab
database (Kabat & Wu 1991).
Relative differences in Ag recognition noted in the individual VH or VL
domains are common to both polyspecific IgM or induced IgG1 antibody. Recombinant
FdVH073 or FdVL074, originating from induced IgG1 Ab, recognized BoHV-1
individually at comparable levels but the recognition is considerably increased upon
VH+VL pairing in an scFv format. Surprisingly, polyspecific individual FdVH1H12 or
FdVL1H12 strongly recognized an antigenic determinant on BoHV-1, likely to be distinct
from induced IgG Ab, but antigen-binding was lost upon VH+VL pairing. Further, the
experiments outlined here provide evidence that both VH and VL domains of an induced
neutralizing IgG Ab are critical to virus neutralization function, apart from enhanced Ag
recognition by VH+VL pairing. These observations clearly demonstrate that antigencombining site conformation is also dictated by the individual influences of VH or VL on
each other’s conformation. This is not to exclude the possibility that VH + VL pairing
contributes to Ab stability (Jayaram et al. 2012). To our knowledge, this is the first study
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delineating functional differences in Ag recognition and virus neutralization functions of
individual VH or VL domains and VH+VL pairs from an induced IgG1 Ab. The
experiments outlined here suggest that VL of polyspecific bovine IgM Ab contributes to
antigen recognition in the following manner: i. directly making contact with an epitope to
be able to recognize an Ag; ii. provide structural support without directly interacting with
an Ag; and iii. modifying antigen-binding specificity of VH upon VH+VL pairing. Such
subtle differences in Ag binding of individual VH and VL domains are of functional
significance and these may vary among polyspecific IgM and monospecific IgG Abs.
The outlined experiments provide evidence for a major role of VH domain
originating from polyspecific IgM antibody with exceptionally long CDR3H in Ag
recognition. This is consistent with the role of atypical CDR3H in forming the "knob and
stalk" conformation of the Ag-binding site (Wang et al. 2013) mainly responsible for Ag
recognition. By contrast, both VH and VL domains, originating from monospecific IgG1
Ab, are capable of recognizing target Ag individually but the Ag recognition is enhanced
upon VH+VL pairing. Further, both VH and VL domains of induced neutralizing IgG Abs
are essential for virus neutralization function. The described subtle differences in
correlation with structure and function of VH and VL domains in antibody function are
relevant to Ab design and engineering strategies for next generation of Ab based
therapeutics, vaccines and immunodiagnostics.
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Chapter 5
Exceptionally long CDR3H of bovine scFv antigenized with BoHV-1 B-epitope
generates a specific immune response against the targeted epitope
5.1

Abstract
Earlier, our laboratory discovered that some bovine antibodies are among the largest

known to exist in a species with an exceptionally long complementarity determining
regions 3 in the variable heavy chain domain (CDR3H, >48 up to 67 amino acids) with
multiple cysteine amino acids. Such CDR3H generates an unique antigen-binding site
with a "stalk-knob" structure capable of providing conformational diversity via variable
intra-CDR3H disulfide bridging.

The large CDR3H size, unlike mouse and human

immunoglobulins where CDR3H is shorter, provides a suitable platform for
antigenization with large conformational B-epitopes. Experiments outlined here describe
identification of a B-epitope on gC envelope protein of bovine herpes virus type-1
(BoHV-1) recognized by a neutralizing bovine IgG1 antibody for antigenization. First, a
156 amino acid long gC fragment (gC156) (UL44; NCBI Genome NC_001847 position
16,818-17,285; amino acid position 310 to 465) was expressed as a recombinant protein
in P. pastoris. Subsequently, an scFv fragment with a 61 amino-acid long CDR3H
(scFv1H12) was constructed where gC156 was grafted into the CDR3H with short
flanking flexible linkers (gC156scFv1H12). The gC156scFv1H12 was successfully
expressed in P. pastoris. The grafting of BoHV-1 B-epitope in bovine scFv with an
exceptionally long CDR3H sustained conformation similar to native glycoprotein on
BoHV-1 envelope as these could be recognized by BoHV-1 neutralizing scFv3-18L in
solid phase. Free recombinant gC156 and its antigenized form, gC156scFv1H12, were
!
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characterized and used to immunize bovine calves. The antigenized scFv,
gC156scFv1H12, induced higher antibody response as compared to free recombinant
gC156 fragment in the calves. These observations suggest that antigenization of bovine
scFv with an exceptionally long CDR3H provides a novel approach to developing next
generation of vaccines against infectious agents that require induction of protective
humoral immunity.
5.2

Introduction
The process of antibody antigenization entails the insertion of short amino-acid

sequences of known antigen structures in the CDRs of an antibody to retain their
conformation in an immunologically accessible manner (Zanetti et al. 1992). The
immunological concept of antibody antigenization is based on molecular concept of
idiotypic network where internal images of all possible natural antigens are genetically
programmed during B- and T-cell development (Lindenmann 1973; Jerne 1974a; Cohen
2007). It was demonstrated that an idiotypic (Id) antibody, of which CDR3H was the
structural correlate of the idiotypic determinant, could activate anti-Id B and T cells and
induce a specific response (Sollazzo et al. 1990). Not only did the idiotype network
theory provide functional framework of lymphocyte development and the underlying
basis of immunoglobulin (Ig) and T cell receptor (TCR) diversification, regulation and
host defense, it also provided theoretical basis for mimicking a natural internal mirror
image of an antigen via T- and B-epitope grafting onto the CDRs to induce a desired
immune response. Thus, the Ig CDRs supported by the framework-regions are capable of
bestowing the molecular environment to express epitopes in a conformationally suitable
and immunologically accessible manner. Indeed, murine Ig antigenized with viral T- and
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B-epitopes (Brumeanu et al. 1996a), parasitic B-epitope (Billetta et al. 1991), CD4
antigens (Lanza et al. 1993) and internal mirror image of circumsporozoite epitope of
Plasmodium falciparum (Billetta et al. 1991) have been shown to elicit a desired immune
response upon immunization. The antigenization of mouse or human CDRs is constrained
due to their relatively short size that do not permit expression of larger B- conformational
epitopes, unlike shorter linear T-epitopes.
Earlier, our laboratory demonstrated that some bovine immunoglobulins are
composed of exceptionally long CDR3 of the heavy chain variable domain (CDR3H; >48
up to 67 codons) with multiple cysteine residues (Saini et al. 1999; Saini & Kaushik
2002; Wang et al. 2013). Such atypical bovine Ig CDR3H with unique structural
properties should be capable of sustaining large conformational B-epitope. Bovine Fab
with such an atypical CDR3H was crystallized that revealed an unique "stalk-knob"
structure that provided a novel conformational diversity dictated by varying intra-CDR3H
disulfide bridging (Wang et al. 2013). For these reasons bovine Ig or its fragments
provide a suitable framework platform for grafting single or multiple conformational Bepitopes together with T-epitopes to induce a desired immune response.
The process of antigenization involves the use of bovine Ig variable-region scaffold
to conformationally sustain and present epitope(s) accessible into the solvent to be able to
induce an immune response. This approach is advantageous as the immune response is
targeted to the desired immunodominant epitopes only. We have now extended the
concept of whole Ig antigenization to just the variable-region Ig fragment, expressed as
single chain variable fragments (scFvs), consisting of only the heavy and light chain
variable domains, capable of providing the required stable scaffold for sustaining desired
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epitope(s). The antigenized scFvs can be readily produced in large quantities through
various protein expression systems including Pichia pastoris, now reclassified as
Komagataella phaffii (Kurtzman 2009).
In contrast to Europe where bovine herpesvirus type 1 (BoHV-1) infection is almost
eradicated, BoHV-1 herd-prevalence in North America is high (>90% NAHMS) and
current efforts are focused on disease control rather than eradication. The BoHV-1,
belonging to Alphaherpes virinae subfamily, is involved in bovine respiratory disease
complex (BRDC), responsible for over $3 billion cost to the dairy and beef industry
yearly in the U.S. alone (Jones & Chowdhury 2007; Nandi et al. 2009). BoHV-1 is the
etiological agent of infectious bovine rhinotracheitis (IBR), infectious balanoposthitis,
infectious pustular vulvo-vaginitis and abortion.

Approximately 70% of cattle in the

U.S. are vaccinated against BoHV-1 (NAHMS, 2007) to prevent losses associated with
disease. However, vaccination against BoHV-1 doesn’t prevent infection as BoHV-1
establishes a life long latency resulting in periodic reactivation and transmission of the
virus due to stress associated immunosuppression.

The viral reactivation is often

intermittent and contributes to the development of BRDC in a cattle herd (Jones &
Chowdhury 2007). BoHV-1 disease prevalence is high since viral latency does not permit
disease eradication through vaccination using currently available marker vaccines
(Ackermann & Engels 2006). Significant economical losses, in addition to international
trade barriers, emphasize the need for additional prophylactic and therapeutic measures.
Therefore, there is a need to develop better vaccines together with additional therapeutic
anti-viral drugs to control BoHV-1 infection. In this context, we earlier developed potent
scFvs capable of neutralizing BoHV-1 (Koti et al. 2010a; Koti et al. 2011; Pasman et al.
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2012) that could be used for passive immunization in the event of an outbreak or during
stressful conditions like crowding during transportation. Now, we have first identified a
putative B-epitope present on 32 kDa fragment of gC envelope glycoprotein of BoHV-1
recognized by the neutralizing scFvs. Of the 32 kDa gC fragment, a 156 amino acid subfragment (17 KDa) was expressed as recombinant protein, comprising a conformational
B- and linear T-cell epitope, in P. pastoris. Further, we constructed and antigenized scFv
with an exceptionally long CDR3H (61 amino acids; (Saini et al. 1999)) where 17 kDa
gC subfragment was grafted onto the CDR3H together with flanking short linkers to help
sustain original conformation. Both the recombinant gC subfragment and antigenized
scFv were purified, characterized and used to immunize bovine calves to determine their
ability to induce specific immune response. Both of the recombinant proteins, gC
subfragment as well as antigenized scFv were recognized by BoHV-1 neutralizing scFv
indicating conformational stability of the epitope. Indeed, the recombinant gC
subfragment induced specific immune response but the antigenized scFv produced higher
antibody titers upon immunization.
5.3

Materials and methods

5.3.1 Identification of B-epitope recognized by BoHV-1 neutralizing scFv
Since BoHV-1 neutralizing scFv5-2L recognizes a B-epitope on a 32 kDa protein in
the envelope fraction of BoHV-1 (Pasman et al. 2012), BoHV-1 envelope fraction was
prepared from 500 µg purified virus and gel fractionated using 12% SDS-PAGE. The 32
kDa protein band was subjected to in-gel trypsin digestion followed by mass spectrometry
(McMascter Regional Centre for Mass spectrometry, Hamilton, Canada). The identity of
the protein sequence was determined using Mascot™ software (Perkins et al. 1999). The
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theoretical secondary structure of 17 kDa gC subfragment with the identified peptide
sequence via in-gel trypsin digestion was visualized in Geneious™ (Drummond et al.
2013) that predicted antigenic regions EMBOSSTM Antigenic (Rice et al. 2000) as well as
cleavage sites EMBOSS™ Garnier (Rice et al. 2000).
5.3.2 Construction of scFv with exceptionally long CDR3H
RNA isolated (TRIzol, Invitrogen) from xenogeneic hybridoma (BLV1H12)
secreting bovine IgM antibody with exceptionally long CDR3H (61 amino acids) (Saini et
al. 1999) was used to construct scFv with flexible 18 amino acid long linker (scFv1H12)
as previously described (Koti et al. 2010a; Koti et al. 2011; Pasman et al. 2012). Briefly,
first-strand cDNA was synthesized (Superscript II reverse transcriptase, Invitrogen) and
VDJ and VJ recombinations were PCR amplified with built-in SfiI restriction sites in
primers (Table 1; primers 1, 2, 3 and 4), including nucleotide sequence encoding 18
amino-acid flexible linker. The VDJ and VJ amplicons were combined in an overlap PCR
and ligated into pPICZα vector (Invitrogen). The ligated vector was used to transform P.
pastoris for recombinant protein expression. The in-frame cloning was confirmed by
sequencing (Mobix, McMaster University, Hamilton, Ontario, Canada).
5.3.3 Construction of recombinant gC subfragment
BoHV-1, Cooper strain, gC envelope glycoprotein fragment (UL44;!NCBI!Genbank
NC_001847 16,818O17,285; 468 nucleotide sequence encoding 156 amino acids
(Schwyzer & Ackermann 1996)), designated as gC156, was PCR amplified directly from
purified BoHV-1 using sense and anti-sense primers with built-in SfiI restriction sites
(Table 1, primers 7 and 8), cloned into pPICZα vector (Invitrogen U.S.A.) and the ligate
was used to transform P. pastoris. The in-frame cloning of gC fragment was confirmed
!
!

138!

by automated DNA sequencing (Mobix, McMaster University, Hamilton, Ontario,
Canada). !
5.3.4 Construction of antigenized scFv with putative BoHV-1 B-epitope
The scFv antigenization strategy involved grafting of gC156 (468 nucleotide
sequence encoding 156 amino acids) flanked with a five amino acid linker (GlycineGlycine-Glycine-Glycine-Serine) onto the exceptionally long CDR3H of scFvBLV1H12.
The construction of the nucleotide sequence encoding the antigenized scFv
(gC156scFv1H12) involved sequential overlapping PCR amplifications (Table 5.1 primer
1,4,5,6, 9 and 10) under following conditions: denaturation 98°C 30 seconds followed by
thirty amplification cycles (98°C 15s, annealing 61°C 20s, extension 72°C 30s) and a
final extension step at 72°C for 7 to 15 minutes (iProof BioRad, USA). Similar PCR
conditions were used for incorporating the flanking linkers with the gC156 with the
exception of annealing at 64 °C 20s. The fully assembled overlap PCR amplicon was gel
purified, digested with SfiI restriction enzyme, and cloned into pPICzα vector. The ligate
was used to transform P. pastoris. The in-frame cloning of antigenized scFv in proper
orientation was confirmed by automated DNA sequencing (Mobix, McMaster University,
Hamilton, Ontario, Canada). !
5.3.5 Recombinant protein expression, purification and characterization
Electrocompetent P. pastoris, strain KM71H (Invitrogen, U.S.A.), cells were
prepared according to the manufacturer’s instructions (EasySelect™). For transformation,
5 µl (1 µg/µl) linearized plasmid, using SacI or PmeI, were incubated with 80 µl
electrocompetent P. pastoris for 5 min at 0°C in a cuvette (0.2 cm gap; Bio-Rad). The
electroporation was performed using Genepulser (Bio-Rad; voltage 1.5 kV, field strength
!
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Table 5.1 Primers used to construct various recombinant proteins
No.
1*

Primer
s-sFvVJ1H12

2

as-VJ1H12-L

3

s- L-VDJ1H12

4*

as-VDJFR4

5
6
7
8
9
10

as-FR3-L
s-L-FR4
s-gC156
as-gC156
s-L-gC156
as-gC156-L

Nucleotide Sequence
GTGGCCCAGCCGGCCCAGGCTGTGCTGAATCAG
GGAAGATCTAGAGGACTGACCCAGGACGGTCAGT
GTGGT
GGTCAGTCCTCTAGATCTTCCGGCGGTGGTGGCAG
CTCCGGTGGTGGCGGTTCCCAGGTGCAGCTGCG
CTGGCCGGCTTGGCCACTAGTTGAGGAGACGGTGA
CCAG
GTAAGATCCGCCACCACCCGAACGTTCTCTATAC
GTACGGAGGAGGAGGCAGTTATAGTTATACTTAC
GTGGCCCAGCCGGCCTACCCCGTGGAGG
CTGGCCGGCTTGGCCGTACGTGGCGGTCGC
GGTGGTGGCGGATCTTACCCCGTGGAGGCTC
CTGCCTCCTCCTCCGTACGTGGCGGTCGCG

Size (bp)
33
39
68
39
34
34
28
30
31
30

*Used to construct scFv1H12 and gC156scFv1H12; s - sense, as - antisense primers.
Primers 1 to 4 were used to construct scFv1H12;!Primers!7!and!8!were!used!to!amplify!
gC156!for!recombinant!protein!expression!
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7.5 kV/cm, capacity 25 µF, resistance (pulse controller) of 400 Ω, and time constant 8.1
ms). Subsequently, 1 ml 1 M sorbitol was added, followed by incubation at 30°C for 1.5
h. The transformants were plated onto 2% yeast extract-peptone-dextrose (YPD) agar
supplemented with 1 M sorbitol and 100 µg Zeocin™/ml and incubated for 4 days at
30°C. Single colonies were grown at 30°C in buffered minimal glycerol complex
(BMGY) medium for 18 to 24 h to an optical density at 600 nm >2.0. The protein
expression was induced using 0.5% methanol in buffered minimal methanol complex
(BMMY) medium and maintained by addition of 0.5% v/v methanol every 24 hours. The
supernatant containing secreted recombinant protein was collected at 72h (gC156) and
96h (scFv1H12, gC156scFv1H12) post-induction. His-tagged recombinant protein in the
supernatant was purified on a nickel-charged affinity column (ProBond™ Invitrogen)
under native conditions, as described (Koti et al. 2010a). Purified recombinant protein
was concentrated using a centrifugal filter device (Millipore, Bedford, USA) with a 10
kDa molecular-weight cut off. The protein concentration was determined by Bradford
protein assay (BioRad, Hercules USA).
The recombinant proteins, scFv1H12, gC156 and gC156scFv1H12, were
characterized by gel fractionation (12% SDS-PAGE) followed by a Western immunoblot.
Negative methodological control included P. pastoris KM71H P4 clone (without insert)
supernatant. The recombinant proteins, purified Ag (gC156) and antigenized scFv
(gC156scFv1H12) were further analyzed by mass spectrometry using cysteine reduction
and carbamidomethylation followed by trypsin digestion. The digested peptides were
analyzed by an Agilent UHD 6530 Q-Tof mass spectrometer (Advanced Analysis Centre,
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University of Guelph). The protein identitiy was determined by peptide matching using
Peaks 7 software (Bioinformatics Solutions Inc.).
5.3.6 Animal immunization
Two two-month-old healthy unvaccinated Canadian Holstein female calves
(University of Guelph, Elora research station, Canada) were used to immunize with the
recombinant antigen (Ag) or antigenized scFv (AgscFv). Institutional ethical guidelines,
approved by the Animal Care Review Board of the University of Guelph, were followed.
Bovine calves were immunized thrice two weeks apart with 100 µg recombinant
protein/250µl combined with 250 µl Titermax™ or Freund's incomplete adjuvant. One
calf was immunized with recombinant protein gC156 and another with gC156scFv1H12.
Pre-immune serum and post-immune serum was collected and stored at -20 °C.
5.3.7 ELISA and virus neutralization
Specific antibodies against gC156, gC156scFv1H12 and BoHV-1 were determined
by ELISA. Briefly, ELISA plates (Maxisorp, Nunc U.S.A.) coated with the antigen (100
µl/well; purified BoHV-1, 10 µg/ml, recombinant gC156, 2.5 µg/ml or gC156scFv1H12,
2.5 µg/ml) in 0.05M carbonate buffer (pH9.6) were saturated with 2.5% Tween in PBS.
The pre-immune and test sera at various dilutions were applied in triplicate. Positive
controls included recombinant biotinylated scFv3-18L (EZ-Link® Sulfo-NHS; Thermo
Scientific, Rockwood, USA) (Koti et al. 2010a) constructed from HB9907 hybridoma
(Levings 1992) anti-BoHV-1 positive sera (Animal Health Laboratory, University of
Guelph, Guelph, Canada). Secondary immunodetection was performed using monoclonal
mouse anti-Bovine IgG coupled to alkaline phosphatase (1:5000 dilution; Sigma-Aldrich
Inc., Canada) or streptavidin coupled to alkaline phosphatase (1:500 dilution; Sigma!
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Aldrich Inc., Canada) and pNPP substrate (1mg/ml in 10% DEA-buffer). The optical
densities were measured at 405 nm and 650 nm using SpectraMax™ 340pc and
SoftmaxPro 3.1 (Molecular Devices, USA). Measurements are corrected for the mean
background and positive when higher than the cut off value of three times the standard
deviation of the mean.
The presence of BoHV-1 neutralizing antibodies in the sera was tested using a
microtiter assay (Perrin et al. 1993) at the Animal Health Laboratory (University of
Guelph, Guelph, Canada).
5.4

Results

5.4.1 BoHV-1 neutralizing scFv recognizes a B-epitope on gC envelope glycoprotein
Earlier our laboratory demonstrated that 32 kDa band from the envelope fraction of
BoHV-1 was recognized by neutralizing scFv3-18L in a Western blot (Koti et al. 2010a;
Pasman et al. 2012). An in-gel protein digestion followed by Q-Tof MS/MS mass
spectrometry led to the identification of a protein sequence corresponding to 54.12 kDa
gC

envelope

glycoprotein

of

BoHV-1

(NP_045314.1

NCBI

reference

sequence;(Schwyzer & Ackermann 1996))(Fig. 5.1 a, b and c). The theoretical mass of
gC may vary from 54 kDa to 91 kDa depending on post-translational modifications,
especially glycosylation (Schwyzer & Ackermann 1996). While theoretical molecular
size of 508 amino acid long gC would be 54 kDa, the actual molecular size of the
expressed protein would vary according to the degree of glycosylation at two Nglycosylation sites, apart from O-mannosylation seen in P. pastoris (Pasman et al. 2012).
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MGPLGRAWLIAAIFAWALLSARRGLAEEAEASPSPPPSPSPTETESSAGT
TGATPPTPNSPDATPEDSTPGATTPVGTPEPPSVSEHDPPVTNSTPPPAP
PEDGRPGGAGNASRDGRPSGGGRPRPPRPSKAPPKERKWMLCEREAVAAS
YAEPLYVHCGVADNATGGARLELWFQRVGRFRSTRGDDEAVRNPFPRAPP
VLLFVAQNGSIAYRSAELGDNYIFPSPADPRNLPLTVRSLTAATEGVYTW
RRDMGTKSQRKVVTVTTHRAPAVSVEPQPALEGAGYAAVCRAAEYYPPRS
TRLHWFRNGYPVEARHARDVFTVDDSGLFSRTSVLTLEDATPTAHPPNLR
CDVSWFQSANMERRFYAAGTPAVYRPPELRVYFEGGEAVCEARCVPEGRV
SLRWTVRDGIAPSRTEQTGVCAERPGLVNLRGVRLLSTTDGPVDYTCTAT
GYPAPLPEFSATATYDASPGLIGSPVLVSVVAVACGLGAVGLLLVAASCL
RRKARARL
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!
b.!

c.

Figure 5.1 Identification of BoHV-1 epitope on gC envelope, recognized by neutralizing
bovine scFv3-18L, by in-gel protein digestion followed by Q-Tof MS/MS mass
spectrometry. a. MS/MS Fragmentation of TSVLTLEDATPAMPPNLR unique for
BoHV-1 and BoHV-5 gC envelope protein; Monoisotopic mass of neutral peptide Mr:
2032.0589, Fixed modifications: Carbidomethyl (C) applied to specified residues on
termini only, Ion score: 73, Expect: 0.0012, Matches 39/170 fragment ions using 72 most
intense peaks; b. MS/MS Fragmentation of FYAAGTPAVYRPPELR unique for BoHV-1
gC envelope protein; Monoisotopic mass of neutral peptide Mr(calc): 1806.9417, Fixed
modification Carbamidomethyl (C) applied to specified residues on termini only,
Ionscore: 58, Expect: 0.042, Matches 42/146 fragment ions using 75 most intense peaks;
c. BoHV-1 gC envelop protein sequence (NCBI Genbank NP_045314.1) with the
identified peptides 1 and 2 shown in bold italics.
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Figure 5.2 Predicted secondary structure of the gC156 (gC fragment corresponding to
residues 310-465 (Schwyzer & Ackermann 1996)). Numbers refer to IEDB (Immune
Epitope Data Base, www.IEDB.org). Note the predicted antigenic regions (red) including
cytotoxic T-epitopes (dark green; (Hegde et al. 1999)), identified peptides 1 and 2 (blue)
and domain structure (grey; (Chowdhury 1997)).
!
!

Figure 5.3 The secreted protein amino acid sequence of gC156 fragment of BoHV-1
envelop. Note gC156 recombinant protein comprises residues 10-65, while residues 1-9
and 166-205 originate from pPICZα vector. Image created with Geneious (Drummond et
al. 2013) using EMBOSS secondary structure prediction (Kolaskar & Tongaonkar 1990).
BoHV-1 gC envelope identified peptides are shown in blue; predicted antigenic sites are
shown in bordeaux (EMBOSS, (Garnier et al. 1978) whereas CTL-epitopes are shown in
dark green (Hegde et al. 1999), immune epitope database (www.iedb.org (Vita et al.
2010)).
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5.4.2 Construction expression and characterization of recombinant BoHV-1
gC fragment
Taking into consideration predicted domain like structure of the gC glycoprotein
(data not shown) and position of the two identified peptides by Q-TOF, a 156 amino acid
long gC fragment (position 310-465; referred as gC156) was expressed as recombinant
protein (Fig. 5.2). The gC156 envelope glycoprotein fragment also included predicted
cytotoxic T-epitopes (Hegde et al. 1999; Drummond et al. 2013). The gC156 envelope
fragment was PCR amplified, cloned into pPICZα and expressed in P. pastoris. The
nucleotide sequence of recombinant gC156 clone showed in-frame cloning in proper
orientation. However, the secreted recombinant gC156 showed 3 distinct bands of 17, 24
and 37 kDa (Fig. 5.4a) that differed from the expected molecular size of 22.27 kDa. For
this reason, the recombinant gC156 protein was subjected to in-solution digestion
followed by mass spectrometry

(LC-MS/MS) that revealed expressed recombinant

protein to be indeed gC156 based on peptide sequence identification (Fig. 5.4b). The
secondary structure and predicted antigenic regions of gC156 are shown in figure 5.2. The
recombinant gC156, with an isoelectric point of 6.41, has five cysteines that may be
involved in forming disulfide bridge, apart from 30% aliphatic amino acids providing the
brick structure needed for its functional assembly.
5.4.3 Construction of scFv antigenized with gC156
The strategy to antigenize scFv1H12 included the construction of a single chain Fv,
permitting VL-VH linkage (scFv1H12-18L), from cDNA isolated from BLV1H12
hybridoma that secreted polyspecific IgM with exceptionally long CDR3H (61 amino
acids) (Saini et al. 1997; Saini et al. 1999). Briefly, three overlap PCRs were performed
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AGIHVAQPAYPVEARHARDVFTVDDSGLFSRTSVLTLEDATPTAHPPNLR
CDVSWFQSANMERRFYAAGTPAVYRPPELRVYFEGGEAVCEARCVPEGRV
SLRWTVRDGIAPSRTEQTGVCAERPGLVNLRGVRLLSTTDGPVDYTCTAT
GYPAPLPEFSATATYGQAGRLGSVPRAAAAASFLEQKLISEEDLNSAVDH
HHHHH
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Figure 5.4 Characterization of gC156 fragment of BoHV-1 envelope by Western
immunoblot. a. Theoretical MW 22.268; Lane 1 ladder, Lane 2 gC156, Lane 3 Negative
control (supernatant P. pastoris, clone P4); and trypsin digest followed by MS/MS; b.
Identified amino acid sequence of the digested fragments is underlined while originally
identified peptides are shown in bold italics.
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Figure 5.5 The secreted protein amino acid sequence of antigenized scFv,
gC156scFV1H12. The annotations shown for the secreted gC156scFV1H12 show the VL
and VH regions together with the linker and gC156 graft in the exceptionally long CDR3H
of the scFv1H12.
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where first five amino acid flexible linker was introduced flanking gC156 sequence that
was subsequently grafted into the CDR3H region of scFv1H12-18L. The assembled
overlap PCR amplicon was cloned into pPICZα and used to transform P. pastoris. The
nucleotide sequence of the antigenized scFv, gC156scFv1H12, confirmed in-frame
cloning in required orientation. The secondary protein structure of the secreted form of
gC156scFv1H12 (Fig. 5.5) defines the location of the gC156 epitope graft in the CDR3H
of scFv1H12. The antigenized scFv gC156scFv1H12 showed two protein fragments of 68
and 44 kDa in Western blot (Fig. 5.6a) different from expected theoretical size of 51 kDa.
Thus, in-solution digest and Mass spectrometry of recombinant gC156scFv1H12 was
performed that revealed peptide sequences (Fig. 5.6b) consistent with the antigenized
scFv. As compared to recombinant gC156, the antigenized scFv has significantly less
aliphatic amino acids (25.1% vs 30.3%) enhancing its water solubility. In addition, twice
the number of cysteines in the gC156scFv1H12 enhanced structural complexity of the
antigenized scFv as compared to non-antigenized scFv1H12.
5.4.4 Both recombinant gC156 and gC156scFv1H12 are recognized by scFv3-18L
against BoHV-1
B-epitope on both recombinant gC156 and gC156scFv1H12 was recognized by
BoHV-1 neutralizing scFv3-18L (Fig. 5.7a) in solid phase ELISA indicating sustained
stable B-epitope conformation both in recombinant gC156 and gC156scFv1H12. In a
solid phase assay, scFv3-18L recognized recombinant gC156 and gC156scFv1H12
similar to the whole BoHV-1 (Fig. 5.7a), especially at higher concentration reaching a
plateau. Specificity of binding is demonstrated by the ability of both gC156 and
gC156scFv1H12
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AGIHVAQPAQAVLNQPSSVSGSLGQRVSITCSGSSSNVGNGYVSWYQLIP
GSAPRTLIYGDTSRASGVPDRFSGSRSGNTATLTISSLQAEDEADYFCAS
AEDSSSNAVFGSGTTLTVLGQSSRSSGGGGSSGGGGSQVQLRESGPSLVK
PSQTLSLTCTASGFSLSDKAVGWVRQAPGKALEWLGSIDTGGNTGYNPGL
KSRLSITKDNSKSQVSLSVSSVTTEDSATYYCTSVHQETKKYQSCPDGYR
ERSGGGGSYPVEARHARDVFTVDDSGLFSRTSVLTLEDATPTAHPPNLRC
DVSWFQSANMERRFYAAGTPAVYRPPELRVYFEGGEAVCEARCVPEGRVS
LRWTVRDGIAPSRTEQTGVCAERPGLVNLRGVRLLSTTDGPVDYTCTATG
YPAPLPEFSATATYGGGGSYSYTYNYEWHVDVWGQGLLVTVSSTSGQAGR
LGSVPRAAAAASFLEQKLISEEDLNSAVDHHHHHH
b.!
Figure 5.6 Characterization of recombinant antigenized scFv, g156scFv1H12. Western
immunoblot of antigenized scFv gC156scFv1H12: a. Lane 1 - MW ladder, Lane 2 purified gC156scFv1H12, Lane 3 - P4 supernatant (negative control). Theoretical mass
secreted gC156scFv1H12 51 kDa, 485 amino acids. b. Trypsin digest followed by
MS/MS of gC156scFv1H12. Identified fragments are shown in bold. The originally
identified in BoHV-1 peptide 1 and 2 are shown in italics.
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Figure 5.7 Recognition of BoHV-1, gC156 and gC156scFv1H12 by BoHV-1 neutralizing
scFv3-18L (a). Inhibition of binding of neutralizing scFv3-18L (0.25 µM) to BoHV-1 by
gC156 (b) and gC156scFv1H12 (c).
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Figure 5.8 Recognition of recombinant gC156 and gC156scFv1H12 antigens by bovine
serum antibodies pre- and post immunization in an ELISA. Calf 4403 was immunized
with gC156scFv1H12 and calf 4409 was immunized with gC156. Note little (4409) or no
(4403) recognition of the recombinant antigens by pre immune serum despite presence of
weak neutralizing antibodies against BoHV-1.
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to partially inhibit binding of scFv3-18L to the whole virus (BoHV-1) (Fig. 5.7 b, c).
However, a maximum inhibition of 40% by both gC156 and gC156scFv1H12 suggests
that only partial B-epitope recognized by scFv3-18L is present both on gC156 and
gC156scFv1H12.
5.4.5 Recombinant gC156 and gC156scFv1H12 induce immune response in bovine calf
Immunization with both gC156 and gC156scFv1H12 induced a specific immune
response to the targeted epitope in bovine calves (Fig. 5.8).

Indeed, immunization

whether with gC156 or gC156scFv1H12 generated specific serum antibodies that crossrecognized recombinant antigen (Fig. 5.8a, b) alone (gC156) or its antigenized scFv form
(gC156scFv1H12). Taken together with the observation that anti-BoHv-1 scFv3-18L
recognized both gC156 and its antigenized scFv form, these observations suggest
retention of B-epitope conformation between free recombinant gC156 or its antigenized
(gC156scFv1H12) form. Interestingly, higher antibody titers were generated by
recombinant gC156scFv1H12 in its antigenized scFv form as compared to free gC156
antigen form (Fig. 5.8). The specificity of cross-recognition of recombinant antigen either
in free or antigenized form is demonstrated by either homologous (Fig. 5.9 a, c) or
heterologous inhibition (Fig. 5.9b, d) from 40 to 70%. Surprisingly the degree of
homologous inhibition using gC156 was higher (70%; Fig. 5.9a) as compared to its
antigenized form that showed a maximum of 40% inhibition. This suggests that
gC156scFv1H12 exhibits conformational variability in soluble and solid phases.
Nonetheless, the antigenized scFv generated higher antibody titers against BoHV-1 (Fig.
5.10) as compared to free recombinant gC156 antigen. Obviously the recombinant antigen
gC156 in its antigenized form generates a robust immune response because of its being
!
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Figure 5.9 Homologous and heterologous inhibition of antigen-binding (gC156 or
gC156scFv1H12) by immune sera in an inhibition ELISA. Inhibition of binding to gC156
by incubating immune serum against gC156 antigen with gC156, homologous inhibition
(a) and gC156scFv1H12, heterologous inhibition (b). Inhibition of binding to
gC156scFv1H12 by immune serum against gC156scFv1H12 antigen by gC156scFv1H12,
homologous inhibition (c) and gC156, heterologous inhibition (d).
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Figure 5.10 Recognition of BoHV-1 by immune serum against gC156 (4409 and
gC156scFv1H12 (4403). Recognition of BoHV-1 in ELISA after immunization with
gC156scFv1H12 (4403) is significantly improved at various dilutions (P<0.05 T-test twotailed). Note that immunization with gC156 (4409) did not induce BoHV-1 specific
antibodies. Pre-immune serum values have been subtracted from test post-immune sera.
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immunological accessible due to its looping out into solvent as would be expected in a
CDR3H graft of an scFv. Despite the presence of low titer maternal BoHV-1 neutralizing
antibodies (not shown) in the calves, a significant immune response was generated against
antigenized scFv as compared to recombinant gC156 antigen alone.
5.5

Discussion
Based on the concept of idiotypic networks (Jerne 1984; Kearney & Vakil 1986b;

Kearney et al. 1992; Jerne 1993; Madi et al. 2012) where internal images are known to
exist, the concept of Ig antigenization was developed since Ig idiotypes are antigenic
(Sollazzo et al. 1990; Zanetti et al. 1992). The antigenization of Ig involves grafting of Tand/or B-epitopes in the CDRs, mimicking internal image idiotype that would induce
immune response because framework regions present the grafted epitope in an
immunological accessible manner while retaining the epitope conformation. Indeed, an
internal mirror image of circumsporozoite epitope of Plasmodium falciparum (Billetta et
al. 1991) and other antigens, such as, viral T and B epitopes (Brumeanu et al. 1996a; Yu
& Wu 1998; Kumagai 2011), parasitic B epitope (Billetta et al. 1991) and CD4 antigen
(Lanza et al. 1993) have been successfully used to antigenize an Ig that induced a specific
immune response. The idea is consistent with various approaches used to develop
idiotypic vaccines against viral infections and cancers (UytdeHaag et al. 1986; Inoges et
al. 2014) such as murine leukemia virus (Rich et al. 1993), B-cell non-Hodgkin
lymphoma (Muraro et al. 2013) and gp120 HIV envelope protein (Sperlagh et al. 1994).
Given the conformational differences in T (continuous) and B (discontinuous)
epitopes, relatively shorter CDRs in mouse and human Ig (Kabat & Wu 1991), especially
CDR3H, it was possible to antigenize with T epitopes but not large discontinuous B
!
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epitopes because of the spatial conformation. Essentially, shorter CDRs in mouse and
human Ig permitted grafting of linear epitope but not conformational B epitope. Earlier
our laboratory discovered exceptionally long CDR3H (up to 61 amino acids with multiple
cysteine residues) in bovine Abs (Saini et al. 1999), now observed upto 67 amino acids
(Wang et al. 2013), capable of sustaining large conformational B epitope. We have
described various engineering strategies of such bovine antibodies with atypical CDR3H
for development of novel vaccines and therapeutic proteins elsewhere (Koti et al. 2014).
Instead of antigenizing the entire Ig molecule we tested the idea whether antigenization of
Ab fragment as scFv would sustain a large conformational B epitope with multiple
cysteine residues. Bovine scFv with an exceptionally long CDR3H is suitable for
antigenization because "knob and stalk" structure of the antigen combining site permits
retention of native epitope conformation. Expression of recombinant proteins in P.
pastoris may affect protein function because of post-translational modifications known to
occur in yeast system.
First we identified the presence of a neutralizing B epitope on 32 kDa envelope
protein of BoHV-1 recognized by viral neutralizing scFv3-18L developed in our
laboratory (Koti et al. 2010a; Koti et al. 2011; Pasman et al. 2012). The B epitope
recognized by scFv3-18L was identified and localized to gC glycoprotein on viral
envelope by mass spectrometry, though the actual neutralizing epitope on gC could not
have been identified without epitope mapping. Consistent with our observations, B
epitope on gC fragment has recently been identified using monoclonal Abs but the actual
neutralizing epitope on gC remains elusive (Levings et al. 2014). Our attempts to express
full length BoHV-1 gC glycoprotein were not successful because the nature of the protein
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causing aggregation upon expression. Therefore, a 156 amino acid long gC fragment
containing predicted B and T epitopes was grafted into the exceptionally long CDR3H of
the scFv (scFv1H12) developed in the laboratory from BLV1H12 hybridoma (Saini et al.
1999). The construction design included short flanking linkers to sustain desired
conformation of the grafted gC156 in the CDR3H, in concord with the "knob and stalk"
structure of such CDR3H (Wang et al. 2013). In parallel, 156 amino acid long gC
fragment was also expressed as recombinant protein for comparison with the free antigen.
The recombinant antigenized gC156scFv1H12 and gC156 were characterized and results
suggested glycosylation given their expression in P. pastoris resulting in varying
molecular sizes in Western blot that required confirmation by sequencing using insolution digestion and mass spectrometry. The focus of these experiments was on
analyzing the B epitope and not T epitopes, hence experiments were performed to analyze
sustenance of B epitope conformation and its ability to induce immune response. Indeed,
BoHV-1 neutralizing scFv3-18L recognized B-epitope present on both recombinant gC
fragment in its free native form and also when grafted onto the CDR3H of scFv1H12.
Similar to the whole BoHV-1 virus, the specificity of such binding was evidenced by the
fact that both gC156 and or its antigenized scFv form could inhibit binding between
neutralizing scFv3-18L and BoHV-1 up to 40%. This suggests that only a partial B
epitope is present on both gC156 and gC156scFv1H12 that does not include the complete
neutralizing epitope recognized by the scFv3-18L.
To our knowledge, this is the first antigenized scFv developed with a
conformational B viral epitope where the B epitope conformation is retained upon
grafting into the exceptionally long CDR3H, similar to its free native form. These
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observations further provide evidence that B epitope is capable of being sustained onto
the CDR3H of scFvs, similar to the whole Ig molecule. Expression of these immunogenic
recombinant proteins in P. pastoris for immunization may be advantageous as addition of
O-mannose residues may contribute to enhanced antigenicity without significantly
affecting B epitope conformation. Indeed, mannose rich carbohydrates are known act as
pattern associated molecular patterns, to target mannose pathogen recognition receptors
receptors on dendritic cells that may enhance antigen-specific CD4+ T-cell response,
unlike non-mannosylated proteins (Lam et al. 2007; Luong et al. 2007).
Both gC156 and gC156scFv1H12 induced a specific immune response in the
natural bovine host and cross-recognized both the free native gC156 fragment and its
antigenized form. Thus, the conformation of free native gC156 is retained upon its being
grafted on to the exceptionally long CDR3H of bovine scFv. Nevertheless, several
observations with regard to immune response by recombinant gC fragment and its
antigenized scFv form deserve attention in the context of immune response:
1. Comformational variability in gC156scFv1H12 is noted in soluble and solid phase
antigen-antibody interactions when compared to free native recombinant gC156 fragment.
2. The antigenized scFv generates higher antibody titers against the B epitope on the
grafted gC156 fragment as compared to free gC156 Ag despite the presence of maternal
Abs, that could recognize the presented epitopes thereby preventing adequate presentation
to, and activation of the neonatal immune system inhibiting a specific immune response.
These observations suggest that antigenized scFv is capable of inducing higher specific
immune response and also exhibit subtle conformational variability in soluble and solid
phases that is likely to be of functional consequences in vivo. Interestingly, the unique
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‘knob and stalk’ structure of bovine antibodies with exceptionally long CDR3H is being
exploited for development of novel drugs and other functional proteins for example
human erythropoietin, human and bovine granulocyte stimulating factor, human growth
factor and human leptin (Zhang et al. 2013b; Liu et al. 2014; Zhang et al. 2014; Liu et al.
2015a; Liu et al. 2015b; Zhang et al. 2015a; Zhang et al. 2015b).
Experiments outlined here demonstrate successful identification of a B epitope on
gC envelope protein recognized by a neutralizing scFv against BoHV-1. The grafting of
BoHV-1 B epitope, present on recombinant gC156, in bovine scFv exceptionally long
CDR3H sustained its conformation similar to native gC glycoprotein present on BoHV-1
envelope. Further, antigenized scFv (gC156scFv1H12) induced high titer antibody
response as compared to the free recombinant gC156 fragment. These observations
suggest that antigenized scFv format provides a novel approach to developing next
generation of vaccines against infectious agents that require protective humoral immunity.
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Chapter 6
Conclusions and future research directions
The idiotypic networks are suggested to shape the developing neonatal repertoire
where B cell expansion occurs via ‘id anti-id interactions’ (Kearney & Vakil 1986b, a).
Since bovine fetus develops in the absence of maternal Ig exposure due to
syndesmochorial placentation, unlike humans, such B cell expansion via ‘id anti-id’
interaction via maternal Igs can not occur in cattle. Thus, cattle provide a suitable model,
distinct from species like humans, to study the developing neonatal Ab repertoire before
and after colostrum (rich in maternal Igs) uptake. Global neonatal transcriptome analysis
demonstrated significant clustering of differentially expressed genes in newborn calves as
compared to the dams specifically between day 0 and day 7 post-birth as a result of
neonatal development, including immune related genes. Twenty-five DE gene clusters,
relevant to the development of immunity and cellular proliferation, are identified at birth
as compared to day 7 post-birth. These DE genes include those encoding complement
components, defensins, MHC II, chemokines and cytokines. This is followed by a higher
expression of cytokines (e.g. IL7, IL1B, IL12B), signaling molecules (LAX1, BLK) and
transcription factors (ICOS, FOXP3) relevant to B- and T-cell development. Although
cattle antibodies mainly express lambda light chains (Arun et al. 1996), kappa light chain
transcripts significantly increase post-birth together with a higher expression of IGKV2
family (IGKV8, IGKV10 and IGKV12). Similarly, IGLC transcripts significantly increase
post-birth when compared to day 28. Indeed, IGLV1b.1 and IGLV1x.1 are most expressed
with rare IGL3.4 gene being preferentially used in neonatal B cells. Prior to colostrum
uptake, only IGHM and IGHD transcripts are detectable while others begin to appear at
!
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day 7. The IGHM transcripts achieve adult levels by day 7 while IGHD, IGG1 and IGHA
gene expression is approximately at adult levels by four weeks of neonatal life. Five
IGHV germline genes (BF2D12, BF3H11, BF4E9, BF5F10 and U55170) are mostly
expressed in the neonatal B-cells. The BF4E9 IGHV gene, known to encode exceptionally
long CDR3H (Saini & Kaushik 2002), is predominant at birth indicating its important role
in neonatal repertoire development. Overall, these observations suggest that only low
levels of IGHM and IGHD transcripts are expressed in the neonate in the absence of
exposure to maternal Igs in cattle. It is only subsequent to colostrum uptake, a rapid Bcell repertoire expansion occurs where IGHM levels equivalent to adults are achieved by
day 7 post-birth. Low IGHM transcripts at birth also suggest fetal immunosuppression
due to maternal influences during pregnancy. Knowledge of neonatal nascent immune
repertoire development provides opportunities for developing appropriate vaccination
strategies apart from strengthening the immune system to prevent infectious diseases in
the bovine neonate. Future research should aim at manipulating the maternal immune
system to strengthen the developing immune system of the newborn via colostrum. In
addition, the Ig transcript values described here provide reference for evaluating humoral
neonatal

immunocompetence

and,

also,

diagnosing

congenital

humoral

immunodeficiency. Similarly, the differentially expressed gene sets relevant to host
defense provide reference values for diagnosing other neonatal immune-related
deficiencies.
Relative role of VH and VL domains in Ab function is important in understanding
fine structure-function relationships for designing and developing therapeutic antibodies.
For this reason, relative contributions of VH, VL and VH+VL originating from polyspecific
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IgM (Saini et al. 1999) and monospecific IgG1 Ab (Levings 1992) were examined in the
context of Ag recognition and virus neutralization functions. Various Ab fragments were
successfully expressed as recombinant proteins in P. pastoris. An scFv (scFv1H12)
developed from polyspecific IgM Ab showed Ag binding characteristics similar to the
parent IgM Ab. The variable heavy domain (FdVH1H12) alone recognized multiple Ags,
though the recognition pattern differed both from parent IgM and its scFv form. This
demonstrates that bovine FdVH alone is capable of recognizing Ag in the absence of light
chain. By contrast, FdVL alone does not recognize the Ag. The supportive structural role
of the bovine light chain domain in influencing the Ag recognition is not excluded as
subtle differences exist in Ag recognition patterns of scFv1H12 and FdVH1H12.
Interestingly, the VH and VL domains contribute differentially to Ag recognition and virus
neutralization functions. The FdVH073 and FdVL074 originating from monospecific IgG1
against BoHV-1 recognized the target Ag at comparable levels but the Ag recognition
increased subsequent to VH+VL pairing in scFv3-18L (Koti et al. 2011). Thus, both VH
and VL domains contribute to Ag recognition in case of an induced IgG Ab to an Ag.
Interestingly, both VH and VL domains are required for Ab virus neutralization function
since either of the heavy (FdVH073) or light (FdVL074) domains did not neutralize
BoHV-1 in vitro, unlike scFv3-18L. These observations suggest an important role for the
VL domain in antigen recognition as well as in providing conformational support to the
Ag binding site in order to achieve virus neutralization function. Such subtle differences
in VH and VL domains together with their scFv form are relevant to Ab engineering
strategies needed for developing Ab based therapeutics and vaccines.
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Earlier, our laboratory discovered that some bovine antibodies have an
exceptionally long CDR3H (>48 up to 67 amino acids) (Saini et al. 1999) that generates
an unique antigen-binding site with a "stalk and knob" structure and capability of
conformational diversity through variable intra-CDR3H disulfide bridging (Wang et al.
2013). Such an atypical CDR3H provides an opportunity for antigenization with large
conformational B-epitopes, unlike mouse and human immunoglobulins where CDR3H is
much shorter. The experiments outlined here describe identification of a B-epitope on gC
envelope protein of BoHV-1 recognized by anti-BoHV-1 bovine IgG1 antibody. First, a
156 amino acid long gC fragment (gC156; position 310 to 465) of BoHV-1was expressed
as a recombinant protein in P. pastoris. Further, a scFv fragment with a 61 amino-acid
long CDR3H (scFv1H12) was constructed where gC156 was grafted into the CDR3H
(gC156scFv1H12). The grafting of BoHV-1 B-epitope gC156 in bovine scFv with an
exceptionally long CDR3H retained the conformation similar to the native glycoprotein
on BoHV-1 envelope. The free recombinant gC156 and its antigenized form,
gC156scFv1H12, were characterized and used to immunize bovine calves. The
antigenized scFv (gC156scFv1H12) induced higher antibody response as compared to
free recombinant gC156 fragment in the bovine calves. These observations suggest that
antigenized bovine scFv (with exceptionally long CDR3H) format provides a novel
approach to developing next generation of vaccines including those infectious agents that
require induction of protective humoral immunity as well.
The antigenized scFv, gC156scFv1H12, also had three cytotoxic T-epitopes
(Hegde et al. 1999) but the immune response against them has not been analyzed in this
study. It would be useful to analyze cytotoxic T cell responses as a result of immunization
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with gC156scFv1H12 since cytotoxic T-cells are suggested to be involved in protection
against BoHV-1 infection. Multiple grafting of B and T epitopes into the CDRs of bovine
scFv with exceptionally long CDR3H needs to be examined further in order to generate
protective immune response against pathogens. Overall, these experiments provide novel
strategy for developing antibody-based vaccines using bovine antibody fragment with an
exceptionally long CDR3H.
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Supplement 1
Table S1 Primers used for constructing recombinant proteins
Recombinant
Ab Construct
FdVL074
(HB9907)

Primer
s-VJ074
as-VJ074
s-VDJ073

FdVH073
(HB9907)
FdVL1H12
(BLV1H12)
FdVH1H12
(BLV1H12)

scFv1H12
(BLV1H12)

gC156

as-VDJ073
s-VJ1H12

GTGGCCCAGCCGGCCCAGGTGCAGCTGCG
CTGGCCGGCTTGGCCACTAGTGGAGGAGACGGT
GACCAG
GTGGCCCAGCCGGCCCAGGCTGTGCTGAATCAG

CTGGCCGGCTTGGCCCAGGACGGTCAGTGTGGT
GTGGCCCAGCCGGCCCAGGTGCAGCTGCG
CTGGCCGGCTTGGCCACTAGTTGAGGAGACGGT
as-VDJ1H12
GACCAG
GTGGCCCAGCCGGCCCAGGCTGTGCTGAATCAG
s-FvVJ1H12
GGAAGATCTAGAGGACTGACCCAGGACGGTCAG
as-FvVJ1H12-L TGTGGT
GGTCAGTCCTCTAGATCTTCCGGCGGTGGTGGC
s-FvVDJ1H12-L AGCT
CCGGTGGTGGCGGTTCCCAGGTGCAGCTGCG
CTGGCCGGCTTGGCCACTAGTTGAGGAGACGGT
as-VDJ1H12
GACCAG
s-gC156
as-gC156

as-VJ1H12-L
s- L-VDJ1H12
as-VDJFR4
as-FR3-L
s-L-FR4
s-L-gC156
as-gC156-L

!

GTGGCCCAGCCGGCCCAGGCTGTGCTGACTCAG
CTGGCCGGCTTGGCCTAGGACGGTCAGTGTGGT
CCCGC

as-VJ1H12
s-VDJ1H12

s-sFvVJ1H12

gC156scFv1H12

Nucleotide Sequence (5' to 3')

GTGGCCCAGCCGGCCTACCCCGTGGAGG
CTGGCCGGCTTGGCCGTACGTGGCGGTCGC
GTGGCCCAGCCGGCCCAGGCTGTGCTGAATCA
G
GGAAGATCTAGAGGACTGACCCAGGACGGTC
AGTGTGGT
GGTCAGTCCTCTAGATCTTCCGGCGGTGGTGG
CAGCTCCGGTGGTGGCGGTTCCCAGGTGCAGC
TGCG
CTGGCCGGCTTGGCCACTAGTTGAGGAGACGG
TGACCAG
GTAAGATCCGCCACCACCCGAACGTTCTCTAT
AC
GTACGGAGGAGGAGGCAGTTATAGTTATACTT
AC
GGTGGTGGCGGATCTTACCCCGTGGAGGCTC
CTGCCTCCTCCTCCGTACGTGGCGGTCGCG
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Supplement 2
Table S2.1 Recombinant materials, vectors and P.pastoris strain KM71H clones
generated for expression of recombinant proteins during these studies
!
Protein
FdVL074
FdVH073
FdVL1H12

FdVH1H12

Source

pCR2.1

pPICzαB

HB9907

TALV07-4
pLV07-4

pPLV07-4
pPLV074_

LV074-1

HB9907

pHV07-3
TAHV07-3
pHV073

pPHV073

HV073

pPLV1H12-10
pPLV1H12,
pPLVPS

LV1H12

pP1H7-3
pP1H12c-3

HV1H12c

pPFV1H12-2c

FV1H12-2c
g0308

BLV1H12

pLV1H12-1
TAVL1H12

BLV1H12

pcTAHV1H12-7
pTAVH1H12-2c
TAVH1H12c

scFv1H12

TAVL1H12
pTAFV1H12-2C
TAVH1H12c

envelope
glycoprotein gC

BoHV-1
Cooperstrain

-

pPTAUL44
pPg0308

pPg0308

-

pPg1707-3

pPgC156
pP1H12-2c

-

pPFV1707

gC156
gC156scFv1H12
!
!

!

P. pastoris
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g1707
gC156
scFv1707,
AgscFv1707
gC156scFv1H12

Supplement 3
Table S3.1 Raw data next generation sequencing and Ig de novo assembly

!

Average
insert
size

Ig
Contigs

Sample

Reads (151bp)
one direction

3761d0

10,062,735

264

56

2622

3761d7

9,425,989

244

59

5515

3731d0

11,344,402

235

48

3420

3731d7

8,655,317

201

90

16313

4045d0

20,590,078

230

51

3195

4045d7

18,631,775

244

43

5626

4324d0

8,345,761

245

23

813

4324d07

10,539,487

229

35

3050

4324d14

11,252,363

236

41

4356

4324d28

10,338,949

240

32

5359

4327d0

12,149,603

251

33

984

4327d07

11,213,806

229

37

3049

4327d14

10,429,391

201

31

4454

4327d28

11,823,465

230

35

5839

4355d0

22,149,011

243

33

537

4355d7

21,356,144

220

38

1585

4355d14

16,899,006

247

32

1493

4355d28

18,532,207

226

41

2732
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TPM (151bp)
Ig contigs

S3.2 Technical details of the applied software
Trinity parameters:
seqType = fq
JM = 10G
Note : Above are required parameters. Following are optional parameters, default values
were used.
min_contig_length = 200
CPU = 7
SS_lib_type - off ( libraries are not strand-specific)
genome - off ( only for genome guided assembly)
jaccard_clip - off
trimmomatic - off
normalize_reads - off
More details : http://trinityrnaseq.sourceforge.net/#running_trinity
RSEM parameters:
Following parameters(switches) used for 'rsem-calculate-expression' command:
paired-end - on
no-qualities - off
strand-specific - off
bowtie2 - on
sam - off
bam - off
p-7
no-bam-output - off
output-genome-bam - off
sampling-for-bam - off
seed - off
calc-pme - off
calc-ci - off
seed-length = 25
phred33-quals - on
bowtie2-mismatch-rate = 0.1
bowtie2-k = 200
bowtie2-sensitivity-level = sensitive
forward-prob = 0.5
fragment-length-min = 1
fragment-length-max = 1000
fragment-length-mean = -1 ( disabled)
fragment-length-sd = 0
estimate-rspd = off
gibbs-burnin = 200
gibbs-number-of-samples = 1000
gibbs-sampling-gap = 1
More details : http://deweylab.biostat.wisc.edu/rsem/rsem-calculate-expression.html

!

191!

Tophat parameters:
segment-length = 25
no-coverage-search - on
mate-std-dev = 20
read-gap-length = 2
read-edit-dist = 2
min-anchor-length = 8
min-intron-length = 70
max-multihits = 20
library-type = fr-unstranded
Default values were used for other parameters.
More detail : http://ccb.jhu.edu/software/tophat/manual.shtml
cuffdiff Parameters:
library-norm-method = geometric
dispersion-method = pooled
library-type = fr-unstranded
Default values are used for other parameters.
More detail : http://cufflinks.cbcb.umd.edu/manual.html#cuffdiff
Pathway Analyses:
Software:
R version 3.1.2 (2014-10-31) -- "Pumpkin Helmet"
Copyright (C) 2014 The R Foundation for Statistical Computing
Platform: x86_64-pc-linux-gnu (64-bit)
Package: goseq
Version: 1.18.0
Date: 2014/7/25
Packaged: 2014-10-14 01:44:04 UTC; biocbuild
Built: R 3.1.2; ; 2014-12-09 20:09:39 UTC; unix
Package: org.Bt.eg.db
Version: 3.0.0
Packaged: 2014-09-24 18:26:43 UTC; mcarlson
Built: R 3.1.2; ; 2014-12-09 20:45:57 UTC; unix
Cytoscape 2.8.3
Downloaded from http://www.cytoscape.org/download.php
Enrichment Map v1.3 A Cytoscape Plugin
Plugin Homepage: http://www.baderlab.org/Software/EnrichmentMap
Build: 98 from GIT: bfc6eefae71343c6d98ad711c7cfa0a6241f125c by: risserlin
!
!

!
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Table S3.3 Relevant differentially expressed genes from immunologically important GO
cluster pathway analysis, calves day 0 vs calves day 7 (C0 vs C7) and calves day 0 vs
dams day 0 (C0 vs D0)(Figure 3) FDR<0.01
Gene

Entrez.id

ADA

280712

AFAP1L2

615436

AHSP
AIF1
ALAD
ALAS2
ALOX15

338381
280989
510679
511791
282139

ALPL

280994

AQP1
AQP3
ASPH
ATPIF1

282653
780866
286771
327699

BATF

617628

BIRC5
BLA-DQB
BNBD-9LIKE

414925
539241

BPI

280734

C1QB

617435

C2
C3
C9
CA2

515440
280677
526766
280740

CASP4

338039

CATHL5
CCL4
CCNB2
CCR5
CCR7
CD163

282167
414347
281668
497017
510668
533844

CD40

286849

CD8A
CFB

281060
514076

CHI3L1

286869

CLU

280750

!

404063

Description
adenosine deaminase
actin filament associated protein 1like 2
alpha hemoglobin stabilizing protein
allograft inflammatory factor 1
aminolevulinate dehydratase
aminolevulinate, delta-, synthase 2
arachidonate 15-lipoxygenase
alkaline phosphatase,
liver/bone/kidney
aquaporin 1 (Colton blood group)
aquaporin 3 (Gill blood group)
aspartate beta-hydroxylase
ATPase inhibitory factor 1
basic leucine zipper transcription
factor, ATF-like
baculoviral IAP repeat containing 5
MHC class II antigen
neutrophil beta-defensin-9 like
peptide
bactericidal/permeability-increasing
protein
complement component 1, q
subcomponent, B chain
complement component 2
complement component 3
complement component 9
carbonic anhydrase II
caspase 4, apoptosis-related cysteine
peptidase
cathelicidin 5
chemokine (C-C motif) ligand 4
cyclin B2
chemokine (C-C motif) receptor 5
chemokine (C-C motif) receptor 7
CD163 molecule
CD40 molecule, TNF receptor
superfamily member 5
CD8a molecule
complement factor B
chitinase 3-like 1 (cartilage
glycoprotein-39)
clusterin
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C0 vs C7
FDR
1.30E-20

C0 vs D0
FDR
0.014626901

0.366047305

0.00020979

0.001249445
0.000628088
7.91E-06
6.93E-12
0.018692068

0.283955757
0.509759951
0.000785705
0.02232251
1.78E-12

0.875405123

1.23E-09

1.79E-06
0.000112971
0.701221798
2.80E-10

0.1341098
0.752205819
0.000271092
0.000217464

0.056536907

3.47E-07

3.41E-23
0.001293579

0.4861064
8.74E-17

0.064704721

0.007071442

0.000192212

0.468434929

0.324399954

0.003464827

2.45E-19
6.00E-07
0.006980764
0.033173903

9.65E-09
0.194942794
0.057541871
0.007142273

0.00010702

0.023001622

1.36E-07
0.000268456
5.04E-15
0.013118529
0.426239139
2.44E-05

2.81E-06
0.001420186
0.08672118
1.42E-05
0.004536018
0.915948168

0.06981406

3.40E-06

0.744923817
3.45E-05

0.000696363
0.991250165

1.39E-06

0.010912804

0.425827017

5.49E-07

COL1A1
COL1A2
CTGF
CX3CR1
CXCL10
CXCL2

282187
282188
281103
10012452
5
615107
281734

CXCL6

281735

CXCR3
CXCR4
DDIT4
DEFB5
DEFB7
DGAT2
DPP4

497018
281736
529235
10014145
7
783935
768320
404129
281122

EPB42

281754

FCGR3A

281766

FOS

280795

GATA3

505169

GPLD1

287025

HIF1A

281814

HMGB2

540444

HPGD

512259

HSP90B1

282646

HSPB8

539524

ID3

538690

IFI6

512913

IFNAR2

282258

IL12B

281857

IL12RB2
IL1B
IL7

282452
281251
280827

IMPDH1

504305

DEFB10

!

collagen, type I, alpha 1
collagen, type I, alpha 2
connective tissue growth factor
chemokine (C-X3-C motif) receptor 1
chemokine (C-X-C motif) ligand 10
chemokine (C-X-C motif) ligand 2
chemokine (C-X-C motif) ligand 6
(granulocyte chemotactic protein 2)
chemokine (C-X-C motif) receptor 3
chemokine (C-X-C motif) receptor 4
DNA-damage-inducible transcript 4
beta-defensin 10
defensin, beta 5
defensin beta 7
diacylglycerol O-acyltransferase 2
dipeptidyl-peptidase 4
erythrocyte membrane protein band
4.2
Fc fragment of IgG, low affinity IIIa,
receptor (CD16a)
FBJ murine osteosarcoma viral
oncogene homolog
GATA binding protein 3
glycosylphosphatidylinositol specific
phospholipase D1
hypoxia inducible factor 1, alpha
subunit (basic helix-loop-helix
transcription factor)
high mobility group box 2
hydroxyprostaglandin dehydrogenase
15-(NAD)
heat shock protein 90kDa beta
(Grp94), member 1
heat shock 22kDa protein 8
inhibitor of DNA binding 3, dominant
negative helix-loop-helix protein
interferon, alpha-inducible protein 6
interferon (alpha, beta and omega)
receptor 2
interleukin 12B (natural killer cell
stimulatory factor 2, cytotoxic
lymphocyte maturation factor 2, p40)
interleukin 12 receptor, beta 2
interleukin 1, beta
interleukin 7
IMP (inosine 5'-monophosphate)
dehydrogenase 1
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2.69E-06
0.131556918
1.56E-09

1.23E-05
0.000707947
0.003996047

9.68E-05

0.014420146

1.50E-07
0.661165145

2.22E-08
0.000409304

7.99E-05

0.00192578

0.00067483
0.002969394
0.006207779

0.000698368
0.064845431
0.006959621

0.001368265

3.02E-05

0.075405498
9.68E-05
0.564374708
0.004980491

3.98E-05
2.77E-05
8.60E-05
0.000213598

6.84E-12

0.004347769

1.75E-07

2.92E-05

2.35E-05

0.279773863

0.806868473

0.000571215

0.135644282

0.004211262

0.871023368

0.001698308

2.28E-06

0.096683546

0.000507562

0.123224793

0.002800875

0.098305203

0.444920254

1.19E-09

0.133705487

1.51E-08

1.37E-13

0.511865862

0.000174889

0.004035053

0.01643475

4.40E-07

3.05E-05
0.008269967
0.144970106

0.089249928
4.91E-18
0.009372362

0.000291386

0.15247784

IRF1
ISG15

789216
281871

JAKMIP1

540970

JUP

445543

KIT

280832

LAMTOR2

616375

LAX1

540424

LGR4

505423

LMO2

614876

LOC10029
7617
LYZ

10029761
7
777776

MANF

540432

MX1

280872

MX2

280873

MZB1

510480

NCF1
NFIL3

281345
506097

NR1D1

768225

NR1H3

507176

OAS2

529660

PDE2A

281971

PLAC8
PLCG1
PRDX1
PRLR

767910
281987
281997
281422

PSMB10

282328

PSMB8

282013

PSMB9

510593

PTMS
RAPGEF2

!

613777
10013948

interferon regulatory factor 1
ISG15 ubiquitin-like modifier
janus kinase and microtubule
interacting protein 1
junction plakoglobin
v-kit Hardy-Zuckerman 4 feline
sarcoma viral oncogene homolog
late endosomal/lysosomal adaptor,
MAPK and MTOR activator 2
lymphocyte transmembrane adaptor 1
leucine-rich repeat containing G
protein-coupled receptor 4
LIM domain only 2 (rhombotin-like
1)
beta-defensin
lysozyme
mesencephalic astrocyte-derived
neurotrophic factor
myxovirus (influenza virus) resistance
1, interferon-inducible protein p78
(mouse)
myxovirus (influenza virus) resistance
2 (mouse)
marginal zone B and B1 cell-specific
protein
neutrophil cytosolic factor 1
nuclear factor, interleukin 3 regulated
nuclear receptor subfamily 1, group
D, member 1
nuclear receptor subfamily 1, group
H, member 3
2'-5'-oligoadenylate synthetase 2,
69/71kDa
phosphodiesterase 2A, cGMPstimulated
placenta-specific 8
phospholipase C, gamma 1
peroxiredoxin 1
NA
proteasome (prosome, macropain)
subunit, beta type, 10
proteasome (prosome, macropain)
subunit, beta type, 8 (large
multifunctional peptidase 7)
proteasome (prosome, macropain)
subunit, beta type, 9 (large
multifunctional peptidase 2)
parathymosin
Rap guanine nucleotide exchange
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1.37E-13
2.71E-27

0.001889414
0.033190188

0.003926333

0.388877995

0.099848482

6.95E-17

8.55E-08

8.14E-13

5.48E-07

0.095740457

0.564374708

2.18E-05

0.582779365

4.20E-06

0.281334614

0.000681658

0.003648787

9.20E-06

0.118017833

0.001099753

0.000633956

0.210989818

9.28E-27

2.88E-09

6.67E-34

7.84E-13

1.34E-05

4.93E-07

6.95E-11
0.445534252

4.34E-13
0.000351507

0.11005542

0.000327394

0.001920784

0.458609717

6.31E-32

0.00020397

4.41E-07

2.06E-13

0.000145393
0.305805932
0.001584622
NA

0.675723259
0.00563376
0.989160536
0.007720003

4.98E-05

0.355832865

0.000773134

0.337724041

8.28E-07

0.071225837

4.43E-08
0.523998623

0.381449272
0.001349264

4
RSAD2

506415

S100A13
S100A8

404146
616818

SEMA4A

510239

SERPING1

281035

THBS1
TLR10
TLR2
TLR4
TLR6
TRIB3
TUBA1A

281530
539791
281534
281536
407237
538465
404053

ZC3H12A

535344

!

factor (GEF) 2
radical S-adenosyl methionine domain
containing 2
S100 calcium binding protein A13
S100 calcium binding protein A8
sema domain, immunoglobulin
domain (Ig), transmembrane domain
(TM) and short cytoplasmic domain,
(semaphorin) 4A
serpin peptidase inhibitor, clade G (C1
inhibitor), member 1
thrombospondin 1
toll-like receptor 10
toll-like receptor 2
toll-like receptor 4
toll-like receptor 6
tribbles homolog 3 (Drosophila)
tubulin, alpha 1a
zinc finger CCCH-type containing
12A
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1.83E-05

0.750787348

0.249919978
0.013655598

0.000677592
0.004201422

0.197801404

0.003218482

0.035792109

0.000231234

3.68E-06
0.133705768
0.069866045
0.588636759
0.073357116
0.564374708
0.080378904

0.748419162
3.57E-14
0.040864575
0.00853449
0.002625686
2.58E-06
0.002176525

0.281938964

0.002409613

Table S3.4a Calves day 0 vs day 7, Differential expressed genes GO cluster "Defense
response", FDR<0.05,LogFC<-1 and RPKM>1 in at least 2 animals in any sample
Defense
response
Gene

AQP1*
BPI
C9*
CATHL5
CD163
CDK5R1*
CXCL6
CXCR4
DDIT4
FN1
FOS
GUCY1A3*
KIT
PDE2A
PRKG1
THBS1

Calves day 0 vs
dams day0
LogFC
FDR
-3.02
0.13
-1.16
0.47
-2.03
0.057
-3.64
2.81E-06
0.14
0.92
0.01
1.0
-1.78
0.0019
-0.84
0.065
-1.32
0.0070
-0.47
0.77
0.81
0.28
-1.38
0.064
-2.36
8.14E-13
-2.35
2.06E-13
-1.77
0.0054
0.36
0.75

Calves day 0 vs
day 7
LogFC
FDR
-1.91
1.79E-06
-1.16
0.00019
-1.73
0.0070
-2.51
1.36E-07
-1.31
2.44E-05
-1.27
0.0055
-1.33
7.99E-05
-1.43
0.0030
-1.02
0.0062
-3.03
1.05E-07
-1.25
2.35E-05
-1.74
0.00084
-1.10
8.55E-08
-1.24
4.41E-07
-2.01
6.07E-06
-1.84
3.68E-06

Dams day 0

Calves day 0

Calves day 7

RPKM
4.91 ± 4.8
38.93 ± 13.7
0.21 ± 0.054
1.03 ± 0.52
261.34 ± 24.0
5.47 ± 1.9
4.80 ± 0.36
162.46 ±
59.13 ± 22.0
14.36 ± 1.4
414.56 ± 88.0
0.84 ± 0.055
2.35 ± 0.23
6.19 ± 2.0
0.64 ± 0.11
85.22 ± 35.0

RPKM
4.82 ± 1.4
131.95 ± 87.8
1.10 ± 0.77
10.55 ± 1.3
305.26 ± 158.0
4.92 ± 0.41
22.03 ± 11.6
293.80 ± 100.4
126.61 ± 2.49
50.66 ± 41.3
316.09 ± 147.8
2.61 ± 1.2
12.53 ± 2.5
31.45 ± 8.8
2.42 ± 1.1
55.26 ± 15.2

RPKM
1.35 ± 0.59
88.73 ± 74.1
0.34 ± 0.26
1.85 ± 0.61
163.04 ± 114.6
2.04 ± 0.19
7.42 ± 2.23
149.33 ± 98.5
69.10 ± 19.0
2.92 ± 0.77
131.68 ± 54.4
0.77 ± 0.34
5.94 ± 1.4
14.50 ± 5.9
0.58 ± 0.16
19.08 ± 9.8

* Not in Gene set Immune Response rest also in IR
!
Table S3.4b Calves day 0 vs day 7, DE genes GO cluster "Defense response",
FDR<0.05,LogFC>1 and RPKM>1 in at least 2 animals in any sample
Defense
Response
Gene

C2
C3
CASP4
CCL4
CCR5
CFB
CHI3L1
CX3CR1
CXCL10
CXCR3
DEFB10
DEFB7
IL12B
IL1B
IRF1
ISG15
MX1
NCF1
OAS2
PLAC8
PLAU
RSAD2

!

Calves day 0 vs
dams day 0
LogFC
FDR
2.68
9.65E-09
0.62
0.19
1.14
0.023
2.45
0.0014
1.95
1.42E-05
0.02
0.99
1.23
0.011
1.07
0.014
3.94
2.22E-08
2.29
0.00070
1.71
3.02E-05
2.50
2.77E-05
2.58
4.40E-07
2.67
4.91E-18
1.18
0.0019
1.14
0.033
2.68
2.88E-09
2.53
4.34E-13
2.15
0.00020
0.31
0.67
1.36
1.40E-05
-0.30
0.75

Calves day 0 vs
day 7
LogFC
FDR
3.59
2.45E-19
1.42
6.00E-07
1.03
0.00011
2.30
0.00027
1.11
0.013
1.63
3.45E-05
1.03
1.39E-06
1.12
9.68E-05
3.26
1.50E-07
2.01
0.00067
1.28
0.0014
1.63
9.68E-05
1.14
0.016
1.44
0.0083
1.58
1.37E-13
3.75
2.71E-27
3.19
9.28E-27
2.21
6.95E-11
3.88
6.31E-32
1.19
0.00015
1.23
3.90E-06
1.07
1.83E-05
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Dams day 0

Calves day 0

Calves day 7

RPKM
7.52 ± 1.3
25.50 ± 0.93
64.97 ± 2.2
4.51 ± 0.72
9.85 ± 3.97
1.59 ± 0.41
137.28 ± 10.8
38.28 ± 8.6
4.00 ± 0.78
6.99 ± 1.0
87.77 ± 4.4
28.55 ± 1.0
17.10 ± 3.5
34.60 ± 8.8
90.86 ± 3.5
32.17 ± 16.9
95.24 ± 36.7
113.42 ± 32.9
5.23 ± 3.3
249.21 ± 28.9
17.65 ± 2.0
4.61 ± 0.97

RKM
1.40 ± 0.71
17.14 ± 2.9
34.59 ± 14.0
0.82 ± 0.46
2.52 ± 0.91
2.10 ± 1.3
71.21 ± 31.8
18.04 ± 3.2
0.25 ± 0.066
1.45 ± 0.55
27.65 ± 4.2
5.81 ± 2.1
3.44 ± 1.5
5.20 ± 0.68
41.50 ± 7.2
11.95 ± 3.4
15.75 ± 5.4
18.37 ± 2.4
0.82 ± 0.20
204.16 ± 54.5
6.89 ± 0.81
5.72 ± 1.4

RPKM
27.17 ± 21.5
51.64 ± 19.7
62.60 ± 9.9
4.54 ± 1.19
5.41 ± 1.47
7.83 ± 5.70
150.23 ± 71.7
45.55 ± 17.6
2.65 ± 1.0
6.12 ± 1.1
69.85 ± 20.5
17.19 ± 5.3
8.58 ± 4.9
19.71 ± 10.0
127.49 ± 28.3
156.40 ± 26.1
134.16 ± 44.0
102.74 ± 36.5
12.24 ± 3.3
456.99 ± 35.1
17.36 ± 4.6
12.27 ± 3.5

Table S3.4c Calves day 0 vs day 7, GO cluster "regulation of defense response (all genes
also in Defense response) FDR<0.05,LogFC<-1 orLogFC>1 and RPKM>1 in at least 2
animals in any sample
Reg. of
Defense
response
Gene
CXCR4
CXCL6
PRKG1
PDE2A
CASP4
CXCL10
CXCR3
IL1B
IL12B
IRF1
PLAU
RSAD2
SERPING1

Calves day 0 vs
Dams day 0
Log
FC
-0.84
-1.78
-1.77
-2.35
1.14
3.94
2.29
2.67
2.58
1.18
1.36
-0.30
-3.06

FDR
0.064
0.0019
0.0054
2.06E-13
0.023
2.22E-08
0.00070
4.91E-18
4.40E-07
0.0019
1.40E-05
0.75
0.00023

Calves d0 vs d7
LogFC
-1.43
-1.33
-2.01
-1.24
1.03
3.26
2.01
1.44
1.14
1.58
1.23
1.07
1.07

FDR
0.0030
7.99E-05
6.07E-06
4.41E-07
0.00011
1.50E-07
0.00067
0.0083
0.016
1.37E-13
3.90E-06
1.83E-05
0.036

Dams day 0

Calves day 0

Calves day 7

RPKM ±
SEM
162.46 ± 59.12
4.80 ± 0.36
0.64 ± 0.11
6.19 ± 2.01
64.97 ± 2.3
4.00 ± 0.78
6.99 ± 1.0
34.60 ± 8.8
17.10 ± 3.5
90.86 ± 3.5
17.65 ± 2.0
4.61 ± 0.97
0.22 ± 0.11

RPKM ± SEM

RPKM ±
SEM
149.33 ± 98.5
7.42 ± 2.2
0.58 ± 0.16
14.50 ± 5.9
62.60 ± 9.9
2.65 ± 1.0
6.12 ± 1.1
19.71 ± 10.0
8.58 ± 4.9
127.49 ± 28.3
17.36 ± 4.6
12.27 ± 3.5
4.26 ± 1.5

293.80 ± 100.5
22.03 ± 11.6
2.42 ± 1.1
31.45 ± 8.8
34.59 ± 14.0
0.25 ± 0.066
1.45 ± 0.55
5.20 ± 0.68
3.44 ± 1.5
41.50 ± 7.1
6.89 ± 0.81
5.72 ± 1.4
1.92 ± 0.38

!
!
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Table S3.4d Calves day 0 vs day 7, DE genes GO cluster "Response to cytokine",
FDR<0.05,LogFC<-1 or LogFC>1 and RPKM>1 in at least 2 animals in any sample
Response to
cytokine
Gene
ALAD*
CXCR4
IL12RB2*
KIT
PDE2A
CCR5
CHI3L1
CX3CR1
CXCL10
CXCR3
IL12B
IL1B
IRF1
MX1

Calves day 0 vs
Dams day 0
LogFC
FDR
-2.75
0.00079
-0.84
0.064
-0.71
0.089
-2.36
8.14E-13
-2.35
2.06E-13
1.95
1.42E-05
1.23
0.011
1.07
0.014
3.94
2.22E-08
2.29
0.00070
2.58
4.40E-07
2.67
4.91E-18
1.18
0.0019
2.68
2.88E-09

Calves day 0 vs day 7
LogFC
-1.05
-1.43
-1.46
-1.10
-1.24
1.11
1.03
1.12
3.26
2.01
1.14
1.44
1.58
3.19

FDR
7.91E-06
0.0030
3.05E-05
8.55E-08
4.41E-07
0.013
1.39E-06
9.68E-05
1.50E-07
0.00067
0.016
0.0083
1.37E-13
9.28E-27

Dams day 0

Calves day 0

Calves day 7

RPKM
32.03 ± 26.3
162.46 ± 59.1
5.11 ± 1.6
2.35 ± 0.23
6.19 ± 2.0
9.85 ± 4.0
137.28 ± 10.8
38.28 ± 8.6
4.00 ± 0.78
6.99 ± 1.0
17.10 ± 3.5
34.60 ± 8.8
90.86 ± 3.5
95.24 ± 36.7

RPKM
92.66 ± 17.0
293.80 ± 100.4
8.66 ± 3.4
12.53 ± 2.5
31.45 ± 8.8
2.52 ± 0.91
71.21 ± 31.8
18.04 ± 3.2
0.25 ± 0.066
1.45 ± 0.55
3.44 ± 1.5
5.20 ± 0.68
41.50 ± 7.2
15.75 ± 5.4

RPKM
48.16 ± 14.5
149.33 ± 98.5
2.89 ± 0.40
5.94 ± 1.4
14.50 ± 5.9
5.41 ± 1.5
150.23 ± 71.7
45.55 ± 17.6
2.65 ± 1.0
6.12 ± 1.1
8.58 ± 4.9
19.71 ± 10.0
127.49 ± 28.3
134.16 ± 44.0

*Not part of GO cluster "Immune response" other are genes also part of "Immune
response
!

!
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Table S3.4e Calves day 0 vs calves day 7, DE genes GO clusters "Immune response"
Calves day 0 vs day 7, only DE genes that not are already part of table 4a to 4d.
FDR<0.05,LogFC<-1 or LogFC>1 and RPKM>1 in at least 2 animals in any sample
Immune
response
Gene

AHSP
ALAS2
ATPIF1
EPB42
GADD45
G
IGF2
NPPA
RHOB
YOD1
ADA
AQP3
BCL2A1
CCNB2
CDK1
LOC1002
97617
MAD2L2
MASTL
MT2A
MX2
MZB1
PSMB9
PTMS

!

Dams day 0 vs
Calves day 0

Calves day 0 vs day
7

Dams day 0

Calves day 0

Calves day 7

RPKM ± SEM

RPKM ± SEM

6.58 ± 2.3
2233.53 ± 961
12239 ± 2735
42.6 ± 14.6

1.64 ± 0.64
447.34 ± 352.6
3130 ± 1331
12.41 ± 8.3

LogFC

FDR

LogFC

FDR

-2.02
-4.91
-3.61
-3.31

0.28
0.022
0.00021
0.0043

-1.97
-3.28
-2.15
-2.23

0.0012
6.93E-12
2.80E-10
6.84E-12

RPKM ±
SEM
4.80 ± 4.5
663.6 ± 649
2925 ± 2561
12.36 ± 11.1

-0.13

0.87

-1.31

1.57E-05

5.00 ± 1.0

18.71 ± 7.2

7.40 ± 2.3

-1.35
-2.22
0.11
-0.49
1.04
0.27
0.67
1.21
0.54

0.20
0.032
0.91
0.45
0.014
0.75
0.14
0.087
0.57

-1.46
-2.07
-1.53
-1.33
2.36
1.55
1.07
3.10
2.18

0.013
0.0018
1.82E-08
0.0065
1.30E-20
0.00011
0.012
5.04E-15
1.38E-07

0.26 ± 0.036
1.17 ± 0.25
209.05 ± 78.1
7.34 ± 0.46
12.80 ± 1.1
5.39 ± 0.33
25.62 ± 1.5
2.71 ± 0.83
3.66 ± 0.21

0.69 ± 0.25
6.20 ± 3.3
226.76 ± 116.0
10.23 ± 0.83
6.30 ± 0.70
4.61 ± 1.1
16.46 ± 2.9
1.11 ± 0.22
2.55 ± 0.55

0.25 ± 0.068
1.43 ± 0.44
72.50 ± 26.8
4.45 ± 1.6
33.88 ± 7.9
13.66 ± 1.9
36.52 ±9.1
10.28 ± 2.2
12.37 ± 2.6

2.19

9.20E-06

1.28

0.0036

29.55 ± 3.5

6.78 ± 1.9

16.22 ± 2.0

0.28
1.70
1.70
2.45
2.19
0.71
0.46

0.69
0.091
0.0073
7.84E-13
4.93
0.071
0.38

0.85
3.61
1.97
3.22
1.87
1.17
1.15

0.024
6.95E-11
0.00017
6.67E-34
1.34E-05
8.28E-07
4.43E-08

12.25 ± 0.96
0.40 ±0.037
11.44 ± 1.5
39.99 ± 25.4
17.36 ± 2.7
144.34 ± 5.2
200.51 ± 15.6

10.16 ± 1.5
0.12 ± 0.034
3.43 ± 0.35
6.35 ± 3.4
3.75 ± 0.33
88.56 ± 4.0
149.62 ± 23.5

18.66 ± 2.0
1.57 ± 0.25
16.38 ± 7.0
50.28 ± 14.8
15.48 ± 4.4
204.28 ± 32.0
328.76 ± 30.97

199!

Table S3.5a Calves day 0 vs dams day 0, DE genes GO cluster "Adaptive Immune
response" FDR<0.05,LogFC<-1 or LogFC>1 and RPKM>1 in at least 2 animals in any
sample
Adaptive
IR

Calves day 0 vs
Dams day 0

Calves day 0 vs day 7

Gene

Log FC

FDR

LogFC

FDR

0.0019
8.14E-13
0.0035
0.0026
3.47E-07
9.65E-09
1.78E-12
0.0035
4.40E-07
4.34E-13
0.00068

-1.33
-1.10
.07
0.52
-0.62
3.59
1.94
0.56
1.14
2.21
0.56

0.000080
8.55E-08
0.95
.073
0.35
2.45E-19
0.019
0.32
0.016
6.95E-11
0.25

CXCL6
KIT
ZP3
TLR6
BATF
C2
ALOX15
C1QB
IL12B
NCF1
S100A13

-1.78
-2.36
-1.82
1.07
1.83
2.68
4.48
2.10
2.58
2.53
1.46

Dams day 0

Calves day 0

RPKM ±
SEM
4.80 ± 0.35
2.35 ± 0.23
1.43 ± 0.56
30.86 ± 4.09
23.91 ± 2.85
7.52 ± 1.33
7.85 ± 6.03
54.02 ± 14.05
17.10 ± 3.53
113.42 ± 32.9
41.26 ± 1.78

RPKM ±
SEM
22.04 ± 11.59
12.53 ± 2.53
4.65 ± 0.39
14.89 ± 2.59
6.79 ± 1.05
1.41 ± 0.71
0.21 ± 0.05
16.83 ± 9.50
3.44 ± 1.53
18.38 ± 2.40
15.47 ± 3.66

Calves day 7
RPKM ± SEM
7.42 ± 2.23
5.94 ± 1.39
4.97 ± 1.27
21.06 ± 2.58
12.52 ± 3.94
27.17 ± 21.59
0.82 ± 0.39
20.19 ± 5.85
8.58 ± 4.89
102.74 ± 36.54
24.08 ± 8.01

!
Table S3.5b Calves day 0 vs dams day 0, DE genes GO cluster "Interleukin production"'
FDR<0.01,LogFC<-1 or LogFC>1 and RPKM>1 in at least 2 animals in any sample
Interleukin
prod.
Gene
PYCARD
CCL3
IL1B
S100A13

Calves day 0 vs
Dams day 0
Log FC
1.21
1.67
2.67
1.46

Calves day 0 vs
day 7

FDR
LogFC
0.0033
0.72
0.015
0.62
4.91E-18
1.44
0.00068
0.57

FDR
0.0019
0.49
0.0083
0.25

Dams day 0

Calves day 0

Calves day 7

RPKM ± SEM
RPKM ± SEM
RPKM ± SEM
138.68 ± 18.4
71.42 ± 32.6
118.15 ± 52.8
11.12 ± 4.2
3.39 ± 1.3
5.01 ± 1.66
34.60 ± 8.8
5.20 ± 0.68
19.71 ± 10.0
41.26 ± 1.8
15.47 ± 3.7
24.08 ± 8.0

!
Table S3.5c Calves day 0 vs dams day 0, overexpressed DE genes in calves GO cluster
"Regulation of cytokine secretion". FDR<0.05,LogFC<-1 or LogFC>1 and RPKM>1 in
at least 2 animals in any sample
Reg.
Cytokine
Secretion

Calves day 0 vs
Dams day 0

Gene
SCRN1*
GATA3

Log FC
-1.41
-1.35

KIT
LAX1
GPLD1
SYN1*
ZP3

FDR

Calves day 0 vs
day 7

0.0048
0.00057

LogFC
0.27
0.12

-2.36

8.14E-13

-1.10

-1.56
-2.06
-1.31
-1.82

2.18E-05
0.0042
0.012
0.0035

0.23
-0.91
-0.16
0.07

FDR
0.61
0.81
8.55E08
0.56
0.14
0.78
0.95

*Not part of gene set "Innate Immune response"

!
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Dams day 0

Calves day 0

Calves day 7

RPKM ± SEM
1.08 ± 0.13
12.70 ± 1.1

RPKM ± SEM
2.98 ± 0.62
35.97 ± 10.8

RPKM ± SEM
3.90 ± 1.3
37.57 ±10.2

2.35 ± 0.23

12.53 ± 2.5

5.94 ± 1.4

6.54 ± 0.63
0.28 ±.0.47
3.23 ±0.53
1.43 ± 0.56

20.22 ± 4.6
1.14 ± 0.24
7.96 ± 1.5
4.65 ± 0.39

23.16 ± 3.9
0.61 ± 0.21
7.08 ± 0.56
4.97 ± 1.3

Table S3.5d Calves day 0 vs dams day 0, differentially expressed genes GO cluster
"Regulation of cytokine secretion". FDR<0.05,LogFC>1 and RPKM>1 in at least 2
animals in any sample
Reg. of
cytokine
secretion
Gene

IL1B
CCL3
TLR4
TLR6
TLR10
CHI3L1
PYCARD
LGR4
NR1D1
S100A13

!

Calves day 0 vs
Dams day 0

Calves day 0 vs
day 7

Log FC FDR
LogFC
2.67
4.91E-18
1.44
1.67
0.015
0.62
1.32
0.0085
0.24
1.07
0.0026
0.52
3.25
3.57E-14
0.90
1.23
0.011
1.03
1.21
0.0033
0.72
2.31
4.20E-06
-0.44
2.02
0.00033
0.91
1.46
0.00068
0.57

FDR
0.0083
0.59
0.59
0.73
0.13
1.39E-6
0.0019
0.58
0.11
0.25
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Dams day 0

Calves day 0

Calves day 7

RPKM ± SEM RPKM ± SEM
RPKM ± SEM
34.60 ± 8.8
5.20 ± 0.68
19.71 ± 10.0
11.12 ± 4.2
3.39 ± 1.3
5.01 ± 1.66
57.36 ± 11.2
25.75 ± 8.8
28.50 ± 8.0
30.86 ± 4.09
14.89 ± 2.6
21.06 ± 2.6
6.17 ± 1.6
0.65 ± 0.13
1.24 ± 0.40
137.28 ± 10.8
71.21 ± 31.8
150.23 ± 71.7
138.68 ± 18.4
71.42 ± 32.6
118.15 ± 52.8
2.37 ± 1.8
0.46 ± 0.05
0.33 ± 0.08
2.87 ± 0.16
0.72 ± 0.09
1.38 ± 0.19
41.26 ± 1.8
15.47 ± 3.7
24.08 ± 8.0

Table S3.5e Calves day 0 vs dams day 0, significantly DE genes GO cluster "Innate
immune response" excluding genes from earlier tables 5a to 5d. FDR<0.05,LogFC<-11
and RPKM>1 in at least 2 animals in any sample
Innate IR
Gene
AFAP1L2
ANXA8L1
ATPIF1
CCR7
CD8A
CDH2
CLGN
CRYAB
CTGF
DDIT4
EPB42
GADD45G
GPM6A
ID3
JUP
LPHN1
LPL
MCM8
MSR1
NCALD
NOS3
NPR2
NXN
PDE2A
PDGFA
PF4
PLCG1
PPDPF
PRKG1
RAPGEF2
SCGB1A1
SERPING1
SNCA
SPP1
STMN3
TGM2
TIE1
TIMP1
TUBB3
VWF

!

Calves day 0 vs
Dams day 0
FDR
Log FC
-1.44
-2.16
-3.61
-1.37
-1.14
-4.00
-1.55
-3.21
-2.93
-1.32
-3.31
-1.76
-1.75
-1.90
-4.48
-2.44
-1.81
-1.26
-1.49
-1.72
-2.24
-1.47
-1.78
-2.35
-2.58
-1.81
-1.21
-1.65
-1.77
-1.12
-2.55
-3.06
-2.87
-2.79
-2.52
-1.70
-2.09
-1.62
-2.30
-1.95

0.00021
0.01
0.00022
0.0045
0.0007
4.24E-06
0.0068
0.0057
0.004
0.007
0.0043
0.0027
0.0089
1.51E-08
6.95E-17
4.60E-10
1.01E-05
0.0071
0.0018
1.67E-07
0.00039
0.0048
7.79E-06
2.06E-13
5.95E-05
0.0039
0.0056
0.00038
0.0054
0.0013
0.0095
0.0002
0.009
0.0093
0.00031
0.0012
0.00016
6.87E-05
6.91E-07
1.34E-05

Calves day 0 vs
day 7
FDR
LogFC
-0.40
-0.49
-2.15
-0.42
0.23
-0.94
-0.68
-1.73
-3.57
-1.02
-2.23
-1.31
-0.42
0.51
-0.72
-0.57
-1.04
-0.77
-1.42
0.01
0.15
-0.76
0.15
-1.24
-0.72
-0.59
-0.42
-1.03
-2.01
-0.25
-1.15
1.07
0.44
-2.23
0.82
-0.69
-0.01
-0.73
0.38
-0.65

0.58
0.6
2.8E-10
0.43
0.74
0.78
0.11
0.034
1.56E-09
0.0062
6.48E-12
0.0000157
0.51
0.13
0.01
0.024
0.00067
0.028
0.019
0.95
0.84
0.046
0.74
4.41E-07
0.38
0.39
0.31
0.0005
6.07E-06
0.52
0.31
0.035
0.61
0.049
0.17
0.098
0.99
0.029
0.39
0.26
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Dams day 0

Calves day 0

Calves day 7

RPKM ± SEM

RPKM ± SEM

RPKM ± SEM

2.96 ± 1.1
0.27 ± .1
2925 ± 2561
79.6 ± 7.7
13.8 ± 2.5
0.07 ± .04
1.36 ± .14
0.26 ± .15
0.22 ± .09
59.13 ± 22
12.4 ± 11
5.0 ± 1.0
0.82 ± .11
13.1 ± 2.6
0.34 ± .12
2.3 ± .04
10.6 ± 2/4
2.8 ± .31
5.8 ± .52
6.9 ± 1.0
0.35 ± .08
1.18 ± .22
2.34 ± .05
6.2 ± 2.0
0.44 ± .06
1426 ± 255
37 ± 3.9
340 ± 41
0.64 ± .11
4.6 ± .4
0.57 ± .12
0.22 ± .11
0.14 ± .08
0.12 ± .07
0.21 ± .04
7.5 ± 2.1
0.68 ± .26
79.29 ±
1.39 ± .13
13.5 ± 3.9

7.8 ± 3.0
1.5 ± .92
12239 ± 2734
232 ± 72
33 ± 9.6
1.3 ± .69
4.1 ± .97
2.0 ± .73
2.1 ± 1.4
126 ± 2.5
43 ± 14.6
18.7 ± 7.2
2.9 ± .89
49 ± 9.7
6.9 ± 1.2
13.8 ± 4.0
44.2 ± 21
7.3 ± 2.5
21.9 ± 12
24 ± 6.4
1.8 ± .72
3.6 ± 1.3
8.4 ± 1.9
31 ± 8.8
2.6 ± .09
7698 ± 5078
95 ± 26
1107 ± 243
2.4 ± 1.1
10.5 ± 2.3
3.5 ± 1.9
1.9 ± .38
1.2 ± .42
1.1 ± .45
1.2 ± .15
27 ± 11.9
2.7 ± .37
259 ±63
7.0 ±1.1
52 ± 19

5. 5 ± 1.5
0.9 ± .18
3130 ± 1331
156 ± 23
35 ± 1.9
1.0 ± .55
2.6 ± .58
0.63 ± .20
0.17 ± .08
69 ± 19
12.4 ± 8.3
7.4 ± 2.3
2.2 ± .56
79 ± 33
4.7 ± 1.9
9.3 ± 2.6
18.4 ± 4.8
4.1 ± .79
6.1 ± .84
24 ± 5.8
1.9 ± .64
2.1 ± .65
9.3 ± 2.1
14.5 ±
1.7 ±
3461 ±
69 ±
519 ±
0.58 ± .16
8.7 ± 1.6
1.5 ±.49
4.3 ± 1.5
1.6 ± .47
0.16 ± .18
2.2 ± .50
14.4 ± 1.2
2.8 ± .82
146 ± 9
9.0 ± 1.0
30 ± 4.7

Table S3.5f Calves day 0 vs dams day 0, significantly DE genes GO cluster "Innate
immune response" excluding genes from earlier tables 5a to 5d. FDR<0.05,LogFC>1 and
RPKM>1 in at least 2 animals in any sample
Innate IR
Gene
ACTA2
ADA
ADRA2A
ADRB3
ALPL
ANG2
ASPH
ATF3
BHLHE40
BLA-DQB
CCL4
CCR5
CD40
CHRND
CXCL10
CXCL2
CXCR3
DGAT2
DPP4
ELL3
GNAO1
HIF1A
HOPX
IFNAR2
IL7
IRF1
LIMD1
LMO2
MX1
MX2
MZB1
OAS2
PACSIN1
PLAU
PROK2
S100A8
SCN1B
TGM3
YWHAQ
ZC3H12A
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Calves day 0 vs
Dams day 0
FDR
Log FC
2.45
1.04
1.73
3.20
2.40
1.18
1.54
1.01
1.46
3.08
2.45
1.95
1.57
4.77
3.94
1.75
2.29
2.33
1.28
1.51
4.45
1.31
1.15
0.99
2.07
1.18
1.52
1.25
2.68
2.45
2.19
2.15
3.41
1.36
3.86
1.70
3.46
4.38
1.11
1.04

0.0032
0.015
2.32E-06
0.00056
1.23E-09
0.0019
0.00027
0.0097
2.74E-06
8.74E-17
0.0014
1.42E-05
3.40E-06
7.96E-05
2.22E-08
0.00041
0.0007
8.60E-05
0.00021
8.78E-05
6.29E-09
0.0017
0.0004
0.004
0.0094
0.0019
1.33E-05
0.00068
2.88E-09
7.84E-13
4.93E-07
0.0002
9.47E-14
1.40E-05
1.32E-05
0.0042
5.32E-05
1.24E-14
0.0022
0.0024

Calves day 0 vs
day 7
FDR
LogFC
0.035
2.36
0.07
1.91
-0.18
0.03
0.23
0.35
0.28
0.86
2.3
1.11
0.78
0
3.26
0.23
2.01
0.61
0.85
-0.57
3.17
-0.08
0.56
0.87
1.28
1.58
-0.29
0.39
3.19
3.22
1.87
3.88
0.86
1.23
1.15
0.69
1.55
1.49
0.53
0.45

0.98
1.30E-20
0.93
0.14
0.88
0.98
0.7
0.52
0.58
0.0013
0.00027
0.013
0.07
1
1.50E-07
0.66
0.00067
0.56
0.005
0.29
1.60E-05
0.87
0.048
0.00017
0.14
1.37E-13
0.56
0.28
9.28E-27
6.67E-34
1.34E-05
6.31E-32
1.60E-01
3.90E-06
4.80E-01
1.40E-02
2.70E-01
3.10E-01
4.20E-02
2.80E-01
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Dams day 0

Calves day 0

Calves day 7

RPKM ± SEM

RPKM ± SEM

RPKM ± SEM

3.0 ± 1.4
12.8 ± 1.1
28 ± 7.0
0.99 ± .53
29 ± 14.6
29 ± 3.7
9.0 ± 1.0
13.4 ± 5.3
26 ± .53
196 ± 37
4.5 ± .72
9.9 ± 4.0
36 ± 5.4
0.72 ± .32
4.0 ± .78
21 ± 13
6.99 ± 1.0
61 ± 32
12.2 ± .31
10.1 ± .50
3.6 ± .87
86 ± 11
57 ± 6.6
37 ± 4.8
3.9 ± 1.2
91 ± 3.5
36 ± 3.6
89 ± 14
95 ± 37
40 ± 25
17.4 ± 2.7
5.2 ± 3.3
4.1 ± .67
17.6 ± 2.0
11.0 ± 5.7
259 ± 268
1.4 ± .10
103 ± 57
51 ± 1.4
15.5 ± 4.3

0.41 ± .18
6.3 ± .70
7.9 ± .68
0.10 ± .03
6.1 ± 3.0
13.1 ± 2.9
3.4 ± 1.1
7.3 ± 3.3
9.7 ± 1.3
27 ± 9.3
0.82 ± .46
2.5 ± .91
12.2 ± 1.7
0.02 ± .02
0.25 ± .07
4.6 ± 2.2
1.5 ± .55
11.9 ± 5.6
5.0 ± .27
3.6 ± .22
0.14 ± .09
35 ± 5.6
26 ± 5.9
18.6 ± .91
0.88 ± .33
42 ± 7.2
12.9 ± 2.9
40 ± 12.9
15.8 ± 5.4
6.4 ± 3.4
3.8 ± .33
0.82 ± .20
0.37 ± .08
6.9 ± .81
0.77 ± .40
1148 ± 685
0.12 ± .01
3.6 ± .36
25 ± 5.3
7.3 ± 1.3

0.42 ± .15
34 ± 7.9
8.6 ± .87
0.48 ± .32
8.3 ± 4.5
12.7 ± 1.5
3.8 ± .83
8.9 ± 3.8
12.1 ± 2.6
55 ± 23.1
4.5 ± 1.2
5.4 ± 1.5
23.4 ± 8.7
0.17 ± .09
2.7 ± 1.0
5.5 ± 2.6
6.1 ± 1.1
29 ± 16
9.1 ± .52
2.4 ± .10
1.6 ± .33
33 ± 3.6
38 ± 5.1
35 ± 3.9
2.4 ± 1.3
127 ± 28
10.1 ± .41
52 ± 13
134 ± 44
50 ± 15
15.5 ± 4.4
12.2 ± 3.3
0.70 ± .08
17.4 ± 4.6
1.8 ± .92
1877 ± 1143
0.36 ± .14
28 ± 22
35 ± 5.7
11 ± 4.1

