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ABSTRACT

Antibody responses are fundamentally important to effector and memory
mechanisms of disease resistance. In order to respond to a nearly infinite array of
possible antigens, the antibody repertoire must be suitably diverse. To achieve this
necessary high level of diversity, the antibody repertoire has evolved a unique
recombinatorial system consisting of a large number of gene segments that can
recombine in different combinations to yield an astronomical array of potential antigen-
binding structures. Understanding the antibody repertoire of swine (Sus scrofa) can
inform about host genetic differences that may affect disease susceptibility and
resistance. Also, it may allow identification of antibody molecules that are important in
the host immune response against specific pathogens. Such knowledge could potentially
be used in the future to develop selective breeding programs for animals that possess
desirable immunological traits, and to screen for specific antibody molecules that are of
either therapeutic or diagnostic importance.

Knowledge of antibody repertoire diversity in swine has heretofore been lacking.
While most previous studies have focused heavily on understanding the heavy chain
repertoire by analyzing hundreds of cDNA clones, there have been few investigations of
the porcine light chain repertoire. This study was designed to characterize the
organization and complexity of both the kappa and lambda light chain loci in the pig
genome. Findings revealed extensive allelic variation between both homologous pairs of

chromosomes in a single sow and suggested non-crossover homologous recombination



(i.e. gene conversion) as a potential evolutionary mechanism to explain at least part of
that variation.

Armed with this new information, and with that from the previously characterized
heavy chain locus, antibody variable region amplicon libraries were generated from
lymphoid tissues of pigs either infected (n=2) or mock-infected (heavy chain, n=2; light
chain, n=3) with the major swine pathogen, porcine reproductive and respiratory
syndrome virus (PRRSV). It is hypothesized that the major anti-PRRSV antibody
responses would be detectible in infected animals compared to their control counterparts.

Approximately a half-million reads for each heavy and light chain library were
generated. From this data, diversity of the expressed antibody repertoire was assessed,
including gene segment usage and allelic variability, and anti-PRRSV responses. As
predicted, due to biological necessity, the heavy and light chain repertoires possessed a
rich array of putatively functional antibody transcripts (heavy chain richness estimate,
3x10° molecules; kappa light chain, 1.5x10°; lambda light chain, 2.3 x 10°), despite being
restricted in their germline to a small number of functional D and J gene segments, a
single heavy chain V gene segment family and four light chain V gene families.
Interestingly, a power-law distribution of antibody abundances was detected similar to
what has previously been reported in zebrafish (Danio rerio), whereby a small number of
antibody sequences are exceptionally common and the vast majority are exceptionally
rare. Substantial allelic variation was also detected, most notably in the lambda locus.
Four out of 5 pigs possessed a functional copy of a previously undescribed V gene

segment (IGLV3-1-1) which substantially contributed to the expressed repertoire of the

Vi



animals that possessed a copy. Importantly, a small number of antibody sequences were
detected which were incredibly abundant (>1% of the entire repertoire) in PRRSV-
infected pigs and rare in uninfected pigs. It is hypothesized that these highly abundant
antibody molecules are PRRSV-specific.

Using the knowledge obtained from these studies, future investigations will
examine the repertoire for specific heavy and light chain pairs from PRRSV-infected pigs
that can neutralize PRRSV using an antibody yeast-display system. In addition, specific
heavy and light chain pairs identified in our expression analysis and deemed putatively
PRRSV-specific are to be tested for epitopic specificity against labeled PRRSV as well as
individual PRRSV recombinant antigens. This last method represents a potential novel
and non-lethal means of generating antigen-specific recombinant antibodies derived from

lymphoid tissue of immunized animals.
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CHAPTER |

COMPARATIVE IMMUNOLOGY OF PORCINE ANTIBODIES:

A REVIEW



The present review explores current understanding of the antibody repertoire in
agriculturally relevant species, largely focusing on the pig (Sus scrofa) as a model of
antibody repertoire dynamics. Evolutionary mechanisms have molded the repertoire
through selective pressure, presumably to avoid auto-immunity and to enhance the
immunological outcomes against pathogens and prevent repeat infections. Additional
diversification is achieved at the somatic level through gene segment recombination,
through mutations arising from enzymatic activity at the gene segment junctions, and
through somatic hypermutation in antigenically-stimulated B-cells as a means of
improving antibody affinity. Pigs are typical in many ways to other artiodactyls,
including having a relatively restricted germline antibody repertoire that relies heavily on
somatically generated diversity and allelic variation. While perhaps beneficial at an
evolutionary scale, these factors may lead to consequences for commercial animal
production, where homogeneity and uniformity are desirable characteristics. Individual
variation in immune responses to infection, variable disease outcomes, and variable
cross-protective vaccine efficacy all aggravate efforts at controlling disease in these
populations. Thus, a detailed understanding of how the antibody repertoire is generated

and how that repertoire responds to infection is of importance to animal agriculture.



1.1 - Introduction

Acquired humoral immune responses are a critical component of immunity to
infectious disease. However, individual variation in disease outcomes and in vaccine
efficacy complicate attempts at controlling disease through immunological means,
especially for rapidly evolving pathogens, such as RNA viruses. Many advances in
understanding human and mouse immunogenetics have been made, however, knowledge
of the immune repertoires of important agricultural species is trailing. Knowledge of the
humoral response and its repertoire is crucial to the maintenance and welfare of
agricultural species and to the human food supply through vaccination and antibody
engineering.

The ability of a vaccine to produce neutralizing antibodies is a major correlate of
protection against viral pathogens (Burton 2002). It is therefore an ideal goal of future
vaccines to incorporate components that stimulate the development of high neutralizing
antibody titers that are effective against antigenically-diverse strains. Recently,
significant strides have been made in understanding what the neutralizing epitopes of
HIV are as well as what the antibodies are that recognize them. Problematically, these
antibodies exert selective pressure on the virus, resulting in the development of escape
mutants within a short time period (Wei et al. 2003). Intriguingly, however, a
combination of several passively-administered broadly neutralizing antibodies were
effective in controlling HIV infection in humanized mice (Klein et al. 2012).

Modern understanding of the human and mouse antibody repertoires have led to

significant advances in medicine. Over 20 therapeutic monoclonal antibodies (Mabs) are



in clinical use, many of which target components of the immune system as therapeutics
for auto-immune disorders and the prevention of graft rejection (Chames et al. 2009).
However, at least one FDA-approved Mab, palivizumab, is used for the prevention of an
infectious disease. Palivizumab is a humanized monoclonal IgG antibody derived from
mice that is specific for the F (fusion) protein of respiratory syncytial virus (RSV), and is
effective at preventing RSV-associated hospitalizations (Andabaka et al. 2013). In
addition, a CD4-specific Mab, ibalizumab, is a promising candidate for the treatment and
prevention of HIV infection, as it prevents viral entry into CD4" T-cells, yet does not
interfere with the cells' functions (Pace et al. 2013).

In 1991, Barbas et al. established a means of reconstituting and assaying the entire
antibody repertoire using phage surface display. The utility of this technology was
immediately apparent as it allowed for deeper investigation into the humoral immune
response, particularly against HIV. In particular, antibody surface display technology
allows for high throughput characterization of antibody molecules generated entirely in
vitro. Thus, such libraries have since become a powerful tool for developing new
therapeutic and diagnostic antibodies. The most successful such antibody is, arguably,
adalimumab (Humira), the first entirely-human FDA-approved Mab, which recognizes
tumor necrosis factor (TNF)-o and is widely used for the treatment of various chronic
inflammatory disorders including rheumatoid arthritis and ankylosing spondylitis (Bain
and Brazil 2003).

As a prerequisite, the genetic structure of the antibody repertoire must be

characterized in order to generate display libraries and to determine what, if any, genetic



factors play a role in the generation of effective antibody responses to pathogens. A lack
of information regarding the antibody repertoires of species other than humans and mice
is an impediment toward the discovery of protective antibody molecules in agricultural
species and, perhaps, ultimately toward the development of efficacious vaccines with
broad neutralizing ability.

Recently, however, two large consortiums have sequenced the genomes of the
agriculturally important species Sus scrofa (swine) and Bos taurus (cattle), allowing for
greater characterization of their immunogenetic loci (Groenen et al. 2012; Elsik et al.
2009; Dawson et al. 2013). Focusing on the former species, the present review
summarizes the new information that has been gleaned from these studies and others and
provides insight into what remains to be known and the implications for the health and

welfare of agricultural species.

1.2 - Swine as a model of immunological dynamics

Pork is the most widely consumed meat in the world, followed by poultry and beef
(FAO 2009). The United States is the world's second largest pork producing nation
behind China and pork consumption in the U.S. lags slightly behind poultry. Thus, pigs
are an immensely important species to humans, both economically and nutritionally.
Swine possess characteristics that are somewhat intermediate between humans and other
members of the order Cetartiodactyla, making them an ideal non-primate species for
studying immune system development and evolution in domesticated species. Such

characteristics include the production of large litters, making then amenable to study,



similar nutritional requirements and digestive system to humans, and antibody light chain
and T-cell receptor repertoires similar to humans. Furthermore, pigs are a host for
zoonotic pathogens, of which influenza virus is perhaps the most important (Butler et al.
2009a). Thus, structural and functional characterization of antibody production is
important for swine health and as a comparative model for adaptive immune system
dynamics.

Pigs belong to a large group of even-toed hoofed mammals (artiodactyls), which
together with the Cetacea, form the order Cetartiodactyla comprising approximately 290
extant species (Price et al. 2005). The major clades within the order include the
Suiformes (swine and peccaries), Camelidae (camels and llamas), Hippopotamidae
(hippopotamuses), Cetacea (whales and dolphins), and Ruminantia, which contains the
families of Bovidae (cattle, sheep, goats, and antelope), Cervidae (deer), Moshidae (musk
deer), Antilocapridae (pronghorn antelope), Giraffidae (giraffes), and Tragulidae
(chevrotains) (Price et al. 2005). Within the order, only the swine and cattle (Bos taurus)
genomes have been sequenced and annotated (Groenen et al. 2012, Elsik et al. 2009).
Apart from these two species, relatively little is known about antibody gene content and
usage among the other cetartiodactyls. The most recent common ancestor shared by the
cetartiodactyls lived between 65 and 71 million years ago, when the camelids diverged
from the rest of the clade (Meredith et al. 2011). The suborder Suiformes represents the
next earliest divergence, circa 65 million years ago, and shared a common ancestor with
humans between 79 and 96 million years ago (Kumar and Hedges 1998; Groenen et al.

2012).



While there are many similarities in the immune systems of swine, humans, and
cattle, there are numerous differences as well. The Suiformes, Hippopotamidae, and
Dolphinidae of the cetartiodactyls, as well as the Rhinocerotidae and Elephantidae of the
perissodactyls (odd-toed ungulates) possess an inverted lymph node structure and
inverted lymphatic flow not found in other organisms (reviewed by Binns 1982). Also,
antibody light chain isotype usage and light chain germline repertoire diversity in pigs is
more similar to humans than cattle (Butler et al. 2006a, Schwartz et al. 2012a,b).
However, antibody heavy chain germline diversity is severely restricted in both pigs and
cattle compared to humans, with both artiodactyl species possessing only a single
variable gene segment family (Butler et al. 2006a; Chapter 5). Compared to mice,
however, and discussed later in more detail, pigs possess more similar antibody light
chain isotype usage and gene structure to humans, perhaps making pigs a more

appropriate immunological model for humans than mice.

1.3 - A brief history of antibodies

The origin of immunology as a modern field of scientific study is often credited to
Edward Jenner. In 1796 he demonstrated that inoculating patients with material from
cowpox lesions (i.e. Variola vaccina) conferred cross-protection against smallpox. This
insight eventually led to one of the single greatest achievements in recent human history -
the global eradication of smallpox by 1980 (Breman and Arita 1980). Most recently, in
June 2011, as the result of an intense vaccination program, the Food and Agriculture

Organization (FAO) of the United Nations formally declared that rinderpest had also



been globally eradicated, and was therefore the first agriculturally-relevant disease to
become extinct (Horzinek 2011). Furthermore, the vaccination campaign against polio
has resulted in its near-eradication with a mere 650 new cases reported worldwide in
2011 (CDC 2012); and, relevant to the swine industry, classical swine fever was
eliminated from the United States in 1976 followed by pseudorabies in 2005 (Edwards et
al. 2000; USDA-APHIS 2008). Thus, the sustained inquiry into the mechanisms of
immunological protection and the practical use of that knowledge provides the potential
to make a powerful impact on the well-being of people directly and indirectly through the
protection of the food supply.

Investigation into the mechanisms of acquired immunity received its first leap
forward in 1890, when Emil Adolf von Behring discovered that rabbits immunized with
heat treated diptheria toxin were protected from challenge (Behring and Kitasato 1890).
Importantly, this protection was conferred upon passive transfer of their sera to other
animals - an observation which lead to the conclusion that immunized animals had
formed antitoxins in their sera (Behring and Kitasato 1890).

Inspired by his work with Behring on developing serum therapy to combat
outbreaks of diphtheria, Paul Ehrlich, in 1897 developed the side-chain theory (German:
seitenkettentheorie) of antibody formation and antibody-antigen interaction (Ehrlich
1897). He postulated that antibodies are chemical substances produced by cells and
expressed in either a receptor or a secreted form and are generated upon stimulation with
antigen. Further, antigen-antibody interactions were imagined to be stereochemical in

nature, similar to the "lock-and-key" (German: schlissel-schloss-prinzip) model of



enzymatics proposed by Emil Fischer a few years earlier (Fischer 1894). Over time,
Ehrlich's prophetic theory would largely prove to be true and laid the foundation for later
characterizations of immunoglobulin structure and function.

In 1937, Swedish researcher Arne Tiselius was the first to electrophoretically
separate serum proteins (Tiselius 1937). The resulting bands, in order of migration
following serum albumin, were classified as globulins o, B, and y. The relative
concentrations of these fractions was determined in a single rabbit, both before and after
immunization with ovalbumin. There was a substantial increase in the relative
concentration of the y-globulin fraction (from 17.2 percent to 33 percent of total) and a
corresponding decrease in aloumin and the B-globulin fractions. He also showed that
antibodies generated in response to ovalbumin migrated with y-globulin, as
approximately 25 percent of the total nitrogen from this isolated fraction specifically
precipitated upon addition of ovalbumin (Tiselius 1937).

The antibody light chain was first discovered in 1848. In that year, Henry Bence
Jones described an albumin-like substance in the urine of multiple myeloma patients.
Much later, in 1922, Bayne-Jones and Wilson concluded that there were at least two
groups of these so-called Bence Jones proteins based on their immunoprecipitative
characteristics (Bayne-Jones and Wilson 1922). This finding was later confirmed by
Korngold and Lipiri in 1956. Using antisera raised against Bence Jones proteins, passive
double immunodiffusion assays were performed and with the conclusion that only two
types of Bence Jones proteins exist. The two serotypes k and A were designated, after

their last initials (Korngold and Lipari 1956). However, the importance of these proteins



to the field of immunology was unknown until 1962 when Edelman and Gally showed
that Bence Jones proteins are equivalent to a light chain polypeptide component of
immunoglobulin (Edelman and Gally 1962).

Finally, in 1970, Wu and Kabat used existing amino acid sequence data from
Bence Jones proteins to characterize the primary structure of the light chain variable
region (Wu and Kabat 1970). This characterization revealed three hypervariable regions,
or complementarity-determining regions (CDRs), responsible for antibody-antigen
interaction. In 1973, Poljac et al. used x-ray crystallography to conclusively determine
the three dimensional structure of an antibody immunoglobulin domain (Poljac et al.

1973).

1.4 - Immunoglobulin structure

Antibodies belong to a large class of molecules collectively known as the
immunoglobulin superfamily (IgSF). IgSF members not only include the genes of the B-
cell receptor (i.e. antibodies), but also those of the T-cell receptor (TCR), the genes of the
natural Killer-cell immunoglobulin-like receptor (KIR), the genes of the major
histocompatibility complex (MHC) and beta-2 microglobulin, leukocyte
immunoglobulin-like receptors (LILR), certain cytokine receptors, immunoglobulin
binding receptors (e.g. Fc receptors), antigen receptor and co-stimulatory molecules (e.g.
CD3, CD28, CD80, and CD86), cellular adhesion molecules, growth factor receptors, and
others (See Barclay 2003 for review).

Kabat et al. (1991) established early numbering schemes for various IgSF members

10



based on their initial analyses of aligned protein sequences (Kabat et al 1991). However,
due to the limited availability of crystal structures these were largely based on sequence
alone, rather than physical structure. More recently, ImnMunoGeneTics (IMGT) residue
numbering and nomenclature has standardized IgSF numbering based on an
understanding of the physical structure of the Ig domain and is now widely used (Lefranc
et al. 2003, 2005). An additional advantage of the IMGT numbering scheme is that
conserved residues are also conserved in their numbered position, allowing for more
efficient comparisons between various immunoglobulin (Ig) domains. For these reasons,
residue numbers and immunoglobulin nomenclature in the present paper will henceforth
utilize the IMGT scheme.

The Ig domain is comprised of approximately 100 amino acids arranged in anti-
parallel B-strands (described as A through F) which form two B-sheets. Antibody variable
domains include two additional B-strands not found in the constant domain, C' and C",
which together form CDR2 in their intermediary loop. The two p-sheets are folded such
that they face each other due to a disulfide bond between two conserved cysteine residues
on strands B and F (Cys23 and Cys104, respectively). While the -strands themselves
comprise the highly conserved framework regions (FR), the three hypervariable CDRs,
which confer antigenic binding and specificity, are found on loops BC (CDR1), C'C"
(CDR2), and FG (CDR3) (Figure 1.1).

Antibody molecules consist of two identical heavy chain polypeptides and two
identical light chain polypeptides with each chain containing a variable region comprised

of a single Ig domain and a constant region. In the light chain, the constant region

11



contains a single Ig domain, whereas the heavy chain constant region contains multiple Ig
domains, depending on the isotype. The variable regions of each heavy and light chain
pair confer antigenic specificity, such that each antibody molecule contains two antigen
binding sites. Additionally, depending on heavy chain constant region isotype, antibodies
may increase the number of antigen-binding sites by forming multimers (i.e. dimeric IgA
and pentameric IgM), thereby increasing the avidity of the molecule for antigen.
Interestingly, camelids have evolved unusual, yet fully functional, heavy chain isotypes
(IgG1 and IgG2) which are incapable of forming disulfide bonds with light chains
(Hamers-Casterman et al. 1993). As a possible mechanism to compensate for the
accompanying loss of diversity, camelids have evolved non-canonical CDR loop
structures which are longer and more diverse than is typical of other species (Sircar et al.
2011). It has also been shown recently that a specific heavy chain CDR3 is capable of
cross-neutralizing influenza A virus via the recognition of a small epitope on
hemagglutinin, suggesting that this region is by itself sufficient for antigenic specificity

(Ekiert et al. 2012).

12



FIGURE 1.1 Typical Ig domain structure of an antibody variable region. Wide bands
indicate 3-strands and are labeled A-G from N-terminus to C-terminus. The plane of
folding between the two B-sheets is indicated with a dotted line. The conserved disulfide
bond between strands B and F is indicated as are the three CDR loops at the N terminal

pole (Adapted from Barclay 2003).
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1.5 - Antibody gene structure

Among mammals, there are three distinct antibody loci in the genome: a single
heavy chain locus, and two light chain loci (i and L). In pigs, these loci have been
identified on Sus scrofa chromosome (SSC) 7925-26 (heavy chain), SSC 3912-14 (k),
and SSC 14q16-21 (1) (Juneja et al. 1986; Fronicke et al. 1996, Retternberger et al. 1996;
Yerle et al. 1997). Conceptually, each antibody locus can be thought of as a single gene
that is extensively and irreversibly modified during B-cell development as a result of the
recombination of various gene segments.

All three loci contain multiple variable (V) gene segments, each consisting of a
single Ig domain of approximately 100 amino acids (Figure 1.2). Each V gene segment is
preceded by promoter elements; that is an octamer with the canonical sequence
ATTTGCAT and a TATA box approximately 85 bases downstream from the octamer.
The ATG start site is approximately 15 bases further downstream followed by a 45-50
base pair coding region (IMGT: L-PART1). The coding region of this first exon, along
with the first 7-11 bp of the second exon (IMGT: L-PART2) encode the post-
translationally cleaved leader region which is crucial for the transport of the nascent
molecule to the cell surface. An intron of approximately 150 to 330 base pairs in length
separates the first exon from the second exon of the variable region. The first ~300 bp of
this second exon (IMGT: V-EXON) encodes the bulk of the Ig domain of the variable
region. Such is the structure of a single V gene segment.

The V gene segments of the heavy chain locus are arranged upstream from multiple

diversity (D) gene segments each typically encoding approximately 12 amino acids.
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These D gene segments are arranged upstream from multiple joining (J) gene segments
which encode approximately 17 amino acids each. Light chains are similar, except that
they lack D gene segments. As the D gene segment of the heavy chain and the J gene
segment each contribute sequence to the FG loop of CDR3, all three gene segments
contribute to the antigenic specificity of the variable region. The intervening sequence
between the J gene segment and the constant region exon(s) functions as an intron,
complete with typical intronic structure, including 5' (GT) and 3' (AG) splice sites and a
polypyrimidine tract. This region is therefore excised (including any intervening J gene
segments) during mRNA processing.

Recombination signals (RS) are found immediately downstream from the V gene
segments, flank both sides of the D gene segments, and are upstream from the J gene
segments. These serve as recognition sequences for the recombination activating gene
(RAG)1/RAG2 complex. This recombinase catalyzes a reaction which results in the
ablation of all intervening DNA between two RS sites. These RS sites contain an
obligatorily conserved heptamer (CACAGTG) immediately adjacent to the sequence of
interest followed by a spacer sequence of either 12 or 23 bases and a highly conserved
nonamer (ACAAAAACC). Recombination occurs between an RS with a spacer of 12
bases and one with 23 bases. In this manner, recombination is restricted so that only the
correct final product is typically obtained. That is, only products containing V(D)J
rearrangements are generally possible (Figure 1.2). Thus, a multitude of different gene
segments can alternatively pair with one another, potentially resulting in a large number

of combinatorial products.
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The DNA cleavage generated by the RAG complex creates a hairpin loop at each
end. These exposed ends result in the recruitment of the Ku70/Ku80 heterodimer which
binds to the DNA ends and anchors DNA-dependent protein kinase (DNA-PK), which in
turn recruits additional DNA repair enzymes, namely, the endonuclease Artemis, DNA-
ligase 1V, X-ray repair cross-complementing factor 4 (XRCC4), and Cernunnos (an
XRCC4-like protein) (Reviewed by Gellert 2002). Upon recruitment, Artemis
imprecisely digests the hairpin loop formed by RAG at the DNA ends allowing for
further DNA end repair. DNA-ligase 1V, XRCC4, and Cernunnos together form a
complex that recruits additional exonucleases and terminal deoxynucleotidyl transferase
(TdT) which act to further diversify the junction between gene segments by both the
deletion of nucleotides and the addition of random nucleotides to the exposed ends. The
DNA-ligase complex then mediates non-homologous end joining (NHEJ) by aligning and
ligating the two ends together. The resulting junctional diversity greatly expands the
repertoire of the heavy chain CDR3, making this region the longest and most variable of
the six CDRs. Light chain V-J recombination follows a similar mechanism, except that
while B-cells undergo V-J recombination they typically lack TdT and exonuclease
activity, resulting in a light chain CDR3 that is restricted in both length and sequence
variability. Due to their role in both B-cell and T-cell development, many of the enzymes
involved with V(D)J recombination, and more generally, NHEJ, are associated with
severe immunodeficiencies (Gennery 2006; Luo et al. 2004). Thus, a functionally

rearranged V(D)J region forms a single complete exon (Figure 1.2).
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FIGURE 1.2 Typical antibody gene structure. Shown is an example genomic backbone
of a heavy chain locus. Actual number and spacing of individual gene segments varies
greatly between species (and possibly individuals). The light chain loci (i and 1) lack D
gene segments and the lambda locus is organized with tandem J-C repeats in both
primates and artiodactyls (not shown). Grey triangles represent recombination signal
(RS) sequences containing a 23 bp spacer and black triangles represent RS sequences
containing 12 bp spacers. This arrangement makes it highly unlikely that incorrect
recombination events will occur. L, leader; V, variable; D, diversity; J, joining; C,

constant.
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1.6 - The antibody germline repertoire

The genomic organization of the porcine heavy chain has been partially
characterized (Eguchi-Ogawa et al. 2010, 2012). Swine possess five heavy chain J
(IGHJ) gene segments, only one of which is functional (IGHJ5), and four heavy chain D
(IGHD) gene segments, of which two are functional (IGHD3 and IGHD4). In the
constant region from V-proximal to V-distal, swine possess IgM, IgD, six IgG
subclasses: 19G3, 1gG5-1, 1gG5-2, 1gG1, 1gG6-1, and 1gG6-2 followed by IgE and IgA
(Butler et al. 2006b, 2009b; Eguchi-Ogawa et al. 2012). Unfortunately, the known IgG
subclass effector functions from other species cannot be used to infer functions in the pig
(or in other mammals) as the expansion of constant region subclasses occurred
independently after speciation (Kehoe and Capra 1974). Thus, there is a lack of
understanding regarding the effector functions for the various porcine IgG subclasses.

All porcine heavy chain variable (IGHV) gene segments derive from a single gene
expansion indicated by their high level of framework region conservation. Consequently,
all IGHV gene segments are closely related to and most similar to the IGHV3 gene
family of the mammalian IGHV clan 111 (Figure 1.3; Sun et al. 1994). The first 15 IGHV
gene segments have been mapped, of which 10 are putatively functional (Eguchi-Ogawa
et al. 2010). Interestingly, there is a duplication of six IGHV gene segments which
occurred approximately 1.6 million years ago. Four of these twelve gene segments
(IGHV4/IGLV10 and IGHV6/IGHV12) are highly expressed, suggesting that this
duplication had some immunological benefit to pigs (Eguchi-Ogawa et al. 2010). In total,

swine are predicted to possess between 20 and 31 different IGHV gene segments (Butler

19



et al. 2006b).

All known expressed cattle IGHV gene segments are restricted to a single family
(bovine subgroup IGHV1), most similar to the human IGHV4 family of clan I, as in
sheep (Ovis aries) (Figure 1.3). A preliminary analysis of the bovine heavy chain
repertoire mapped several apparently functional IGHV gene segments distributed
between Bos taurus chromosomes (BTA) 7 and 21 (Pasman and Kaushik 2012).
However, florescence in situ hybridization (FISH) has since established a single bovine
heavy chain locus on BTA 21 and not elsewhere, suggestive of inaccuracies in the Bos
taurus genome assembly (Niku et al. 2012). This most recent analysis revealed 36 IGHV
gene segments in three distinct families spanning mammalian IGHV clans I and II.
However, only 10 functional gene segments belonging to bovine IGHV1 of clan 1l were
identified, while the remainder are pseudogenes (Niku et al. 2012).

The porcine light chain loci have also recently been characterized (Schwartz et al.
2012a,b). As in humans and cattle, pigs possess a single kappa constant region exon
(IGKC) downstream from five J gene segments (IGKJ); however, IGKJ2 accounts for the
vast majority of IGKJ usage, while IGKJ3 and IGKJ5 are unused (Butler et al. 2005;
Chapter 4). Based on transcriptional analysis, there are two expressed kappa chain V
(IGKV) gene segment families, IGKV1 and IGKV2, belonging to IGKV clan I and II,
respectively (Schwartz et al. 2012b; Butler et al. 2005; Chapter 4). Of these, at least in
pre-immune piglets, the latter appears to be the most abundantly expressed family,
though this trend may flip in older animals (Butler et al. 2005; Chapter 4). Fourteen

IGKV gene segments have been described in their genomic context (Schwartz et al.
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2012b). Of these, nine are putatively functional (four IGKV1 and five IGKV2 family
members). All five non-functional gene segments are found at the constant region-
proximal end of the IGKV locus. The first four of these belong to the IGKV3, IGKV5,
and IGKV7 families of the mammalian IGKV clan 111 and may represent ancestral gene
segments undergoing deletion. Additional gene segments upstream of IGKV1-14 likely
exist, however, as the flanking genes on SSC3 were unidentified and swine are estimated
to possess upwards of 60 IGKV gene segments in total (Schwartz et al. 2012b; Butler and
Wertz 2012). Two non-functional orphan gene segments (IGKV2/OR3-1 and
IGKV3/OR3-2) were also identified on two separate BACs. As these orphans are also
found on SSC3 of the swine genome, they may represent upstream kappa locus sequence,
however, this seems unlikely as no additional IGKV gene segments were identified on
their respective BACs (each approximately 150 kb in size) (Schwartz et al. 2012b).
Swine possess three lambda constant region exons (IGLC) and four J (IGLJ) gene
segments arranged in tandem repeats (i.e. J-C-J-C-J-C-J), similar to other artiodactyls as
well as humans and different from the restricted V-J-C repeats found in the murine
lambda locus (Butler et al. 2006b; Schwartz et al. 2012a; Sanchez et al. 1991). IGLJ4 is
unique in that it lacks a corresponding downstream IGLC exon, although is otherwise
apparently functional. IGLJ1 possesses a mutated heptamer and mutated W/F-G-X-G
motif, rendering it non-functional. Thus, pigs possess only two functional IGLJ-IGLC
cassettes (IGLJ2-IGLC2 and IGLJ3-IGLC3) which are nearly identical in sequence.
Unlike the heavy chain locus and kappa locus, the porcine lambda locus is completely

sequenced, based on the identification of flanking genes syntenic with cattle, yet distinct
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from humans. The lambda locus contains 23 IGLV gene segments, of which 10 to 11 are
functional, depending on haplotype (Schwartz et al. 2012a; Chapter 4). Of these, four to
five belong to the IGLV3 family, five belong to the IGLV8 family, and one belongs to
the IGLV5 family. An additional gene segment belonging to the IGLV2 family is
putatively functional based on IMGT nomenclature; however, this gene segment
possesses both a non-canonical octamer and heptamer and does not appear to be
expressed as deep sequencing failed to identify it in mRNA form in any of five pigs
(Schwartz et al. 2012a; Chapter 4). Additionally, expression of IGLV3 and IGLV8
dominate the expressed repertoire, such that IGLV5 expression is difficult to detect
without deep sequencing (Chapter 4). There also appear to be age-specific differences in
IGLV gene segment usage. One previous analysis found a higher usage of the constant
region-proximal IGLV3 gene segments early in life (Butler et al. 2006b); while in another
study, IGLV8 gene segments were more heavily utilized in older pigs (Schwartz et al.
2012a; Chapter 4). A more recent investigation, however, has found that in yolk sac and
fetal liver, only IGLV8 gene segments are used, one of which, IGLV8-10, accounts for
>50 percent of all lambda rearrangements at that early time point (Wertz et al. 2013).
Cattle, unlike pigs and humans, utilize the lambda locus in >90% of expressed
antibodies (Butler et al. 2006a). As one may predict from this, the lambda locus in cattle
is less compact, albeit only slightly, and is very similar in organization to swine (Pasman
et al. 2010). Cattle possess four IGLJ-IGLC cassettes, and only use either IGLJ2-1IGLC2
or IGLJ3-IGLC3, though the latter dominates expression. As in pigs, cattle IGLV gene

segments are arranged in distinct clusters. The first two in both species are separated by
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the non-Ig genes ZNF280b and prame. The first cluster, as in pigs contains IGLV3 and
IGLV2 family members, which are rarely expressed in cattle. The cattle locus contains at
least two additional clusters comprised exclusively of IGLV1 family members, which
dominate the expressed repertoire (Pasman et al. 2010). Although, this more recent
characterization did not identify other IGLV families, a previous analysis of the bovine
genome revealed the existence of IGLV5 (i.e. bovine subgroup 7), IGLVS, and IGLV9
family members, though their locations in the genome were not conclusively determined
(Ekman et al. 2009). In contrast, the bovine kappa locus is less well characterized, though
it is known to contain at least 24 IGKV gene segments, of which eight are putatively
functional (Ekman et al. 2009). Additionally, there are only five known unique
CDR1/CDR2 pairs, making the bovine kappa locus highly restricted.

In contrast to the artiodactyls, humans possess a diverse germline repertoire of 123
IGHV gene segments from seven families, and of these, 40 gene segments are functional
(Matsuda et al. 1998). Humans also possess 25 functional IGHD and 6 IGHJ gene
segments, which together allow for greater combinatorial diversity than can be found in
the comparatively limited germline repertoire of swine. Matsuda et al. (1998) estimate
that the human IGHV locus has undergone DNA duplication events at least nine times in
the last 133 million years, and seven of these have occurred since humans and mice
diverged approximately 75 million years ago.

The human light chain loci are likewise more extensive. The human lambda locus
contains seven J-C repeats and approximately 70 IGLV gene segments, about half of

which are functional (Kawasaki et al. 1995). A comparative look at the organization of
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the various gene segment families between pigs and humans suggest that significant gene
segment expansions and deletions have occurred during the divergent evolution of these
two species (Schwartz et al. 2012b; Kawasaki et al. 1995). Regarding the human kappa
locus: 132 IGKV gene segments have been identified, of which 46 are apparently
functional (Kawasaki et al. 2001). Included in the human kappa locus is an inverted
repeat spanning 360 kb and containing 118 IGKV gene segments that appears to have

originated around 5 million years ago.
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FIGURE 1.3 Phylogenetic tree (unrooted) of concatenated heavy chain framework regions
(FR1, FR2, and FR3) from select species. All known IGHV gene segments from five species,
obtained from www.imgt.org, minus the CDRs, were used in the analysis. All 15 of the
characterized porcine IGHV gene segments (Eguchi-Ogawa et al. 2010) and the 40 most
abundantly expressed porcine heavy chain sequences (generated with data from Chapter 5) were
used to represent the porcine clade. The major gene families for Homo sapiens and the
mammalian clans I-111 are also labeled. Two additional artiodactyls (Ovis aries and Camelus
dromedarius (sheep and camel, respectively)) and two distantly related species (Danio rerio and
Ginglymostoma cirratum (zebrafish and nurse shark, respectively)) are included for comparison.
The apparent lack of heavy chain framework diversity among the artiodactyls is clearly
demonstrated. Cattle (not included) are also restricted to IGHV1-like family members. The
diversity of CDR1 and CDR2 (not shown) is typically reduced among family members. Thus,
artiodactyl heavy chain diversity is highly dependent upon diversity generated during VDJ
recombination (i.e. CDR3). Analysis was conducted using UPGMA with 1000 bootstrap

iterations. The scale bar represents the number of substitutions per site.
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1.7 - Mechanisms of germline evolution and somatic diversification

In order to mount a successful adaptive immune response against a nearly infinite
number of potential antigenic structures, vertebrates have evolved a multitude of
mechanisms to ensure that their antibody repertoires are suitably diverse. Antibody gene
segments are believed to evolve primarily through segmental duplication and subsequent
divergence. This is evidenced by the identification of evolutionarily recent V gene
segment duplications. Notable characterizations include the previously mentioned 33 kb
duplication in the pig heavy chain locus containing 6 IGHV gene segments (Eguchi-
Ogawa et al. 2010), duplicated tandem repeats of IGHV genes in the human (Sasso et al.
1992), and a 360 kb inverted repeat containing 118 IGKV gene segments also in the
human (Kawasaki et al. 2001).

1.7.1 - Gene conversion

One consequence of having a large number of highly similar segmentally-
duplicated elements in the antibody loci is that gene segments are capable of templating
off of each other, thus allowing for germline (meiotic) non-crossover homologous
recombination (i.e. germline gene conversion). Evidence for evolution through germline
gene conversion has been observed among porcine IGKV (Schwartz et al. 2012b), human
IGKV (Bentley and Rabbitts 1983), murine IGHV (Cohen and Givol 1983), and human
IGHC (Flanagan et al. 1984; Huck et al. 1989; Lefranc et al. 1986). Investigation of pig
heavy chain transcripts has also revealed that many IGHV gene segments share either
CDR1 or CDR2 with the non-shared CDR being different in sequence (Butler et al.

2006c¢), suggesting that swine may also rely on this mechanism for generating heavy

27



chain diversity.

Somatic gene conversion is believed to be the main mechanism for generating
antibody diversity in developing B-cells in the rabbit (Becker and Knight 1990) and
chicken (Reynaud et al. 1985,1989; Arakawa et al. 1996). In these species, a limited
functional V gene segment repertoire is compensated for via a diverse array of
pseudogenic V gene segments as templates for somatic gene conversion. In swine, the
apparent lack of diversity among heavy chain V, D, and J gene segments also initially
suggested that this species may similarly diversify their heavy chain repertoire (Butler
1997). However, scant evidence for this exists in pigs, and the multitude of seemingly
chimeric PCR products from pig heavy chain cDNA are explained as phenomena
resulting from gene duplication and recombination at the germline level (Butler et al.
2006b,c; Eguchi-Ogawa et al. 2010).

In B-cells, somatic gene conversion, somatic hypermutation (SHM), and heavy
chain class switch recombination (CSR) all rely on the activation-induced cytidine
deaminase (AID) enzyme to diversify the antibody repertoire (Arakawa et al. 2002;
Muramatsu et al. 2000). AID is specifically expressed in activated B-cells, is active on
single-stranded (ss)DNA (such as within a transcription bubble), and preferentially
deaminates the dC to dU in W-R-C-Y motifs giving the enzyme a certain degree of target
sequence specificity (Bransteitter et al. 2004; Chadhuri et al. 2003; Pham et al. 2003;
Muramatsu et al. 1999). Of the three mechanisms mentioned above, gene conversion and
SHM are in competition, the outcome of which is dependent upon additional factors

(Arakawa et al. 2004).
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Gene conversion is favored in the presence of recombinases such as RAD51 and
RAD54 as well as a suitably diverse array of DNA templates (e.g. pseudogenes)
(Arakawa et al. 2004); whereas, in the absence of these factors, SHM is favored. In
chickens, gene conversion is utilized to diversify the otherwise limited immune repertoire
during primary B-cell lymphogenesis in the bursa and then later diversify their repertoires
via SHM in the spleen (Reynaud et al. 1987; Arakawa et al. 1996). In gene conversion,
the lesion generated as a result of AID is repaired via homologous recombination
mediated by RAD51 and strand invasion onto a suitable homologous template, such as
another V gene segment or pseudogene. The invading strand is then replicated and
subsequently repaired in a RAD54-dependent manner. Following replication, a
conversion tract is generated containing sequence identical to the template and distinct
from the original sequence (Arakawa et al. 2004).

1.7.2 - Somatic hypermutation

During a primary immune response, activated B-cells undergo both affinity
maturation and class switch recombination. In the former, antigen-stimulated B-cells
clonally expand and further diversify so that they may gain increased affinity for antigen.
This process of affinity maturation specifically involves the somatic hypermutation
(SHM) of the antibody variable regions in an AID-dependent manner and greatly expands
the repertoire of the adaptive immune system in response to infection.

Given the absence of the aforementioned recombinases and target templates
necessary for gene conversion, under SHM, there are three potential mechanisms which

can occur following dC to dU deamination (Di Noia and Neuberger 2007). First,
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replication may proceed past the mutation, recognizing the uracil as thymine and
resulting in dC to dT or dG to dA transition mutations. Second, recognition of dU may
recruit uracil-DNA glycosylase (UNG) and generate an abasic site which may then either
proceed through error prone replication resulting in either transition or transversion
mutations (Arakawa et al. 2004). Third, the dU:dG mismatch may be recognized by the
heterodimer Msh2/Msh6, resulting in the error-prone replication of several nucleotides
around the lesion and allowing for mutations at nearby dA:dT pairs (Rada et al. 1998).

1.7.3 - Class switch recombination

Naive B-cells and those participating early in a primary immune response express
IgM and IgD. Upon activation by an antigen-stimulated CD4" T-cell via CD40/CD40L
signaling, the expression of AID is specifically induced in the interacting B-cell,
initiating SHM and CSR (Muramatsu et al. 2000). However, these two processes need not
necessarily occur simultaneously, as hypermutated IgM* B-cells are observable, as are
non-mutated 1gG* B-cells (Durandy 2003). With the exception of gD, switch regions
exist upstream from each of the constant region exons. The switch region upstream from
IgM (Sp), for example, in swine shares high similarity with both humans and sheep, is
3.2 kb in length and contains a large number of pentameric and decameric repeats (e.g.
GAGCT, GGGCT, GGGTT, GAGCTGAGCT, and GAGCTGGGCT) making the switch
region particularly rich in AID-specific motifs (WRCY) (Sun and Butler 1997; Eguchi-
Ogawa et al. 2012; Muramatsu et al. 1999). As AID activity is transcription-dependent,
the transcription of individual switch regions require certain cytokines to induce isotype-

specific class switching; for example, interleukin-4 signaling is a prerequisite for class

30



switching to 19gG1 in mice (Goodman et al 1993). Thus, class switching is tightly
regulated and dependent upon the local cytokine milieu.

Once the switch regions are exposed as sSDNA, AID is able to deaminate dC to dU
as in previous mechanisms. This dU is then recognized by UNG which generates an
abasic site that is nicked by apurinic/apyrimidinic (AP) endonuclease. Closely spaced
nicks on opposite strands in both 5" and 3' switch regions (for example, Su and the IgA
switch region) can generate double-stranded breaks in the DNA (Rada et al. 2002). The
intervening DNA sequence between both switch regions is then ligated to form a switch
circle and deleted from the genome. The NHEJ repair pathway then mediates the re-
assembly of the genomic DNA in a Ku80-dependent manner, as in VV(D)J recombination
(Casellas et al. 1998).

1.7.4 - Light chain isotype usage

Along with humans and unlike many species, pigs use both light chain isotypes in
approximately equal ratios (Arun et al. 1996; Butler et al. 2005; Hood et al. 1967;
Sinkora et al. 2001). However, the mechanisms which determine this stoichiometry have
yet to be fully elucidated. During B-cell lymphogenesis, the light chain is typically
rearranged in a kappa-before-lambda fashion. This is at least true for both humans and
mice (Hieter et al. 1981; Moore et al. 1985). However, a recent report suggests that the
opposite occurs in swine as lambda rearrangements were detectable by PCR at least 30
days prior to kappa rearrangements in the fetal pig (Sun et al. 2012). Direct sequencing of
the lambda locus in kappa producing B-cells should be carried out in order to determine

if lambda rearrangement does in fact occur prior to kappa rearrangement in swine and
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other species. If true, swine would be the first species to be recognized to rearrange
lambda before kappa. This would be predicted to allow for a shift in favor of lambda
usage in species that rearrange lambda first, as there would potentially be more
opportunity for them to develop functional lambda rearrangements. Interestingly, in this
regard, both cattle and sheep almost exclusively prefer lambda over kappa, while mice
almost exclusively prefer kappa (Arun et al. 1996; Hood et al. 1967).

The molecular mechanisms for controlling locus rearrangement order (i.e. kappa
before lambda or vice versa) are poorly understood. In humans and mice, a recombining
element (RE) consisting of a conserved heptamer in the IGKJ-IGKC intron and a
downstream kappa deleting element containing a typical RS sequence with a 23-base
spacer are believed to be involved in the ablation of the kappa locus prior to lambda
rearrangements, as these sites undergo recombination in a RAG-dependent manner
(Siminovitch et al. 1985). However, these sites are conserved in cattle and pigs,
suggesting they are functionally constrained (Das et al. 2009; Schwartz et al. 2012b). A
similar control mechanism has not been identified which would mediate the ablation of
the lambda locus, although that does not preclude the existence of one.

Locus complexity, such as the number of gene segments and their diversity, almost
certainly plays a role in light chain isotype usage as well, however. For instance, mice
have a severely restricted lambda repertoire compared to humans leaving them with little
diversity with which to generate functional immune responses compared to kappa.
Likewise, as previously described, the cattle kappa locus is severely restricted compared

to the lambda locus, while the porcine light chain loci are comparable to each other in
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their germline diversity. Rabbits, as previously described are different in this regard,
relying instead on a vast array of diverse pseudogenes with which they can use as

templates for somatic gene conversion.

1.8 - Diversity of the antibody repertoire

A combination of the previously described evolutionary mechanisms has resulted in
extensive individual variation in the immunogenetic loci. Recent insights into this
diversity has been gleaned from the development and use of high-throughput second
generation sequencing platforms such as Roche 454 pyrosequencing and Illumina
HighSeq and MiSeq which can cost-effectively generate hundreds of thousands to tens of
millions of reads per sequencing run (Fischer 2011). For instance, a recent cDNA
amplicon-based 454 characterization of 10 aboriginal humans from Papua New Guinea
revealed a new IGHV gene segment and 16 new IGHV alleles, including a functional
allele of a previously described IGHV pseudogene (Wang et al. 2011). In another
investigation of heavy chain variation among 12 clinical human specimens, extensive
heterozygosity, and instances of V gene segment copy number variation and D gene
segment deletions were inferred from high-throughput sequencing data (Boyd et al.
2010). Additionally, the latter resulted in a significant perturbation of the expressed
repertoire in terms of individual gene segment usage. Other recent high-throughput
investigations of the human antibody repertoire have revealed insights into allelic
variation, gene segment usage, junctional diversity, CDR3 length variability, and overall

repertoire diversity and richness (Prabakaran et al. 2011, Glanville et al. 2009).
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Characterization of the antibody repertoire among zebrafish (Danio rerio) also revealed
extensive differences between individuals in the expressed heavy chain repertoire and
revealed that a small number of antibody sequences comprise a relatively large fraction
of the expressed VVDJ repertoire (Weinstein et al. 2009).

The high degree of individual variation that is known to exist among humans led to
the proposed use of immunogenetic variation as a means of studying human evolution
(Sanchez-Mazas et al. 2011). Quantifying immunogenetic variation can lead to insights
into disease resistance and susceptibility differences between individuals. An immediate
practical application of such high-throughput characterizations was demonstrated in a
recent study where the antibody repertoires of mice immunized with three different
antigens were compared to mice treated with adjuvant only (Reddy et al. 2010). Several
highly abundant heavy chain CDR3 sequences were identified in the immunized mice
that accounted for 1-10% of all heavy chain CDR3 sequences. By pairing and
synthesizing the most abundant heavy and light chains in the immunized animals, the
researchers obtained 21/26 antigen-specific clones from six mice immunized with three
different protein antigens (Reddy et al. 2010). Thus, such an approach provides a more
efficient method of selecting antigen-specific monoclonal antibodies than current
hybridoma and ELISA-based screening methods.

Unfortunately, identifying alleles is complicated by the fact that true individual
germline variation may be masked as a result of SHM. Indeed, Wang et al. (2008)
suggest that nearly half of the described 226 human IGHV alleles are misclassified as a

result of SHM. This underscores the need to sequence at the germline level in order to
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understand true genetic variation. However, due to the existence of highly repetitive
regions in the antibody loci, assembly is complicated and laborious and the antibody loci
for any species have essentially never been sequenced more than once. Therefore, much
of our understanding of allelic variation is derived from the analysis of cDNA sequence
data.

Porcine heavy chain CDR3 is estimated to account for >95 percent of IGH diversity
(Butler et al. 2000). Indeed, as swine possess only two functional IGHD and one
functional IGHJ gene segment (Eguchi-Ogawa et al. 2010), somatically generated
junctional diversity generated during V(D)J recombination must play a major role in
determining the total diversity of the antibody repertoire. Indeed, the CDR3 region of
porcine heavy chain transcripts exhibits a tremendous amount of sequence variation
compared to CDR1 and CDR2 and especially the framework regions (Figure 1.4A). In
contrast, light chain CDR3 is largely invariant in length and lacks diversity (Figure 1.4B-
E; Chapter 4; Butler et al. 2013; Wertz et al. 2013). Light chain CDR1 and CDR?2 also
lack diversity, likely as a consequence of within-family gene segment expansion,
particularly among the more recently expanded families, such as IGLV8 (Figurel.4D).
Somatically-generated diversity as well as allelic variation between five pigs among
approximately 100 transcripts containing IGLV3-3 is shown in Figure 1.4E. Almost all of
the diversity among these transcripts is found in CDR3, suggesting the importance of
either CDR3-targeted SHM, allelic variation, and/or junctional diversity in this region
(Figure 1.4E).

The paradigm of CDR3 diversity (i.e. junctional diversity) generation via V(D)J
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recombination in pigs is the same as in other species. As such, their heavy chain CDR3 is
variable in length with a minimum size of four amino acids, a maximum of around 30
amino acids, and a mode of 15 amino acids; making the porcine CDR3 repertoire slightly
longer than humans on average (Glanville et al. 2009; Prabakaran et al. 2012; Chapter 5).
Swine also lack the unusually long (~61 amino acid) CDR3s sometimes found in cattle as
these are thought to result from the usage of a single bovine IGHD that is 148 bp in

length (Shojaei et al. 2003).
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Figure 1.4 Nucleotide conservation across the variable regions of porcine heavy (A) and
light (B-E) chains. Approximately 200 heavy chain cDNA sequences were obtained from
GenBank and approximately 100 random light chain cDNA sequences derived from five
pigs were trimmed to include only the VV(D)J region (light chain data obtained from
Chapter 4). Sequences were then aligned using ClustalW (Thompson et al. 1994) and the
percent conservation at each nucleotide position was determined. Light chain families
were separated to highlight their similarity in the framework regions. IGLV3 was
separated based on its two subgroups that possess different frameworks. The three
regions of low similarity seen in all three figures correspond to the three CDRs, and the
high similarity framework regions are found between them. The low similarity within
CDR1 of (D) is the result of a three nucleotide insertion/deletion between IGLV3-1-1 and
the other IGLV3 members. IGLV3-3 (E) is the only member of its expressed sub-family.

Thus, all variation shown for IGLV3-3 is either allelic in origin or somatically-generated.
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1.9 - Antibody responses to infection: PRRSV

Porcine reproductive and respiratory syndrome (PRRS) is a severe disease in pigs
that concurrently emerged in the early 1990's in both the United States and Europe. The
etiologic agent, PRRS virus (PRRSV), has since disseminated across the globe and is
now the most important disease agent of swine worldwide. Epidemic and endemic
disease cause widespread animal losses and reduced production that imperil food security
and increase costs. In the United States alone, PRRS costs the pork industry an estimated
$664 million per year (Holtkamp et al. 2011).

The immunological mechanisms that control PRRSV are unknown. In infected
animals, sterilizing immunity is eventually achieved, as the virus is completely cleared
after several months post infection (Molina et al. 2008). Unfortunately, current vaccines
are only partially effective in the control of the disease, especially against genetically
diverse strains, and new PRRSV variants continue to arise and threaten the health of
swine herds (Kimman et al. 2009). Previously infected animals, however, are at least
partially resistant to re-infection (Lager et al. 1997; Murtaugh et al. 2002). Thus,
immunity to PRRSV must ultimately be driven by an adaptive immune response.

Cell-mediated immunity, as measured by the frequency of PRRSV-specific
interferon gamma secreting cells following attenuated vaccine administration, is
reportedly delayed and weak (Meier et al. 2000). Furthermore, an extensive analysis
failed to reveal an association between PRRSV-specific T-cell responses and control of
infection (Xiao et al. 2004), and experimental ablation of cytotoxic T-cells with anti-CD8

did not exacerbate PRRSV infection or disease (Lohse et al. 2004).
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In contrast, a broad and robust B-cell response is generated to PRRSV (Molina et
al. 2008; Mulupuri et al. 2008). PRRSV-specific IgM first appears 5-7 days post-
inoculation and disappears after 3-4 weeks. 1gG appears after 7-10 days, peaks after 2-3
weeks, then slowly declines to low levels after 300 days (Murtaugh et al. 2002).
Neutralizing antibodies appear approximately 3 weeks post infection, which correlates
with the reduction of viremia and eventual disappearance of PRRSV from circulation
around 35-42 days post infection. However, neutralizing antibody responses vary widely
between individual animals and studies report that some pigs fail to produce neutralizing
titers despite resolution of viremia (Murtaugh et al. 2002; Loemba et al. 1996; Nelson et
al. 1994).

Disease severity is also widely variable between individual animals on farms
infected with a single PRRSV strain. Thus, individual variation in both the adaptive
humoral immune response and disease severity suggests a genetic component of disease
resistance. Indeed, there are substantial differences noted between pig breeds in their
response to PRRSV (Lewis et al. 2007). A recent study found that viremia in Petrain pigs
is prolonged (>72 days) compared with Wiesenauer miniature pigs (up to 35 days) and
that viral replication in the latter breed was approximately 100-fold less than in the
former (Reiner et al. 2010). This reduced viral burden was correlated with a stronger
antibody response in miniature pigs. Other studies have found reduced viral transcripts in
Landrace compared to four other commercial breeds (Ait-Ali et al. 2007), and more lung-
lesions in Hampshire pigs compared to Meishan pigs who possessed fewer PRRSV-

positive macrophages in their lungs (Halbur et al. 1998).
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The characterization of the porcine antibody repertoire in PRRSV-infected animals
revealed several highly abundant light and heavy chain sequences that were quite rare
among naive animals (Chapters 4 and 5). Interestingly, these highly abundant clones were
largely represented by a single animal (out of two animals and three animals, respectively
for heavy and light chain). It was found that this particular animal lacked the otherwise
highly expressed IGLV3-1-1 gene segment and is hypothesized that this genetic
abnormality resulted in a shift in gene segment usage in favor of IGLV3-3, which
dominated this particular animal’s light chain repertoire (Chapter 4). Given the lack of
junctional diversity apparent among light chains, it is possible that these abundant light
chain clones are the result of increased usage of individual gene segments resulting from
such a genetic aberration and not PRRSV-specificity. Unfortunately, given the high
degree of allelic variation in the antibody loci, genetic controls are nearly impossible
without cloning. It is therefore, not known whether these highly abundant clones are
PRRSV-specific or the result of a genetic artifact. However, heavy chain expression also
revealed several highly abundant clones among this and another PRRSV-infected animal
which possessed CDR3 sequences that were exceptionally rare in non-infected animals
(Chapter 5). This observation makes it very likely that the most abundant light chains are
paired to these individual heavy chain clones and that they are PRRSV-specific.
Additional work is needed to determine whether this is the case. If true, it this would
reproduce in pigs what has previously been reported in immunized mice (Reddy et al.
2010).

With the completion of the swine genome (Groenen et al. 2013) and functional
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annotation of the swine immunome (Dawson et al. 2013), efforts are underway to identify
markers for disease resistance in swine. Indeed, these efforts have identified a region of
interest on SSC4 near a group of innate immune response genes associated with reduced
viral load and increased weight gain when challenged with PRRSV (Rowland et al.
2012). By studying the highly diverse immunoglobulin repertoire, and, more generally,
the immunogenetic loci, and their variation between individuals and between breeds,
there is a clear opportunity for identifying genetic components of disease resistance (Hsu

et al. 2006; Sanchez-Mazas et al. 2011; Middleton and Gonzalez 2009).

1.10 - Conclusions and hypotheses

Antibody responses to infection are critical for disease control and prevention. Prior
to the work described in this thesis, there was little known regarding the diversity and
complexity of the porcine antibody repertoire, either in its germline state, or in its
expressed state. There was likewise no information concerning individual allelic variation
in the porcine antibody loci. Despite studies that suggest genetic involvement in the
disease resistance to the major swine pathogen, PRRSV, it is not known what genetic loci
are involved. In order to facilitate this and future endeavors, our characterization of the
porcine antibody repertoire is timely.

This study was designed to obtain a first glimpse of the dynamics of the antibody

repertoire as a result of infection with PRRSV. The lack of apparent genomic diversity as
indicated by the restricted use of a few IGHD and IGHJ gene segments and a relatively

small number of V gene segment families, suggests that this repertoire is either reduced
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in size compared to other species, that diversity is driven by germline and somatic
mutations in the CDRs, and/or diversity is driven through extensive junctional alterations
during V(D)J recombination. It is hypothesized that animals undergoing an immune
response to PRRSV will have generated highly abundant clonal populations of B-cells,
which will be detectable against the background of the antibody repertoire. Further, the
expressed antibody repertoire, with respect to gene segment usage, will differ between
individuals due to variation in their germline sequence.

Pigs, like humans, utilize the two light chains in nearly equal amounts. In humans,
the kappa and lambda loci appear to be similarly diverse. In species which are restricted
to one light chain or the other, the lesser used locus is substantially reduced in size and
complexity. It is hypothesized that lambda and kappa usage in pigs is associated with the
total diversity and richness of the two light chain repertoires.

Using our newly gleaned information, it should be possible to generate
recombinant single chain fragment variable (scFv) constructs using the most abundant
heavy and light chain sequences obtained from PRRSV infected pigs. It is hypothesized
that these scFvs will be PRRSV-specific. If successful, this would represent a novel
means of generating antigen-specific antibodies from immunized or infected swine.
Through characterization of the light chain loci, and through the pre-existing information
on the heavy chain locus, it will also be possible to develop an antibody display library,
expressed in yeast, that will form the basis for future investigations of the porcine

antibody response to PRRSV. Further adaptations of this technology will also enable
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future swine immunologists to develop recombinant antibodies specific for any

conceivable antigen of interest.

49



CHAPTER II

ORGANIZATION, COMPLEXITY, AND DIVERSITY OF THE PORCINE

IMMUNOGLOBULIN KAPPA LOCUS

Schwartz JC, Lefranc M-P, and Murtaugh MP (2012) Evolution of the porcine (Sus
scrofa domesticus) immunoglobulin kappa locus through germline gene conversion.
Immunogenetics. 64(4):303-11. doi:10.1007/s00251-011-0589-6
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Immunoglobulin (IG) gene rearrangement and expression are central to disease
resistance and health maintenance in animals. The 1G kappa (IGK) locus in swine (Sus
scrofa domestica) contributes to approximately half of all antibody molecules, in contrast
to many other Cetartiodactyla, whose members provide the majority of human dietary
protein, and in which kappa locus utilization is limited. The porcine kappa locus variable
genes are 27.9 kb upstream of five IG kappa J genes (IGKJ) which are separated from a
single constant gene (IGKC) by 2.8 kb. Fourteen variable genes (IGKV) were identified,
of which nine are functional and two are open reading frame (ORF). Of the three
pseudogenes, IGKV3-1 contains a frameshift and multiple stop codons, IGKV7-2
contains multiple stop codons, and IGKV2-5 is missing exon 2. The nine functional
IGKV genes are phylogenetically related to either the human IGKV1 and IGKV2
subgroups. IGKV2 subgroup genes were found to be dominantly expressed.
Polymorphisms were identified on overlapping BACs derived from the same individual
such that 11 genes contain amino acid differences. The most striking allelic differences
are present in IGKV2 genes, which contain as many as 16 amino acid changes between
alleles, the majority of which are in complementarity determining region (CDR) 1. In
addition, many IGKV2 CDR1 are shared between genes but not between alleles,

suggesting extensive diversification of this locus through gene conversion.
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INTRODUCTION

The adaptive humoral immune response must be able to generate a nearly infinite
arsenal of antibodies to provide protection against an incredibly diverse array of
pathogens and toxins. In pigs, the three immunoglobulin (1G) loci comprise the IG heavy
(IGH) locus on chromosome 7¢925-g26, the 1G lambda (IGL) locus on 14g16-g21, and the
IG kappa (IGK) locus on 3q12-q14 (Yerle et al. 1997). The variable domain of each 1G
chain is encoded by a variable (V) gene, a diversity (D) gene (heavy chain-only) and a
joining (J) gene which rearrange through recognition of recombination signal (RS)
sequences by the RAG1 and RAG2 complex and subsequent double strand break repair
(McBlane et al. 1995; Kim and Oettinger 2000). The highly variable complementarity
determining regions (CDR) 1 and 2 are encoded by the V region and differ in sequence
between genes. CDR3 is the result of junctional diversity between genes which rearrange
and is largely generated from exonuclease trimming of the gene ends and random
nucleotide addition via terminal deoxynucleotidyl transferase (TdT) during gene
rearrangement early in B cell development. Thus, the combined three CDR of the V
heavy domains (VH) and three CDR of the V light domains (VL) provide antibodies
with an immensely diverse antigen-binding repertoire (Wu and Kabat 1970; Lefranc and
Lefranc 2001).

The use of either kappa or lambda light chain is first determined by the somatic
rearrangement of the kappa locus. However, if both homologous chromosomes fail to
produce functional antibody, they are ablated through recombination between a 3' kappa

deleting element (KDE) and a recombining element in the J-C intron. The lambda locus
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is then able to undergo rearrangement until the B cell either produces a functional light
chain or is deleted (Siminovitch et al. 1985). While most members of Cetartiodactyla
rely heavily on the lambda locus, pigs are unusual in that their expressed repertoires are
nearly 1:1 kappa:lambda (Butler et al. 2005). This variation between species might be
due to 1) the ability of either locus to produce functional antibody (i.e. locus complexity),
or 2) regulation of kappa locus ablation. However, while the kappa joining (IGKJ) and
constant (IGKC) genes are previously described in pigs, the variable (IGKV) gene
organization and complexity are unknown (Butler et al. 2006b). Here, we interrogated
available porcine genetic and genomic sequence data (Schook et al. 2005; Humphray et
al. 2007; Archibald et al. 2010) to more fully characterize the organization, complexity,
and expression of the IGK locus. Our findings suggest that the locus is organized
similarly to, but is more complex than, other mammalian species that rely primarily on
the lambda locus for light chain expression. Interestingly, the most highly expressed
IGKV subgroup (IGKV2) is highly polymorphic between alleles from the same animal,
with diversity due largely to variation within CDR1. However, while many CDR1
differed between alleles, they were shared between genes, a phenomenon that is best
explained by evolution through homologous recombination between genes (i.e. gene
conversion). This phenomenon was not, however, observed among members of the

similarly sized population of IGKV1 genes which, by comparison, are poorly expressed.
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MATERIALS AND METHODS

Identification and sequencing of the bacterial artificial chromosomes

Sus scrofa genome build 9 was queried to identify the bacterial artificial
chromosomes (BACSs) containing IGKV sequences using the Basic Local Alignment
Search Tool (BLAST) within the Ensembl database (Altschul et al. 1990; Hubbard et al.
2002). Nucleotide sequences for each BAC containing the region of interest were
downloaded for further analysis from GenBank. The CHORI (Children's Hospital
Oakland Research Institute)-242 BAC library used was derived from a single Duroc sow
(http://bacpac.chori.org/porcine242.htm). Two BAC clones (CH242-22115 and CH242-
227G10) were acquired, expanded overnight, and BAC DNA was purified using the
Qiagen Plasmid Midi Prep with Qiagen-tip 500 columns. Purified DNA was submitted to
the University of Minnesota Biomedical Genomics Center for library preparation and
paired-end sequencing using the Illumina GAIlIx platform.

Characterization of the porcine IGK locus

Approximately 20 million high quality reads were sorted by molecular tag to
differentiate samples and assembled using a combination of ABySS and Velvet (Simpson
et al. 2009; Zerbino and Birney 2008). Generated contigs were assembled against the
existing BAC sequences using Sequencher 4.10.1 (Gene Codes Corporation). The
resulting complete BAC sequences were manually annotated and interrogated for

immunoglobulin features such as RS (i.e. heptamers and nonamers), promoters (i.e.
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octamers), and gene structure using the annotation software Artemis (Rutherford et al.
2000).

The sequences of CH242-22115, CH242-227G10, CH242-148A13 were acquired
from GenBank (accession numbers: CU694848, FP312898, and CU928807, respectively)
and assessed for IGKV, IGKJ, and IGKC genes using BLAST. Phylogenetic analyses
were performed in CLC Sequence Viewer (CLC Bio) and Dendroscope (Huson et al.
2007) using Unweighted Pair Group Method with Arithmetic Mean (UPGMA) with 1000
bootstrap iterations. Genes were annotated according to IMGT®, the international
ImMunoGeneTics information system® (Lefranc et al. 2009). Translated amino acid
sequences of the IGKV genes were compared and CDR and framework (FR) boundaries
were annotated according to the IMGT unique numbering for V domain (Lefranc et al.
2003). IGKC gene translation was annotated according to the IMGT unique numbering
for C domain (Lefranc et al. 2005). Expression of germline IGKV genes was compared
using 41 BLAST hits obtained from 398,837 porcine expressed sequence tags (ESTS) in
GenBank and deposited at: http://pigest.ku.dk/index.html (Gorodkin et al. 2007) using an
E-value threshold of 10™.

Nomenclature

The porcine IGKV genes are named according to IMGT nomenclature (Lefranc
and Lefranc 2001, Lefranc 2007, Lefranc 2008), using human V gene subgroup
nomenclature to maintain consistency with porcine heavy chain, light chain, and cattle
lambda light chain nomenclature (Eguchi-Ogawa et al. 2010; Butler et al. 2005; Butler et

al. 2006b; Pasman et al. 2010). The porcine IGKV, IGKJ and IGKC genes were
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submitted to IMGT/GENE-DB (Giudicelli et al. 2005). IgBLAST was used to organize
IGKV genes into subgroups using a 75 percent identity threshold. IGKV genes are
described based on IMGT nomenclature rules. Briefly, genes were deemed pseudogenes
if they contained a truncation, stop codon, frameshift, or a defective initiation codon.
Additionally, IGKV genes were described as ORF (open reading frame) if they were
missing one (or more) key amino acids (1st-CYS 23, CONSERVED-TRP 41,
hydrophobic 89, 2nd-CYS 104). RS were deemed non-canonical if the heptamer was
anything other than “CACAGTG” ” for V-HEPTAMER (or “CACTGTG” for J-
HEPTAMER) or if the nonamer contained at least two nucleotides which were each

present in less than 10 percent of all RS described by Ramsden et al. (1994).

56



RESULTS

Organization of the porcine immunoglobulin kappa locus

The porcine IGK locus contains a single constant gene (IGKC) 2.8 kb
downstream from five IGKJ genes. The IGKV locus begins 27.9 kb upstream from
IGKJ1. We identified 14 distinct IGKV genes spanning approximately 89 kb (Figure
2.1). Two additional IGKYV genes were identified on the BAC CH242-148A13 and are
most likely orphons as the BAC maps to a different region of chromosome 3. BLAST
failed to identify additional IGKV genes in the porcine genome or on other shotgun
sequenced CH242 BACs (not shown). Three of the 14 identified IGKV genes within the
locus are pseudogenes; IGKV3-1 contains a frameshift and multiple stop codons,
IGKV7-2 contains multiple stop codons, and IGKV2-5 is missing the V-EXON (Table
2.1).

The kappa deleting element (KDE) was identified approximately 23.2 kb
downstream from IGKC and contains a canonical RS that is identical to the cattle KDE
RS (Das et al. 2009). Likewise, the recombining element in the J-C intron is comprised of
a canonical heptamer (CACAGTG). The conservation of this system between pigs and
other members of Cetartiodactyla suggests that ease of kappa locus ablation does not

explain preferential lambda locus usage (Das et al. 2009).
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Phylogenetic analysis of IGKV genes

The first four C-proximal IGKV genes are related to the human IGKV subgroups
IGKV3, IGKV7, and IGKV5. The fifth gene, IGKV2-5 is missing the V-EXON and its
membership in the IGKV2 subgroup is inferred here based solely on its leader sequence.
The remaining nine genes are split among the IGKV1 and IGKV2 subgroups (Figure
2.2). In general, this pattern of gene organization is mirrored in humans (Kawasaki et al.
2001; Lefranc and Lefranc 2001). Compared to humans, the swine IGKV3-1, IGKV7-2,
IGKV5-4 genes are closest to the human C-proximal IGKV3-7, IGKV7-3, and IGKV5-2
genes, respectively. However, the remaining porcine genes forming the IGKV1 and
IGKV?2 subgroups are all phylogenetically similar to only one or two human IGKV genes
(IGKV1-9, IGKV1-27, IGKV2-28, and IGKV2-40). This suggests that substantial IGKV
repertoire expansion and contraction of specific IGKV subgroups has occurred during the
evolutionary divergence of swine and humans.

Allelic variation and gene conversion

The sequenced BACs CH242-22115 and CH242-227G10 overlap across much of
the characterized kappa locus. Thirteen of the fourteen IGKV genes are represented on
both BACs as are all IGKJ genes and IGKC (Figure 2.1). Nucleotide identity across this
overlap varies from approximately 99 percent in the IGKJ-IGKC locus to 97 percent in
the IGKV locus. Differences of one or more nucleotides between BACs were identified
in 11 IGKV genes (Table 2.1) and amino acid changes were found between each of these
alleles. A total of 62 amino acid changes were identified and ranged from 2 (IGKV7-2

and IGKV5-4) to 16 (IGKV2-8) per gene (Table 2.2). Interestingly, all intact IGKV2
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subgroup genes except IGKV2-12 were highly polymorphic in CDR1 (Table 2.2). The
CDR1 of IGKV2-6, IGKV2-8, IGKV2-10, and IGKV2-13 contained 4, 7, 6, and 3 amino
acid changes, respectively, between alleles. Interestingly, many of these CDR1 are shared
between genes, while the upstream and downstream regions remain largely identical
between alleles (Table 2.2). For example, IGKV2-13 and IGKV2-6 on CH242-22115
possess the same CDR1 sequence which is different from their alleles on CH242-227G10
(Table 2.3). This suggests that the IGKV2 repertoire has diversified CDR1 through gene
duplication and gene conversion. Thus, the allelic diversity of the IGKV2 subgroup may
be quite large.

In contrast to the IGKV genes, the IGKJ genes were all identical at the amino acid
level between BACs (not shown). IGKC contains a single nucleotide polymorphism
resulting in a Ser-122 (IGKC*01) to Asn-122 (IGKC*02) amino acid change (Table 2.4).
Comparison with Minnesota Miniature swine cDNA sequence (GenBank: M59321.1)
reveals the presence of 10 amino acid differences from IGKC*01 described here,
indicating substantial variation between pig breeds even within the relatively conserved
constant region (Lammers et al. 1989). The IGKC Cys-126 is the terminal amino acid in
cattle (GenBank: BC151500.1) and other described species in the IMGT database,
including humans, mice, rats, and rabbits (Emorine and Max 1983, Giudicelli et al. 2005,
Hieter et al. 1980, Sheppard and Gutman 1981). Interestingly, in both the Minnesota
Miniature and Duroc pig breeds IGKC contains two additional amino acids downstream

from Cys-126 (Table 2.4; Lammers et al. 1989).
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Expression of IGKV genes

In addition to the presence of stop codons and frameshifts, functionality is further
restricted in some IGKV genes by non-canonical RS necessary for recombination and
octamers necessary for transcription. Non-canonical RS were found in three of the four
IGKV1 subgroup genes (IGKV1-7, IGKV1-9, and IGKV1-14) (Table 2.5). The
remaining member, IGKV1-11, contained a non-canonical RS on CH242-22115 but a
canonical sequence on CH242-227G10. Additionally, non-canonical RS were also
located in the first two pseudogenes (IGKV3-1 and IGKV7-2). Non-canonical octamers
(i.e. other than ATTTGCAT) were present upstream of IGKV3-3 and two of the four
IGKV1 subgroup genes (IGKV1-7 and IGKV1-14). Non-canonical 5’ splice sites (i.e.
other than GT) were also observed for several genes, most notably among IGKV1
subgroup genes (Table 2.5). Combined, these data suggest that the functional repertoire
of the kappa variable region is largely restricted to members of the IGKV2 subgroup.

Indeed, BLAST analysis of a porcine EST database revealed that all five
functional IGKV2 subgroup genes (IGKV2-6, IGKV2-8, IGKV2-10, IGKV2-12, and
IGKV2-13) were expressed, with the most highly expressed genes being IGKV2-10 and
IGKV2-13) (Figure 2.3). Relatively low level expression (a combined 19% of EST hits)
of IGKV1-9 and IGKV1-11 were also observed. They are the only two IGKV1 subgroup
genes possessing both a canonical RS and promoter octamer. These findings agree with
an earlier report that IGKV?2 represents approximately 90% of the expressed porcine pre-
immune repertoire (Butler et al. 2004). The gene IGKV5-4 was not found in the database

despite having an intact open reading frame and both canonical RS and octamer (Table
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5). This confirms that the amino acid changes (C23>R and W41>C), that assign the
functionality of that gene to ‘ORF’ instead of “functional’, have a detrimental effect on

the variable domain structure.
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Table 2.1 IGKYV alleles

Slzt'\)/glgcl?ozp IMGT gene name | IMGT allele name Fct Clone names Clone accession numbers
IGKV1-7 IGKV1-7*01 F CH242-227G10 FP312898
IGKV1-7*02 F CH242-22115 CU694848
IGKV/1-9 IGKV1-9*01 F CH242-227G10 FP312898
IGKV1 IGKV1-9*02 F CH242-22115 CuU694848
IGKV1-11 IGKV1-11*01 F CH242-227G10 FP312898
IGKV1-11*02 F CH242-22115 CU694848
IGKV1-14 IGKV1-14*01 F CH242-227G10 FP312898
CH242-227G10 FP312898
- _G k|
IGKV2:5 IGKV2-5701 P() CH242-22115 CuU694848
IGKV/2-6 IGKV2-6*01 F CH242-227G10 FP312898
IGKV2-6*02 F CH242-22115 CuU694848
IGKV/2-8 IGKV2-8*01 F CH242-227G10 FP312898
IGKV2-8*02 F CH242-22115 CuU694848
IGKV2 IGKV2-10 IGKV2-10*01 F CH242-227G10 FP312898
IGKV2-10*02 F CH242-22115 CU694848
IGKV2-12 IGKV2-12*01 F CH242-227G10 FP312898
IGKV2-12*02 F CH242-22115 CuU694848
IGKV2-13 IGKV2-13*01 F CH242-227G10 FP312898
IGKV2-13*02 F CH242-22115 CU694848
IGKV2/0OR3-1 IGKV2/0OR3-1*01 P(2) CH242-148A13 Cu928807
CH242-227G10 FP312898
- RE
IGKV3-1 IGKV3-1701 PE) CH242-22115 CuU694848
IGKV3 IGKV3-3 IGKV3-3*01 ORF(4) CH242-227G10 FP312898
IGKV3-3*02 ORF(5) CH242-22115 CU694848
IGKV3/OR3-2 IGKV3/OR3-2*01 P(6) CH242-148A13 Cu928807
IGKV5-4*01 ORF(7) CH242-227G10 FP312898
IGKVS IGKV5-4 IGKV5-4*02 ORF(7) CH242-22115 CU694848
IGKV7-2*01 P(8) CH242-227G10 FP312898
IGKV7 ICKV7-2 IGKV7-2*02 P(8) CH242-22115 CU694848

Fct, functionality; F, functional; P, pseudogene; ORF, open reading frame
(1) V-EXON is missing
(2) Orphon, stop codon at position 109
(3) Frameshift in CDR1-IMGT

(4) L89>R
(5) L89>C

(6) Orphon, frameshifts in FR1-IMGT and FR2-IMGT
(7) 1stCYS C23>R, CONSERVED-TRP W41>C
(8) Stop codons at positions 44, 55, and 67
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Table 2.2 Protein display of in-frame IGKV genes using IMGT unique numbering
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I1GKV1-7*01
I1GKV1-7*02
1GKV1-9*01
1GKV1-9*02
I1GKV1-11*01
1GKV1-11*02
1GKV1-14*01
1GKV2-6*01
1GKV2-6*02
1GKv2-8*01
1GKvV2-8*02
1GKv2-10*01
1GKvV2-10*02
1GKv2-12*01
1GKvV2-12*02
1GKvV2-13*01
1GKV2-13*02
1GKV2/0R3-1*01
1GKV3-3*01
1GKV3-3*02
1GKV5-4*01
1GKV5-4*02
IGKV7-2*01
IGKV7-2*02

FR1-IMGT
(1-26)

A
(1-15)

CDR1-IMGT
(27-38)
B BC
(16-26) (27-38)

AIQLTQSPASLAASL
AIQLTQSPASLAASL
AIQLTQSPASLAASL
AIQVTQSPASLAASL
AIQLTQSPASLAASL
AIQLTQSPASLAASL
AIQLTQSPASLAASL
AIVLTQSPLSLSVSP
AIVLTQTPLSLSVSP
AIVLTQTPLSLSVSP
AIVLTQTPLSLSVSP
AIVLTQTPLSLSVSP
AIVLTQTPLSLSVSP
AIVLTQTPLSLSVSP
AIVLTQTPLSLSVSP
AIVLTQTPLSLSVSP
AIVLTQTPLSLSVSP
AIVLTQTPLPLSVSP
EIVLTQSAAPKAVSQ
EIVLTQSAASKAVSQ
ETTVTQSPAFVSATP
ETTLTQSPAFVSATP
DIVLTQSPASQIASP
DIVLTQSPASQIASP

GDTVSITCRAS QSV...... SNN
GDTVSITCRAS QS
GDTVSITCRAS QS
GDTVSITCRAR QSI
GAPASISCRSS QSLES.
GEPASISCRSS QSLEE..YGSNL
GEPASISCRSS QSLEI..YGSNF
GEPASISCRSS QSLVDS.DGDSL
GEPASISCRSS QSLVDS.DGDSL
GEPASISCRSS QSLLHT.DGKNY
GEPASISCRST QSLRGS.YGKNY
GEPASISCRST QSLRGS.YGKNY
GEPASISCRSS QSLEI..YGNNF
GEPASISCRSS QSLEE..YGSNL
GEPVSISCKSS QSLLHR.GRNNY
EESVIITCNGS PGVS..... TNK
GENVIITCNGS PGVS..... TNK
GDKVNITRKAS QDI
GDKVNITRKAS QDI
GEQVTISCRAR QSVCGTWGIISC
GEQVTISCRAR QSVCGTWGIISC

-YSYNF

FR2-
(39-

c
(39-46)
>

IMGT
55)
c-
(47-55)
>

LAWYQQQP
LAWYQQQP
LAWYQQQA
LAWYQQQA
LAWYQQQA
LAWYQQQP
LAWYQQQP
LSWYQQKP
LSWYQQKP
LSWYQQKP
LHWYLQKP
LHWYLQKP
LNWYLQKP
LNWYQQKP
LNWYLQKP
LSWYQQKP
LSWYQQKP
LHWYLQKP
LHWYQLKT
LHWYQLKT
IMCYQQKP
IMCYQQKP
VNRYQ*KP
VNRYQ*KP

GKPPKLLLC
GKPPKLLLC
GKPPKLLIY
GKAPKLLIY
GKAPKLLIY
GKAPKLLIY
GKTPKLLFY
GQSPRLLIY
GQSPQLLIY
GQSPQLLIY
GQSPRLLFY
GQSPQLLIY
GQSPQRLIY
GQSPKLLIY
GQSPKLLIY
GQSPQLLIY
GQSPQLLIY
GQSLONLIY
GAPPRLLIY
GAPPRLLIY
GEAPKLLIK
GEAPRLLIK
GQPPKLLV*
GQPPKLLV*
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CDR2-IMGT
(56-65)
cc
(56-65)
56 65
[P |
DA....... c
DA....... c
WA . ..... S
WA . ..... S
SA....... S
SA....... S
DA....... c
FA....... T
GG.nene. T
BA....... T
FA....... T
BA....... T
QAceenn.. T
WA . ..... T
WA- . ..... T
BA....... T
BA....... T
YA. ... T
STeeen... S
SKeeono.. S
YA. ... S
YA. ... S
AA...... S
AA...... S

-
(66-74)
>

FR3-
(66-

D
(75-84)

IMGT
104)
E
(85-96)

CDR3-1IMGT
(105-117)
F FG
(97-104)
>

TLQSGVP.C
TLQSGVP.C
ALQSGVP.S
TLQSGVP.S
TLQSGVP.S
TLQSGVP.C
TLQSGVP.C
NKASGVP.D
NRASGVP.D
NRASGVP.D
NRASWVP .E
NRASGVP.D
NRDTGVP.D
NRASGVP.D
NRASGVP .G
NRASGVP.D
NRASGVP.D
NTASGVP.D
SLAFWVP.T
SLAFWVP.T
IHITGVP.T
IHITGVP.T
S*ESEVS.A
S*ESEVS.A

GFKGSG. . SG
GFKGSG. . SG
RFKGSV. .SG
RFKGSV..SG
RFKGSG. .SG
GFKGSG. . SG
GFKGSG. . SG
RFSGSG. .SG
RFSGSG. . SG
RFSGSG. . SG
RFSGSG. . SG
RFSGSG. . SG
RFSGSG. . SG
RFSGSR. .SG
RFSGSR. .SG
RFSGSG. . SG
RFSGSG. . SG
RFSGSG. .LG
RFSGSG. . SG
RFSGSG. . SG
RFSGSG. .YG
RFSGSG. .YG
RFSGSE. .SG
RFSGSE. .SG

THFTLTISGLQA
THFTVTISGLQA
TDFTLTISGLQA
TDFTLTISGLQA
TDFTLTISGLQA
TDFTLTISGLQA
THFTVTISGLQA
TDFTLKISRVEA
TDFTLKISRVEA
TDFTLKISRVEA
TDFTLKISRVEA
TDFTLKISRVEA
TDFTLKISRVEA
TDFTLKIIRLEA
TDFTLKIIRLEA
TDFTLKISRVEA
TDFTLKISRVEA
TDFTLKISSMEA
TSYSRTISSVAA
TSYSCTISSVAA
TDFTLTIGNMIS
TDFTLTIGNMIS
THFTLAIHPMEA
THFTLTIHPMEA

97 104 105 111
EDVATYYC QQLNNAP
EDVATYYC QQLNNAP
EDVATYYC QQLNSAP
EDVATYSC QQLNSAP
EDVATYYC QQHHSAP
EDVATYYC QQHHSAP
EDVATYYC QQLNNAP
EDAGVYYC QQNKESL
EDAGVYYC QQNKESP
EDAGVYYC QQHKESP
EDAGVYYC QQYKEFP
EDVGVYYC FQALQSP
EDVGVYYC FQALQSP
EDAGVYSC LQDIQSP
EDAGVYYC LQDIQSP
EDAGVYYC QQNKESL
EDAGVYYC QQFKEFP
EDVGVHYC QQSR

QDAADYYC QQSSSFP
QDAADYYC QQSSSFP
EDATYYFC QQDDNVP
EDATYYFC QQDDNVP
DDAANYFC QQNQESP
DDAANYFF QQNQESP



Table 2.3 Alignment of porcine IGKV CDR1-IMGT

IMGT positions
nt positions

1GKV3-1*01
IGKV7-2*01,*02
1GKV3-3*01,*02
I1GKV5-4*01,*02
1GKV2-6*01
I1GKV2-6*02
1GKV1-7*01
I1GKV1-7*02
1GKV2-8*01
1GKV2-8*02
1GKV1-9*01,*02
1GKV2-10*01
1GKV2-10*02
IGKV1-11*01,*02
1GKV2-12*01,*02
1GKV2-13*01
1GKV2-13*02
1GKV1-14*01

27 28 29 30 31 32 33 34 35 36 37 38

O Y Y Y P R P R R PN B
100 120

I I
CAAAGCCTGCTTTACTAA. . .GATAGGAAGCACTAC
CAGAGTGTCTGTGGTACTTGGGGCATTATTAGCTGT

CCAGGTGTAAGC . - oo oo i i oo a - ACCAACAAA
CAAGACAT T - o e e e a e - GATGATGAT
CAGAGCCTTGAGAGT . - . - - - TATAGTTACAATTTC
CAGAGCCTTGAGGAA. . .. .. TATGGAAGCAATTTG
CAGACCAT T - i i i i i i e m s AGCAGTTAT
CAGAGCATT - - e e e e - AGCAGTTAT
CAGAGCCTTGAGATA. .. . .. TATGGAAGCAATTTC
CAGAGCCTCGTAGACAGT . . .GATGGAGACTCGCTA
(0721C7.1C 1 BN AGCAATAAT

CAGAGCCTCGTAGACAGT . . .GATGGAGACTCGCTA
CAGAGCCTCCTACACACT . . .GATGGAAAGAATTAT

CAGAGCATT - - e e e e - AACAAGTGG
CAGAGCCTCCGAGGTAGT . . . TATGGAAAGAATTAT
CAGAGCCTTGAGATA. . .. .. TATGGAAACAATTTT
CAGAGCCTTGAGGAA. . . ... TATGGAAGCAATTTG
CAGAGCAT T - - e i i i i i e e m s AGCAGTTAT
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Table 2.4 Protein display of IGKC genes using IMGT unique numbering

A AB B BC c cb D DE E EF F FG G
(1-15) (16-26) (27-38)  (39-45) (77-84) (85-96) (97-104)  (105-117)  (118-128)
> > > > > > —_—>
1 15 16 26 27 38 39 45 77 84 85 96 97 104 105 117 118
87654321 ..o .. 11230 oo [ [ 11234567] . ... .. 112345677654321] . ... ...... 112]-..... [ I D |
1GKC*01 ADAKPSVFIFPPSKEQLE . . . TQTVSVVCLLN SFFP._REVN VKWKVDGVVQSS. .GILDSVTEQDSKD. . . .. STYSLSSTLSLPTSQY. .LSHNLYSC EVTHKT..LASPL VKSFSRNECEA
1GKC*02 ADAKPSVFIFPPSKEQLE . . . TQTVSVVCLLN SFFP._REVN VKWKVDGVVQSS. .GILDSVTEQDSKD. . . .. STYSLSSTLSLPTSQY. .LSHNLYSC EVTHKT._LASPL VKSFNRNECEA
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Table 2.5 Genomic features of the porcine IGKV genes

RS
IGKV gene Fct (;?rgtr?qgnteerr) nt i L(eiﬁf 1T)1 sp?ice intron sp3Iice \(efgg;l HEPTVAMER SPA\\/CER NONXMER
(nt) site (nt) site (nt) (nt)

1GKV3-1*01 P ATTTGCAT 110 ATG 49 GT 180  AG 311 CACAGTG 12 ATATTAACT
1GKV7-2*01 p  ATTTGCAT 94 ATG 49 GC 234  AG 316 CACAATG 10 CAAAAAACC
IGKV3-3*01  ORF ATTTGCAC 98 ATG 49 GT 208 AG 301 CACAGTG 12 ACAAAAACC
IGKV5-4*01  ORF ATTTGCAT 94 ATG 49 GT 420 AG 301 CACAGTG 12 ACAAAAACT
1GKV2-5*01 p  ATTTGCAT 98 ATG 49 GT - - - - - -

1GKV2-6*01 F ATTTGCAT 98 ATG 49 GT 368 AG 310 CACAGTG 12 ACACAAACC
1GKV1-7*01 F ATCTGCTT 93 ATG 49 GG 196  AG 298 CAGAGTG 12 ACCTAACCC
1GKV2-8*01 F ATTTGCAT 98 ATG 49 GT 383 AG 313 CACAGTG 12 ACACAAACC
1GKV1-9*01 F ATTTGCAT 93 ATG 49 GT 193 AG 298 CACAGTG 12 ACAAACCCC
1GKV2-10*01 F ATTTGCAT 98 ATG 49 GT 383 AG 313 CACAGTG 12 ACACAAACC
IGKV1-11*01 F  ATTTGCAT 93 ATG 49 GT 194  AG 298 CACAGTG 12 CCAAAAACC
1GKV1-11*02 F ATCTGCTT 93 ATG 49 GG 194 AG 298 CACAGTG 12 CCAAAAACC
IGKV2-12*01  F  ATTTGCAT 98 ATG 49 GG 375  AG 313 CACAGTG 12 ACACAAACC
IGKV2-13*01 F  ATTTGCAT 98 ATG 49 GT 367 AG 310 CACAGTG 12 ACACAAACC
1GKV1-14*01 F ATCTGCTT 93 ATG 49 GG 196 AG 298 CAGAGTG 12 ACCTAACCC
IGKV2/0R3-1 P ATTTGCAT 98 ATG 49 GT 377  AG 313 CACAGTG 12 ACACAAACC
IGKV3/OR3-2  p  GTTTGCAT 91  ATG 49 GT 194  AG 273 CACAGTG 12 ACAGAAACC

Fct, functionality; F, functional; P, pseudogene; ORF, open reading frame
IMGT standardized labels are written in capital letters
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FIGURE 2.1 Organization of the porcine IGK locus. Overlapping BACs spanning the region are displayed as grey and black bars to
indicate sequence heterogeneity. Genes are displayed along a scaffold line as vertical bars representing functional genes (long bars),
pseudogenes (short bars), or ORF (intermediate bars). A nearly intact LINE-1 insertion present on CH242-22115 but not on CH242-

227G10 is depicted as a grey box. Genes above the scaffold line are transcribed left to right. Genes below the line are expressed in the

opposite orientation
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Figure 2.2 Phylogenetic analysis of porcine IGKV nucleotide sequences using UPGMA
with 1000 bootstrap iterations. Nucleotide sequences are derived from the V-EXON.
Thus, IGKV2-5 is not represented as it is missing this region. Most porcine IGKV genes
cluster with either of two subgroups, IGKV1 or IGKV2. Nodes are labeled with bootstrap

values. Scale bar represent the number of nucleotide substitutions per site.
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Figure 2.3 Expression of IGKV genes. BLAST analysis revealed 41 hits from 398,837
expressed sequence tags in GenBank and deposited at http://pigest.ku.dk/index.html
(Gorodkin 2007). The x-axis is organized by gene order in the locus with the most 5'
(most C-distal) IGKV genes on the left. The IGKV2 subgroup dominates (~80 percent)

the expression profile.
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DISCUSSION

The general organization of the porcine kappa locus is typical of mammals.
Functional diversity of the locus is more complex than in cattle, in which only 8 of 24
IGKV genes are functional (Ekman et al. 2009). It is similar to the human kappa locus,
which also has high functional diversity and equivalent expression of IGK and IGL
(Kawasaki et al. 2001; Lefranc and Lefranc 2001; Butler et al. 2005). The high level of
functional diversity in swine and humans may facilitate efficient IGK expression, thus
avoiding KDE-dependent ablation of IGKC. Conversely, low functional diversity in
cattle may result in a high rate of KDE-dependent IGKC ablation and low relative IGK
usage in B cells.

IGKV?2 subgroup genes are dominantly expressed as previously described (Butler
et al. 2004). However, we identified only five complete IGKV2 genes in the first 89 kb of
the IGKV locus, which is substantially less than an estimated 61 IGKV2 genes in 250 kb
of sequence identified by Southern hybridization and sequencing of IGKV2-specific PCR
clones (Butler et al. 2004). The previous estimate may be an overestimation of kappa
locus complexity since the density of genes across the entire locus would need to be at
least twice that observed by directly sequencing BACs. The IGKV gene density observed
here is similar to that of the human C-proximal IGKV cluster (75 IGKV genes per 542
kb) (Kawasaki et al. 2001, Lefranc and Lefranc 2001). The presence of additional

upstream IGKYV genes in the porcine locus has not been ruled out, although a BLAST

71



search of shotgun sequenced genomic BACs did not reveal any additional upstream
sequence specific to the kappa locus.

The presence of extensive IGKV allelic differences, up to 10% of sequence
variation in IGKV2-8, occur primarily within the CDR1 of IGKV2 subgroup genes.
Further, CDR1 appears to be shared by some IGKV2 subgroup genes, but not necessarily
between alleles. Interestingly, a similar phenomenon was observed in the porcine IGH
locus, in which many IGHV genes share individual CDR (Butler et al. 2006¢; Eguchi-
Ogawa et al. 2010). The pattern of variation may be due to evolution through non-
crossover homologous recombination events, namely gene conversion. Evidence for
germline gene conversion was also observed in the human IGKV (Bentley and Rabbitts
1983) and mouse IGHV (Cohen and Givol 1983) genes and in the human IGHC genes
(Flanagan et al. 1984, Lefranc et al. 1986, Huck et al; 1988). IG gene conversion is
generally presented as a mechanism of somatic antibody diversification, especially in
chickens and rabbits which utilize a diverse array of pseudogenes as templates for
functional IG gene assembly during B cell development to diversify limited functional
germline repertoires (recently reviewed by Kurosawa and Ohta 2011). In swine, however,
there is little evidence supporting somatic diversification through templated gene
conversion (Butler et al. 2006b). Thus, the porcine kappa locus appears to have achieved
repertoire diversity through gene duplication and germline gene conversion to increase

allelic variation in CDR1.
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CHAPTER |11

ORGANIZATION, COMPLEXITY, AND DIVERSITY OF THE PORCINE

IMMUNOGLOBULIN LAMBDA LOCUS

Schwartz JC, Lefranc M-P, and Murtaugh MP (2012) The organization, complexity and
allelic diversity of the porcine (Sus scrofa domesticus) immunoglobulin lambda locus.
Immunogenetics. 64(5):399-407. doi:10.1007/s00251-011-0594-9
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We have characterized the organization, complexity, and expression of the
porcine (Sus scrofa domestica) immunoglobulin lambda (IGL) light chain locus, which
accounts for about half of antibody light chain usage in swine, yet is nearly totally
unknown. Twenty-two IGL variable (IGLV) genes were identified that belong to seven
subgroups. Nine genes appear to be functional. Eight possess stop codons, frameshifts, or
both, and one is missing the V-EXON. Two additional genes are missing an essential
cysteine residue and are classified as ORF (open reading frame). The IGLV genes are
organized in two distinct clusters, a constant (C)-proximal cluster dominated by genes
similar to the human IGLV3 subgroup, and a C-distal cluster dominated by genes most
similar to the human IGLV8 and IGLV5 subgroups. Phylogenetic analysis reveals that
the porcine IGLV8 subgroup genes have recently expanded, suggesting a particularly
effective role in immunity to porcine-specific pathogens. Moreover, expression of IGLV
genes is nearly exclusively restricted to the IGLV3 and IGLV8 genes. The constant locus
comprises three tandem cassettes comprised of a joining (IGLJ) gene and a constant
(IGLC) gene, whereas a fourth downstream IGLJ gene has no corresponding associated
IGLC gene. Comparison of individual BACs generated from the same individual revealed
polymorphisms in IGLC2 and several IGLV genes, indicating that allelic variation in

IGLV further expands the porcine antibody light chain repertoire.
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INTRODUCTION

Adaptive humoral immunity is mediated by a diverse array of genes which
recombine during B cell development to generate a vast repertoire of antigen-binding
immunoglobulin (IG) proteins. Antigen binding is carried out using the variable domains
of both a heavy chain and a light chain. The antibody variable domain is encoded by a
variable (V) gene, a diversity (D) gene (heavy chain-only) and a joining (J) gene which
rearrange via recognition and cleavage of flanking recombination signal (RS) sequences
by the RAG1 and RAG2 complex and subsequent double strand break repair whereby the
intervening sequence is excised from the genome (McBlane et al. 1995; Kim and
Oettinger 2000). Three complementarity determining regions (CDR) within the variable
domain of each heavy and light chain exhibit a large degree of sequence variability.
These CDR provide antibodies with an incredibly diverse antigen-binding repertoire (Wu
and Kabat 1970, Lefranc and Lefranc 2001).

A large body of knowledge concerning the pig (Sus scrofa domestica) IG heavy
(IGH) locus has been accumulated. Its germline organization on chromosome 7¢25-q26
(Yerle et al. 1997) of the constant (IGHC) genes and the fifteen C-proximal V (IGHV)
genes have been mapped, and its expression has been characterized (Eguchi-Ogawa et al.
2010). However, the two light chain loci, kappa (IGK) and lambda (IGL), on
chromosomes 3q12-ql14 and 14916-g21, respectively (Yerle et al. 1997), are only
partially characterized in the vicinity of their constant genes, and no information is

available on the organization of their variable genes (Butler et al. 2006). A search of
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GenBank and IMGT/LIGM-DB (Giudicelli et al. 2006) reveals the presence of
approximately 100 cDNA sequences for the porcine kappa locus and only two partial
lambda cDNA sequences, thus highlighting the lack of information on swine light chain
loci. Here, we interrogated available porcine genome sequence (Schook et al. 2005;
Humphray et al. 2007; Archibald et al. 2010), as well as additional sequence generated by
our lab and available in GenBank and IMGT/LIGM-DB to completely characterize the
organization, complexity, and expression of the porcine light chain lambda (IGL) locus.
Our findings show that the locus organization is typical of mammalian species, but is
substantially modified so that expression is dominated by V genes that have undergone a

recent expansion.
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MATERIALS AND METHODS

Identification and sequencing of bacterial artificial chromosomes

The Sus scrofa genome build 9 was queried to identify bacterial artificial
chromosomes (BACS) containing IGLV sequences using the Basic Local Alignment
Search Tool (BLAST) within the Ensembl database (Altschul et al. 1990; Hubbard et al.
2002). Nucleotide sequences in the region of interest for each BAC were downloaded
from GenBank for further analysis. The CHORI (Children's Hospital Oakland Research
Institute)-242 BAC library used was derived from a single Duroc sow
(http://bacpac.chori.org/porcine242.htm). Four BACs were identified that span the IGL
locus (CH242-141B5, CH242-524K4, CH242-15805, CH242-288F14) and two
additional BAC clones (CH242-298L.14 and CH242-82N3) were found to overlap and
extend upstream of the locus (Figure 3.1A). Of these BACs, three represent completely
sequenced contigs (CH242-15805, CH242-298L.14, and CH242-82N3) and the
remaining three are only partially sequenced. CH242-288F14 is fragmented into five
contigs; however, its content almost completely overlaps CH242-15805 and CH242-
298L.14. Additionally, CH242-141B5 is fragmented into seven contigs and CH242-
524K4 is fragmented into 19 contigs (not shown). Due to a number of gaps in the overlap
between these two BACS, it was uncertain if the entire IGL locus was represented. We re-
sequenced these two BAC clones. They were expanded overnight, and BAC DNA was

purified using the Qiagen Plasmid Midi Prep with Qiagen-tip 500 columns. Purified
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DNA was submitted to the University of Minnesota Biomedical Genomics Center for
library preparation and paired-end sequencing using the Illumina GAIIx platform.

Characterization of the porcine 1G lambda locus
Approximately 20 million high quality reads were sorted by molecular tag to differentiate
samples and assembled using a combination of the software programs ABYSS and Velvet
(Simpson et al. 2009; Zerbino and Birney 2008). Generated contigs were assembled
against the existing BAC sequences from GenBank using Sequencher 4.10.1 (Gene
Codes Corporation). The insert of CH242-141B5 retained a 651 bp gap in a highly
repetitive region of the IGLC locus and CH242-524K4 retained several gaps, primarily in
the IGLC locus and further downstream. The entire J-C region was re-sequenced using
primer walking, PCR, and chain-termination sequencing to resolve the gaps. It included
using primers specific for each IGLJ paired with either a reverse IGLJ specific-primer or
with a conserved IGLC primer for PCR amplification and chain-termination sequencing.
The extent of the locus re-sequenced for the present study thus included the entire
constant region and the first six IGLV genes. However, no new IGLV genes were
identified as a result of our next generation sequencing, as these were all present on
previously shotgun sequenced contigs. The complete locus sequences were manually
annotated and interrogated for immunoglobulin features such as RS (ie. heptamers and
nonamers), promoters (ie. octamers), and gene structure using the annotation software
Artemis (Rutherford et al. 2000).

The sequences of CH242-141B5, CH242-524K4, CH242-15805, CH242-288F14,

CH242-298L14, and CH242-82N3 were acquired from GenBank (accession numbers:
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CU467669, CU467599, CU468977, CU468665, CT827879, and CU062407,
respectively) and assessed for IGLV, IGLJ, and IGLC genes using BLAST. Phylogenetic
analyses were performed in CLC Sequence Viewer (CLC Bio) and Dendroscope (Huson
et al. 2007) using the Unweighted Pair Group Method with Arithmetic Mean (UPGMA)
with 1000 bootstrap iterations. Genes were annotated according to IMGT®, the
international ImMMunoGeneTics information system® (Lefranc et al. 2009)
(http://www.imgt.org). Translated amino acid sequences of the IGLV genes were
compared and CDR and framework (FR) boundaries were annotated according to IMGT
unique numbering for V region and V domain (Lefranc et al. 2003). IGLC gene
translations were annotated according to IMGT unique numbering for C domain (Lefranc
et al. 2005). Expression of germline IGLV genes was deduced using 116 BLAST hits
from 398,837 porcine expressed sequence tags (ESTs) obtained from GenBank and
deposited at: http://pigest.ku.dk/index.html (Gorodkin et al. 2007) using an E-value
threshold of 10™%? and > 98 percent identity.

Nomenclature

The porcine IGLV genes are named according to IMGT nomenclature (Lefranc
and Lefranc 2001; Lefranc 2007; Lefranc 2008), using human V gene subgroup
nomenclature to maintain consistency with porcine heavy chain, light chain, and cattle
lambda light chain nomenclature (Eguchi-Ogawa et al. 2010; Butler et al. 2005; Butler et
al. 2006; Pasman et al. 2010). The porcine IGLV, IGLJ and IGLC genes were submitted
to IMGT/GENE-DB (Giudicelli et al. 2005). BLAST at NCBI was used to organize

IGLV genes into subgroups using a 75 percent identity threshold according to IMGT
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criteria (Lefranc and Lefranc 2001; Lefranc 2007; Lefranc 2008). Genes were deemed
pseudogenes if they contained a truncation, stop codon, frameshift, or a defective
initiation codon. Additionally, genes were described as ORF (open reading frame) if they
were missing one (or more) key amino acids (1st-CYS 23, CONSERVED-TRP 41,
hydrophobic 89, and 2nd-CYS 104). RS were deemed non-canonical if the heptamer was
anything other than “CACAGTG” for V-HEPTAMER (or “CACTGTG” for J-
HEPTAMER) or if the nonamer contained at least two nucleotides which were each

present in less than 10 percent of all RS described by Ramsden et al. (1994).
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RESULTS

Organization of the porcine immunoglobulin lambda locus
The porcine IG lambda (IGL) locus spans approximately 229 kb on chromosome 14
(Figure 3.1). The IGLV locus is organized in two distinct clusters containing 22 IGLV
genes, fewer as compared to humans and cattle which have three clusters containing a
total of 52 and 25 IGLV genes, respectively (Frippiat et al. 1995; Pasman et al. 2010).
The C-proximal cluster contains 6 IGLV genes, of which one is a pseudogene. The C-
distal cluster, approximately 65.1 kb upstream, contains 16 IGLV genes, of which 8 are
pseudogenes. Two of the pseudogenes possess premature stop codons (IGLV3-1 and
IGLV8-21), four have mutated start sites (IGLV(II)-8, IGLV1-15, IGLV1-20, and
IGLV5-22), five are frameshifted (IGLV(I11)-8, IGLV5-11, IGLV5-17, IGLV1-20, and
IGLV5-22), and one (IGLV1-12) is missing the V-EXON (Table 3.1). In addition,
multiple codons are deleted from both IGLV3-1 and IGLV5-11. Two additional genes are
classified as ORF (IGLV7-7 and IGLV7-9) since they lack the highly conserved cysteine
residue at IMGT position 104 (2nd-CYS), which is critical for intrachain disulfide bond
formation with the cysteine at position 23 (1st-CYS) and are therefore unlikely to be
functional (Tables 3.1 and 3.2) (Lefranc et al. 2003; Bergman and Kuehl 1979). IGLV8-
16 contains an insertion within CDR3, creating a premature stop codon at the 3' end of
the gene. However, due to exonuclease and terminal deoxynucleotidyl transferase (TdT)
activity in the V-J junction during recombination, it is plausible for this stop codon to be

altered and generate a functional V region. The intervening region between the IGLV
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clusters contains the genes PRAME and ZNF280B, syntenic with cattle (Pasman et al.
2010).

The presence of additional IGLV clusters farther upstream was ruled out by
analyzing contiguous, overlapping sequence represented by the fully sequenced BACs
CH242-298L14 and CH242-82N3 (Figure 3.1A). These BACs extend approximately 445
kb upstream from the most upstream IGLV gene, IGLV5-22. Flanking the IGL locus
upstream from IGLV5-22 on these BACs are the genes SLC5A4, SLC5A1, YWHAH, and
DEPCDS5 (ordered from IGL-proximal to distal), syntenic with the cattle upstream
flanking genes (UCSC Genome Browser, assembly: bos_taurus_ UMD _3.1/bosTau6).
This effectively rules out the possibility of additional upstream IGLV clusters and makes
the germline porcine IGL locus more compact than that of cattle.

In contrast to the mouse IGL locus which is organized in tandem V-J-C cassettes
(Sanchez et al. 1991), the organization of the porcine IGL locus is similar to most other
mammals having tandem J-C cassettes downstream of the IGLV genes (Figure 3.1D).
Approximately 91 kb of sequence on CH242-524K4 lies downstream of IGLJ4, the most
3’ IGLJ gene. However, no corresponding IGLC gene was identified, based on both
chain-termination and next generation sequencing. Likewise, PCR failed to amplify a
product when using an 1GLJ4-specific forward primer when paired with either of two
conserved constant region reverse primers, despite positive results with the other IGLJ-
specific primers (data not shown). The canonical amino acid motif W/F-G-X-G was

present in the IGLJ genes save IGLJ1, which also has a non-canonical RS, indicating that
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swine only possess two functional J-C cassettes, IGLJ2-IGLC2 and IGLJ3-IGLC3 (Table
3.3).

Phylogenetic analysis of IGLV genes

The C-proximal IGLV cluster contains 5 genes (4 functional and one
pseudogene) all belonging to either the IGLV3 or IGLV2 subgroups. The second cluster
is comprised of 16 genes, six of which belong to the IGLV8 subgroup, four belong to
IGLVS5, three belong to IGLV1, two belong to IGLV7, and one, which most closely
resembles members of IGLV clan 111 yet, is distinct from any defined subgroup. This
organization differs from cattle, which possess four IGLV2 subgroup genes and four
IGLV3 subgroup genes in the most C-proximal IGLV cluster and exclusively contain
IGLV1 genes in their second and third IGLV clusters (Pasman et al. 2010). Interestingly,
IGLV8 subgroup genes are at least 92.4% identical to each other compared to IGLV1,
IGLV3, and IGLV5 genes which are only 84.5%, 74.2%, and 79.5% identical,
respectively. This suggests that porcine IGLV8 genes result from a recent expansion by
gene duplication (Figure 3.2).

Allelic variation
BACs at the 5” and 3’ ends of the IGLV locus overlap with approximately 99 percent
identity. All eight IGLV genes in these overlaps differ by at least a single nucleotide
(Table 3.1). IGLV3-3, IGLV3-4, IGLV8-19, and IGLV8-21 differ by 2, 4, 6, and 8 amino
acids between alleles, respectively (Table 3.2). A gene order polymorphism was found in

the second IGLV cluster at the 5” end of the locus, where the last four IGLV genes have a
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different order (Figures 3.1B and 3.1C). However, it is not certain if it is real or is an
artifact due to whole genome shotgun sequencing and assembly error.

The CH242-141B5 insert terminates downstream of IGLJ3 and is therefore
missing IGLC3 and IGLJ4. There are no nucleotide substitutions in any of the first three
IGLJ genes or their respective RS between BACs. Sequence analysis revealed, however,
that IGLC2 on CH242-524K4 contains a non-synonymous SNP resulting in an A1>T
(using IMGT numbering) amino acid substitution. Other than this polymorphism, the
constant region exons are all identical to each other (Table 3.4).

Expression of IGLV genes

Only IGLV3 and IGLV8 subgroup genes are predicted to be expressed based on
functionality and RS (Table 3.5), in agreement with a previous report (Butler et al. 2006).
BLAST analysis of a porcine EST database revealed that all functional IGLV8 subgroup
genes are expressed, with IGLV8-13 and IGLV8-18 expressed most abundantly, but only
two IGLV3 subgroup genes were expressed (Figure 3.3). In contrast, IGLV3 family
members were reported to dominate the expressed pre-immune lambda repertoire in
neonatal pigs (Butler et al. 2006). Additionally, low level expression of IGLV5-14 was
observed despite the presence of non-canonical heptamer and nonamer sequences (Table
3.5).

A canonical octamer (ATTTGCAT) necessary for transcription was present upstream of
all IGLV genes except for six (IGLV2-6, IGLV-7, IGLV5-11, IGLV5-14, IGLV1-15, and
IGLV5-17). The octamer was located 106 bp upstream of the seven most highly

expressed IGLV genes (six IGLV8 subgroup genes and IGLV3-3). The mean distance
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among all IGLV genes was 94 bp and ranged from 82 to 108 bp (Table 3.5), which is

typical of mammals (Parslow et al. 1984).
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Table 3.1 Porcine (Sus scrofa domestica) IGLV subgroups, gene and allele names. Allele

functionality, clone names and accession numbers are provided
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Clone
IMGT IMGT IMGT Fct Clone names accession
subgroup gene name allele name numbers
CH242-15805 CU468977.2
- _19%
IGLV1-12 IGLV1-12*01 P() CH242-141B5 CU467669.2
CH242-15805 CU468977.2
- _1R*
IGLV1 IGLV1-15 IGLV1-15*01 P(2) CH242-141B5 CU267669.2
IGLV1-20 IGLV1-20*01 P(3) CH242-15805 CU468977.2
IGLV1-20*02 P(3) CH242-141B5 CU467669.2
IGLV2 IGLV2-6 IGLV2-6*01 F CH242-141B5 CU467669.2
IGLV3-1 IGLV3-1*01 P(4) CH242-141B5 CU467669.2
IGLV3-1*02 P(4) CH242-524K4 CU467599.3
IGLV3-2 IGLV3-2*01 F CH242-141B5 CU467669.2
IGLV3-2*02 F CH242-524K4 CU467599.3
IGLV3 IGLV3-3 IGLV3-3*01 F CH242-141B5 CU467669.2
IGLV3-3*02 F CH242-524K4 CU467599.3
IGLV3-4 IGLV3-4*01 F CH242-141B5 CU467669.2
IGLV3-4*02 F CH242-524K4 CU467599.3
IGLV3-5 IGLV3-5*01 F CH242-141B5 CU467669.2
CH242-15805 CU468977.2
- - x|
IGLVS-11 IGLV5-11%01 PO) CH242-141B5 CU467669.2
CH242-15805 CU468977.2
- - x|
IGLV5 IGLVS-14 IGLV5-14*01 F CH242-141B5 CU467669.2
CH242-15805 CU468977.2
- - x|
IGLVS-17 IGLVS-17*01 P(6) CH242-141B5 CU467669.2
IGLV5-22 IGLV5-22*01 P(7) CH242-15805 CU468977.2
IGLV5-22*02 P(7) CH242-288F14 CU468665.2
CH242-15805 CU468977.2
- 7|
IGLV7 IGLV7-7 IGLV7-7701 ORF(8) CH242-141B5 CU467669.2
CH242-15805 CU468977.2
- _O*|
IGLVT-9 IGLV7-9%01 ORF() CH242-141B5 CU467669.2
CH242-15805 CU468977.2
- - %
IGLVE-10 IGLV8-10%01 F CH242-141B5 CU467669.2
CH242-15805 CU468977.2
- - x|
IGLVE-13 IGLV8-13*01 F CH242-141B5 CU467669.2
CH242-15805 CU468977.2
- - x|
IGLVS IGLVE-16 IGLV8-16*01 F CH242-141B5 CU467669.2
IGLV8-18 IGLV8-18*01 F CH242-15805 CU468977.2
IGLV8-19 IGLV8-19*01 F CH242-15805 CU468977.2
IGLV8-19*02 F CH242-288F14 CU468665.2
IGLV8-21 IGLV8-21*01 P(10) CH242-15805 CU468977.2
IGLV8-21*02 P(10) CH242-288F14 CU468665.2
CH242-15805 CU468977.2
- Q%
IGLV(III) IGLV/(II1)-8 IGLV/(I11)-8*01 P(11) CH242-141B5 CU267669.2

Fct, functionality; F, functional; P, pseudogene; ORF, open reading frame

(1) V-EXON is missing

(2) INIT-CODON replaced by Val (ATG>GTG)
(3) INIT-CODON replaced by Arg (ATG>CGG); frameshift at position 98; 2nd-CYS replaced by Val; STOP-CODON

(4) STOP-CODON in L-PART1, codons 80-87 are deleted
(5) 14 nt deletion and frameshift from codons 2-6, frameshift at position 45

(6) Frameshift at position 57

(7) L-PART1 and V-EXON are fused, INIT-CODON is replaced by Leu (ATG>CTG), frameshift in FR3-IMGT

(8) 2nd-CYS replaced by Tyr
(9) 2nd-CYS replaced by Ser

(10) STOP-CODON in L-PART1
(11) INIT-CODON replaced by Lys (ATG>AAG); frameshift in FR1-IMGT
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Table 3.2 IMGT protein display of inframe porcine (Sus scrofa domestica) IGLV genes. The protein display is shown using IMGT
header (IMGT Repertoire, http://www.imgt.org) and IMGT unique numbering for V region and V domain (Lefranc et al. 2003)
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FR1-IMGT CDR1-IMGT FR2-IMGT CDR2-IMGT FR3-IMGT CDR3-IMGT

(1-26) (27-38) (39-55) (56-65) (66-104) (105-117)
A B BC c c* cec c D E F FG
(1-15) (16-26) (27-38) (39-46)  (47-55)  (56-65) (66-74)  (75-84) (85-96)  (97-104)
> > —_——> > > > >

1 15 16 26 27 38 39 46 47 55 56 65 66 74 75 84 85 96 97 104 105 113

| | I [P | I PR | I [P | I [P | I PR | I [P | I [P | I PP | [ [P | [ [ |
IGLV1-15*01  QAVLTQPPS.ESGSL GQRVTLSCTGS SSNIG...GGNS VNWSQPLP GKVPRSVFT YA....... N LMAIAAP.D QFSGFK..SG SSGTLTITGLQA EDDAEYYC TAGGDSLDG
IGLV1-20*01  QAVLTQLLS.TSGSL GQRVTLSCTGS SSNIG...SGNT VNWSQQLP GKAPRTIID GN....... S NRPSGVP.D QFSGSK..SG SSGTLTITGLQA ELRLSITV *PGRTASMV
I1GLV2-6*01 QSALTQPPS.VSRNL KEMETISCAGT SSDI..... GGY VSWYQQHP GLAPKFLIY YV....... N TRASGIP.D GFCGSK..SG NTASLTISGLQA EDEADYYC SSPRSGGTL
IGLV3-1*01 SCELTQPPS.LSVSL GQMARITCGGN NIG.. . ... YKH TFWYQQKV GQAPVLVMY SD....... S HQLSGIP.E LFSGS..... ...TLTISRARA EDEEDYYC AVADGKGSS
I1GLV3-2*01 SYEVTQPPS.VSVNP GQRASITCEGN NIG. .. ... RKD 1QWYQQKP GQAPVLFIY ED....... T NRPSGIP.E RFSASK..SG NTATLTISGAQA EDEADYYC QSYDDSYTP
IGLV3-3*01 SYELTQPSS.ESVAL GNTAKITCSGD LLD...... EKY TQWYQQKP GQAPLLLIY KD....... S ERPSGIP.E RFSGSS..SG KTATLTITGAQA EDEADYYC QSADSIDNA
IGLV3-3*02 SYELTQPSS.ESVAL GNTAKITCSGD LLD...... EKY TRWYQQKP GQAPLLLIY KD....... S ERPSGIP.E RFSGSS..SG KTATLTITGAQA EDEADYYC QSADSSDNA
I1GLV3-4*01 SSKLTQPPG.VSVSL GGTASIACQGD NFG.. . ... SYY AHWYQQKP GQSPMLVIY EY....... N KRASGIP.D RFSGSK..SG NTATLTISGAQA EDEADYYC QSSDDSYTP
I1GLV3-4*02 SSQLTQPPG.VSVSL GGTASITCQGG NFG.. . ... SYY AHWYKQKP GQSPMLVIY EY....... N KRASGIP.D RFSGSK..SG NTATLTISGAQA EDEADYYC QSSDDSYTP
IGLV3-5*01 SSKLTQPPG.VSVSL GGTASITCQGA NFG. . .. .. SYY AHWYQQKP GQSPELVIY EY....... P EIFLGFL.E RFSVSR..TG DTATLTISGAQA EDEADYYC QVYDGGYHV
IGLV5-14*01  QAVLTQPPS.LSASP GPSARLPCTLS SGSSV...GSYH ISWYQRKP GRPPWYLLR FHFAS_SKDQ GSGVPSC.F SGDKDA..SA HAGLLLISGLQP EDKADCDC LNWQSSAS
IGLV7-7*01 SQMVTQEIS.LSTTS GETVTLTCGSS AGAVT...TSNY ASWVQQKP YEVLWGLIG GT....... S TQIPGVP.A RFSGSL..LG DKAALTRSGAQS KDEADYYY VLWFSNV
I1GLV7-9*01 PSCVTQEPS_KTVSP GVTVTFTCGSS MGVVT...I1GHY PCWFQQKP GQAPRTLIY DT....... N SKLSWTP.A WFSGSF..LG DKAALILSRAQP QDQVEYYS GAQ
IGLV8-10*01  SQTVIQEPA.MSVSP GGTVTLTCAFS SGSVT...TSNY PSWFQQTP GQPPRLLIY RT....... N NRPTGVP.S RFSGAI..SG NKAALTITGAQA NDEADYFC TLYKSSAN
IGLV8-13*01  SQTVIQEPA.MSVSP GGTVTLTCAFS SGSVT...TSNY PSWFQQTP GQPPRQLIY ST....... N NRPTGVP.S RFSGAI..SG NKAALTITGAQA EDEADYFC ALYKSSAN
IGLV8-16%01  SQTVIQEPA.MSVSL GGTVTLTCAFS SGSVT...SSNY PSWYQQTP GQPPRQLIY ST....... N SRPTGVP.S RFSGAI..SG NKATLTITGAQA EDEADYFC ALYKGSGTYT*
IGLV8-18*01  SQTVIQEPA.MSVSL GGTVTLTCAFS SGSVT...SSNY PGWFQQTP GQPPRTVIY ST....... N SRPTGVP.S RFSGAI..SG NKATLTITGAQA EDEADYFC ALYKSCTN
IGLV8-19*01  SQTVIQEPA.MSVSL GGTVTLTCAFS SGSVT.._SSNN PGWFQQTP GQPPRTVIY QT....... N NRPTGVP.S RFSGAI..SG NKATLTITGAQA EDEADYFC ALGKSCTN
IGLV8-19%02  SQTVIQEPA.MSVSL GGTVTLTCAFS SGSVT...SSNY PGWYQQTP GQPPRQLIY ST....... N SRPTGVP.S RFSGAI..SG NKATLTITGAQA EDEADYFC ALYKSCTN
IGLV8-21*01  SQTVIQEPA.MSVSP GGTVTLTCAFS SGSVT...TSNY PGWYQQTP GQPPRQLIY QT....... N SRPTGVP.S RFSGAI..SG NKATLTITGAQA EDEADYFC ALEKSSAN
IGLV8-21*02  SQTVIQEPA.MSVSP GGTVTLTCAFS SGSVT...TSNY PSWFQQTP GQPPRQLIY QT....... N SRPTGVP.S RFSGAI..SG NKATLTITGAQA EDEADYFC ALEKSSAN
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Table 3.3 Porcine (Sus scrofa domestica) 1GLJ nucleotide (nt) and amino acid (AA) sequences

and associated J-RS

IGLV

gene Fct J-NONAMER J-SPACER J-HEPTAMER J-REGION nt and AA sequence

1GLJ1 P GGGTTTTGT TCGAGCCTCAGT CAGCGTG GTATTTTTCCGGCAGCGAGACTCAGTTCACCGCCTTAG
Y FSGSETIQFTA AL

1GLI2 F GGTTTATGT TTGAGGCTGTAT CACTGTG TAATATTTTCGGCGGTGGGACCCATCTGACCGTCCTCG
N1 FGGGTHLTVL

1GLJ3 F GGTTTATGT TTGAGGCTGTAT CACTGTG TGTTCCCTTCGGCGGTGGGACCCATCTGACCGTCCTCG
VPFGGGTHLTUVL

1GLI4 F GGTTTATGT TTGAGGCTGTAT CACTGTG CGATAGGTTCGGCCGAGGGACCCGTCTAAGTGTCCTCC

DR F GRGTRL S VL

Fct, functionality; F, functional; P, pseudogene
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Table 3.4 IMGT protein display of porcine (Sus scrofa domestica) IGLC genes. The protein display is shown using IMGT header

(IMGT Repertoire, http://www.imgt.org) and IMGT unique numbering for C domain (Lefranc et al. 2005)

A AB B BC c cD D DE E EF F FG G
(1-15) (16-26) (27-38)  (39-45) (77-84) (85-96) (97-104)  (105-117)  (118-128)

> > > > > > —_—_—>

1 15 16 26 27 38 39 45 77 84 85 96 97 104 105 117 118 128
87654321 .. ... ... i<] [ [ [ 11234567] .. .. .. 112345677654321] . . ... ... .. 1120-..... [ [ |
1GLC1*01 QPKAAPTVNLFPPSSEELG. . . TNKATLVCLIS DFYP. .GAVT VTWKAGGTTVTQ. . GVETTKPSKQSN. .. ... NKYAASSYLALSASDW. .KSSSGFTC QVTHE. .. .GTIV EKTVTPSECA.
1GLC2*01 QPKAAPTVNLFPPSSEELG. . . TNKATLVCLIS DFYP. .GAVT VTWKAGGTTVTQ..GVETTKPSKQSN. ... .. NKYAASSYLALSASDW. .KSSSGFTC QVTHE. ...GTIV EKTVTPSECA.
1GLC2*02 QPKATPTVNLFPPSSEELG. . . TNKATLVCLIS DFYP. .GAVT VTWKAGGTTVTQ._ GVETTKPSKQSN. .. ... NKYAASSYLALSASDW. .KSSSGFTC QVTHE. .. .GTIV EKTVTPSECA.
1GLC3*01 QPKAAPTVNLFPPSSEELG. . . TNKATLVCLIS DFYP. .GAVT VTWKAGGTTVTQ._ GVETTKPSKQSN. ... .. NKYAASSYLALSASDW. .KSSSGFTC QVTHE. ...GTIV EKTVTPSECA.
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Table 3.5 Genomic features of the porcine (Sus scrofa domestica) IGLV genes

V-RS
GLvgene Rt OCETEN o papn Sspliee nton (o Gy V- SPACER  V-NONAMER
Y (promoter) ) (") site (nt) Fs’ite (1) HEPTAMER (M)

IGLV3-1*01 P ATTTGCAT 96 ATG 46 GT 358 AG 282  CCCAGTG 37 ACACAAACT
IGLV3-2%01 F  ATTTGCAT 96 ATG 46 GT 370 AG 299  CACAGTG 23 ACACAAACT
IGLV3-2%02 F ATTTGCAT 96 ATG 46 GT 363 AG 299  CACAGTG 17 ACACAAACT
IGLV3-3*01 F ATTTGCAT 106 ATG 46 GT 143 AG 299  CACAGTG 23 ACACAAACC
IGLV3-4*01 F ATTTGCAT 82 ATG 46 GT 151 AG 299  CACAGTG 23 ACACAAACC
IGLV3-5%01 F  ATTTGCAT 82 ATG 46 GT 151 AG 299  CACAGTG 23 ACACAAACT
IGLV3-5%02 F  ATTTGCAT 82 ATG 46 GT 151 AG 299  CACAGTG 23 ACACAAACC
IGLV2-6*01 F ATTTGTAT 101 ATG 46 GT 116 AG 302  TACAGTG 23 ACACAAACC
IGLV7-7*01  ORF ATCTGCAT 101 ATG 46 6T 97  AG 301  CACCGTG 23 ACATGAGCC
IGLV(111)-8 P ATTTGCAT 93 AAG 47 GT 111 AG 267  CACAGTG 21 ACTCAAACC
IGLV7-9%01  ORF ATTTGCAT 108 ATG 43 GT 85  AG 288  CACAGTG 23 GACACAAAG
IGLV8-10*01  F  ATTTGCAT 106 ATG 46 6T 97  AG 304  CACAGTG 23 ACCCAAACC
IGLV5-11*01 P  ACTGGCAT 87 ATG 46 GT 109 TG 303  CACAATG 23 AAAAAACAT
IGLV1-12%01 P  ATTTGCAT 108 ATG 46 GA - - - - - -
IGLV8-13*01  F  ATTTGCAT 106 ATG 46 GT 97  AG 304  CACAGTG 23 ACCCAAACC
IGLV5-14*01  F  ACTGGCAT 88 ATG 46 GT 121 AG 323  CACTGTG 23 AGAAGAATC
IGLV1-15%01 P  ATTGGCAT 107 GTG 46 GT 106 AG 310  CACAGTG 23 ACCAAAACC
IGLV8-16*01  F  ATTTGCAT 106 ATG 46 GT 97  AG 312  CACAGTG 23 ACCCAAACC
IGLV5-17*01 P  ACTGGCAT 87 ATG 46 GT 121 AG 302  CACTGTA 23 TGGGAACGG
IGLV8-18%01  F  ATTTGCAT 106 ATG 46 6T 97  AG 304  CACAGTG 23 ACTCAAACC
IGLV8-19%01  F  ATTTGCAT 106 ATG 46 6T 97  AG 304  CACAGTG 23 ACCCAAACC
IGLV8-19%02 ~ F  ATTTGCAT 105 ATG 46 6T 98  AG 304  CACAGTG 23 ACCCAAACC
IGLV1-20%01 P  ATTTGCAT 88 CGG 46 GT 108 AG 309  CACAGTG 23 ACCAAAACC
IGLV1-20%02 P  ATTTGCAT 91 CGG 46 GT 108 AG 309  CACAGTG 23 ACCAAAACC
IGLV8-21*01 P  ATTTGCAT 106 ATG 46 cc 96  AG 304  CACAGTG 23 ACCCAAACC
IGLV5-22*01 P ATTTGCAT 103 CTG - - - - 354 CACAGTG 23 AGAAGAATC

Fct, functionality; F, functional; P, pseudogene; ORF, open reading frame

IMGT standardized labels are written in capital letters.
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Figure 3.1 Organization of the porcine (Sus scrofa domestica) immunoglobulin lambda (IGL) locus. (A) BACs used to determine
locus organization. Grey and black bars represent allelic variation. (B) IGL locus gene organization. Genes are displayed along a
scaffold line as vertical bars representing functional genes (long bars), pseudogenes (short bars), or ORF (intermediate bars). (C)
Rearranged gene order in IGLV1-19 to IGVL1-22 in BAC CH242-288F14. (D) Organization of the IGL J-C locus. The non-Ig related

genes ZNF280B, PRAME, and SLC5A4 are shown for genomic context
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Figure 3.2 Phylogenetic analysis of porcine (Sus scrofa domestica) IGLV nucleotide
sequences using UPGMA with 1000 bootstrap iterations. Genes comprising the most
highly expressed subgroup, IGLVS, are very tightly clustered, suggestive of a relatively

recent expansion. Nodes are labeled with bootstrap values
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Figure 3.3 Expression of porcine (Sus scrofa domestica) IGLV genes. BLAST analysis
revealed 116 hits to germline IGLV sequences from 398,837 expressed sequence tags in
GenBank and deposited at http://pigest.ku.dk/index.html (Gorodkin 2007). The x-axis is
organized by gene order in the locus with the most 5' (most C-distal) IGLV genes on the

left. Genes belonging to the IGLV8 subgroup dominate the expression profile
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DISCUSSION

The porcine immunoglobulin lambda (IGL) locus organization is typical among
mammalian species, containing multiple V genes followed by tandem J-C cassettes.
Among described species, it is most similar in organization to, but is more compact than
cattle, another member of the order Cetartiodactyla. The capacity for recombinatorial
diversity is significantly limited since more than half of the V genes are pseudogenes or
ORF and one of four J genes lacks a paired C gene. The lack of IGLC4 downstream of
IGLJ4 and a non-canonical heptamer and mutated W/F-G-X-G motif associated with
IGLJ1 suggest that swine use only two J-C cassettes (IGLJ2-IGLC2 and IGLJ3-IGLC3).
The only porcine lambda cDNA previously described is identical to IGLJ3 (Lammers et
al. 1991).

Screening of EST databases indicates that the vast majority of expressed IGLV
genes belong to the IGLV8 subgroup, followed by IGLV3 and IGLV5. The IGLV8
subgroup is the result of a recent expansion, presumably by gene duplication, suggesting
that its products have provided a strong selective advantage. Our EST analysis differs
from an earlier report which showed that the C-proximal IGLV3 is the most highly
expressed IGLV subgroup in the porcine pre-immune repertoire (Butler et al. 2006). The
preferential use of C-proximal IGLV2 and IGLV3 subgroup genes has been reported in
humans (Frippiat et al. 1995). Similarly, C-proximal IGHV gene preference has been
reported in mice (Yancopoulos et al. 1984; Malynn et al. 1990), rabbits (Knight and

Becker 1990), and humans (Berman et al. 1991). However, in mice, IGHV gene usage
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shifts upstream with animal age, possibly due to an increased presence of peripheral B
cells bearing more distal genes as a result of environmental stimulation, since the number
of pre-B cells possessing C-proximal rearrangements remains unchanged in the bone
marrow of adult mice (Malynn et al. 1990; Jung et al. 2006). It is plausible that swine
may similarly shift IGLV usage upstream with age and peripheral antigenic stimulation.
In addition, several IGLV3 genes containing canonical RS were not detected in the EST
database, due possibly to poor reactivity to exogenous antigen so that the B cells
expressing these genes are rare, or the B cells may have been deleted due to reactivity to
self-antigens.

The size of the expressed repertoire may be increased by allelic variation.
Polymorphisms, comprising from 2 to 7 amino acid differences, were identified in 4 of
the 8 IGLV genes that were present in overlapping BACs from the single animal used to
construct the BAC library. Thus, allelic variation in swine V regions may significantly
increase the complexity of the lambda repertoire.

The two most C-proximal human IGLV clusters are dominated by 34 IGLV genes
largely belonging to IGLV2 and IGLV3. The reduced complexity of C-proximal IGLV in
pigs compared to cattle suggests that this cluster has undergone contraction and
expansion during the divergent evolution of these two species. The third human IGLV
cluster is dominated by IGLV1, IGLV5, and IGLV7 which correspond to the swine
IGLV genes of the distal cluster. IGLV8, however, only occurs as a single gene in the
most distal region of the third human IGLV cluster, suggesting that significant gene order

reshuffling as well as expansion and/or contraction has occurred specifically during suid
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evolution. Thus, the immunogenetic loci may represent ideal regions for identifying intra-

species gene order and gene content polymorphisms.
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CHAPTER IV

THE EXPRESSED PORCINE ANTIBODY LIGHT CHAIN REPERTOIRE AND

RESPONSE TO PRRSV INFECTION

In preparation for The Journal of Immunology
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Antibody responses are fundamentally important to effector and memory
mechanisms of disease resistance. Knowledge of antibody repertoire diversity is a
prerequisite for the elucidation of protective immunity to viral infections. Therefore, the
antibody light chain repertoire diversity was characterized in swine and marked, specific
changes were observed following infection of pigs with the major swine pathogen,
porcine reproductive and respiratory syndrome virus (PRRSV). Deep sequencing of
>516,000 light chain VJ variable regions showed that, similar to humans, swine utilize
both lambda and kappa loci equivalently, but VV and J gene segment usage was highly
restricted in both loci. Greater than 99% of lambda light chains were IGLV3 and IGLV8
family members, and 100% of kappa locus transcripts were IGKV1 and IGKV2. J region
usage was restricted to IGLJ2 and IGLJ3 in the lambda locus, and >95% IGKJ2 in the
kappa locus. Nevertheless, total diversity richness estimates were 2.3 x 10° for lambda
and 1.5 x 10° for kappa. A striking example of lambda locus allelic variation also was
noted; 4 of 5 pigs possessed a previously undescribed functional gene segment (IGLV3-
1-1). Infection by PRRSV reduced total richness due to expression of several highly
abundant clonal populations. Importantly, functional antibody repertoires differed
substantially among individuals, thus illustrating the variation in immune response in

outbred populations that is a challenge to development of broadly effective vaccines.
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INTRODUCTION

Lymphocyte receptor diversity is generated from multiple genetic loci containing
many copies of similar genes that can recombine to yield an astronomical array of
potential antigen-binding structures. The antigen-binding domain of the B cell receptor is
encoded by a variable (V) gene, a diversity (D) gene (heavy chain-only) and a joining (J)
gene. Within this variable region exist three hypervariable or complementarity-
determining regions (CDRs) which may differ considerably in sequence between genes
and which constitute the antigen-binding loops of the antibody molecule (Wu and Kabat
1970; Lefranc and Lefranc 2001). In pigs, these genes are organized in three loci, a heavy
chain locus and two light chain (kappa and lambda) loci and are found on separate
chromosomes (7, 3, and 14, respectively) (Yerle et al. 1997).

Recently, the organization of the kappa and lambda immunoglobulin loci was
characterized allowing for more detailed analyses of their expression and diversity
(Schwartz et al. 2012a, 2012b). To date, there have been fragmentary investigations of
the expressed porcine immunoglobulin light chain repertoire (Butler et al. 2005, 2009a;
Lammers et al. 1991). The present study attempts to fill this gap via deep sequencing of
an antibody light chain amplicon library generated from five pigs. Approximately
516,000 pyrosequencing reads were generated and analyzed for their diversity and
richness. Analyses reveal the existence of a novel immunoglobulin lambda V (IGLV)
gene segment that exists as either a functional allele or a non-functional one that is highly

expressed in animals possessing a functional copy. Changes in the abundance distribution
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of antibody sequences to favor several highly abundant clones was also observed during
experimental infection with porcine reproductive and respiratory syndrome virus
(PRRSV), suggestive of clonally-amplified PRRSV-specific antibody light chain

sequences.
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MATERIALS AND METHODS

Sample preparation

Lymphoid tissues (spleen, palatine tonsil, inguinal lymph node, and bronchial
lymph node) collected from five animals in a previous study (Klinge et al. 2009) were
utilized in this study. All five animals were of commercial source with genetically similar
backgrounds and of the same age at time of challenge (approximately 3 weeks of age). To
identify pathogen-associated light chain transcripts, three pigs were infected with PRRSV
strain JA142 and the remaining two were sham-inoculated at three weeks of age. All five
animals were euthanized at 62 days post-inoculation, at which point tissues were
harvested and stored in RNAlater. Tissues were subsequently homogenized and total
RNA extracted using the RNeasy Mini Kit (Qiagen) and reverse transcribed using the
QuantiTect Reverse Transcription Kit (Qiagen). Genomic DNA was separately extracted
using the QlAamp DNA Mini Kit (Qiagen).

Library generation and sequencing

Reverse primers were designed against the conserved constant region exon
sequences using Primer3 set to default parameters (Rozen and Skaletsky 2000). This
eased our approach as the kappa locus contains a single constant region exon (IGKC) and
the lambda locus contains three nearly identical constant region exons. V gene family-
specific forward primers were developed using the conserved leader region sequences
derived from previous annotations of the porcine kappa and lambda loci (Schwartz et al.

2012a, 2012b) (Table 4.1). The Roche 454 Titanium fusion adapter A (5'-
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CGTATCGCCTCCCTCGCGCCATCAG) was attached to the 5" end of each forward
primer and fusion adapter B (5'-CTATGCGCCTTGCCAGCCCGCTCAG) was attached
to the 5' end of each reverse primer. To differentiate between animals, a 10 base
molecular ID tag was added to the forward primer between the fusion adapter and the
template-specific sequence. Each PCR was performed separately in order to reduce any
potential bias. Products were pooled according to pig, quantified by spectrophotometry,
and pooled in equimolar amounts so that the final library contained approximately the
same number of amplicons from each animal. This product was then both gel purified
and column purified using the QIAquick PCR purification kit (Qiagen). The sample was
sequenced at the W. M. Keck Center for Comparative and Functional Genomics,
University of Illinois at Urbana-Champagne. Roche Titanium 454 pyrosequencing was
performed from the forward fusion adapter A so that all of the reads were of the same
orientation and more likely to span the variable region.

Sequence analysis

Pyrosequencing results were imported into the database software FileMaker Pro
11 for parsing. Reads were translated into putative amino acid sequences using EMBOSS
within the Galaxy framework (Rice et al. 2000; Blankenberg et al. 2007). Short reads (<
350 bp), reads with a missing or aberrant molecular ID tag, and reads containing stop
codons and/or ambiguous amino acids were excluded from further analyses. IGKV and
IGLV gene segment usage was determined using BLAST (Altschul et al. 1990). The
molecular ID tag as well as IGKJ and IGLJ gene segment usage were determined by

identifying conserved nucleotide sequences and annotating within FileMaker. For
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diversity analysis, amino acid sequences were first clustered using cd-hit at an identity
threshold of 100% (Li and Godzik 2006). The clustered results were used to generate
abundance curves within Excel. Cd-hit output and Chaol were used to calculate lower-
bound estimates of repertoire richness (Colwell and Coddington 1994; Chao 1984; Chao

and Lee 1992).
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RESULTS

Sequencing results

A total of 516,097 pyrosequencing reads was obtained with a mean length of
approximately 510 bases and a median length of 521 bases. Of these, 79,172 reads that
that did not span the entire variable region (< 350 bases) were excluded from downstream
analyses. An additional 11,739 reads with aberrant molecular ID tags and 53,046 reads
containing premature stop codons and/or ambiguous nucleotides were also excluded from
downstream analyses. Investigation of these latter reads revealed that many were frame-
shifted in homopolymer regions, suggesting that they are artifacts of 454 pyrosequencing,
a known drawback of the platform (Shendure and Hanlee 2008). Thus, a total of 372,140
full-length, in-frame reads were analyzed for \VV and J gene segment usage. The
percentage of reads from individual pigs were approximately equal (pig 1, 19.0%; pig 2,
16.9%; pig 3, 20.3%; pig 4, 20.0%; pig 5, 23.8%). Furthermore, the number of reads
obtained from kappa and lambda-containing transcripts were similar (42.9% vs. 57.1%,
respectively). As no attempt was made to equalize these during library preparation, this
ratio may reflect the actual light chain usage in swine as it is similar to the 1:1 ratio
previously reported (Hood et al. 1967; Butler et al. 2004).

Kappa locus gene expression

A total of 159,721 reads covering the entire variable region were obtained
corresponding to the immunoglobulin kappa locus. According to BLAST analysis,
101,714 (64%) of these matched most closely with genes from the IGKV1 family and

58,007 matched most closely to members of the IGKV2 family (Figure 4.1a). This is in
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contrast to previous reports which suggest that IGKV2 family members are more
abundant, at least among pre-immune piglets (Butler et al. 2004; Schwartz et al. 2012a).
Similar to previous reports, however, IGKJ2 accounted for the vast majority of J gene
usage (Figure 4.1a). In contrast, IGKJ3 and IGKJ5 were unexpressed while IGKJ1 and
IGKJ4 were expressed at very low levels (each approximately 1% of IGKJ usage).

In order to characterize gene segment usage, IGKV sequence identities were
compared to the annotated gene segments. A distribution of reads of varying putative
amino acid identity was observed such that the median number of mismatches varied
from 3 (IGKV2-6) to 10 (IGKV1-11) (Figure 4.2a). There were no major differences
noted between individual pigs in terms of IGKV gene segment usage. Of the nine
putatively functional IGKV gene segments, two were unexpressed (IGKV1-7 and
IGKV1-14) in all five pigs.

Lambda locus gene expression

A total of 212,419 full-length lambda variable region reads were obtained. IGLV
gene BLAST results were very similar to what we previously reported using an EST
database (Schwartz et al. 2012b) (Figure 4.1b). IGLV8 family members were dominantly
expressed (67.6%), followed by IGLV3 family members (32.4%). We also confirmed the
low level expression of IGLV5-14, as we detected a total of 71 reads from this gene
segment. As predicted by the annotation, neither IGLJ1 nor IGLJ4 were found to be
utilized. Additionally, usage of IGLJ2 is slightly favored over the more V-distal IGLJ3
cassette (59% vs. 41%, respectively) (Figure 4.1b). Similar to what was found with

regard to the kappa locus, there was no association between specific IGLV and IGLJ

108



gene segments. A single, otherwise apparently functional gene segment (IGLV2-6),
showed no expression in any of the five animals. This is despite the use of a conserved,
specific forward primer directed against the IGLV2 leader region (Table 4.1) and post-
PCR gel purification of the expected size range and inclusion in the sequenced pool.

Characterization of the novel IGLV gene segment, IGLV3-1-1

Sequenced IGL transcripts typically contained three to six putative amino acid
mismatches on average compared to the annotated IGLV genes (Figure 4.3b).
Interestingly, a large number of reads matching most closely to IGLV3-4*01 contained
about 20 mismatches (not shown). Analysis of representative reads from this group
revealed that they match most closely with an unannotated truncated pseudogene that is
flanked by IGLV3-1 and IGLV3-2 and in the same orientation as the rest of the locus
(Table 4.2). The pseudogenic allele (Hereafter: IGLV3-1-1*01) of this gene segment is
present on the bacterial artificial chromosome (BAC) 242-141B5 (GenBank:
CU468977.2) (Schwartz et al. 2012b). The 5' end of IGLV3-1-1*01 is deleted such that it
becomes recognizable starting in framework region 2. IGLV3-1-1*01 is positioned
approximately 182 bp downstream from the recombination signal sequence of IGLV3-2
(Figure 4.4). PCR, using forward primers directed against either the CDR-L2 of IGLV3-2
or the conserved IGLV3 leader sequence and a reverse primer directed against the CDR-
L2 of IGLV3-1-1*01, and Sanger sequencing identified both the pseudogene, IGLV3-1-
1*01 (180 bp), and its functional variant, IGLV3-1-1*02 (296 bp) in all four animals
expressing the functional allele (data not shown). No transcripts from this gene segment

were produced by pig 1(Figure 4.3b, Figure 4.5). In addition, neither set of primers
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amplified product specific to either of the alleles from this animal, suggesting that
IGLV3-1-1 is entirely absent from pig 1. Interestingly, among the C-proximal IGLV3
gene segment family members, IGLV3-3 is almost exclusively expressed by this pig
(Figure 4.3Db).

While we identified IGLV3-1-1*01 on the BAC CH242-141B5, we sought to see
if it was present on the other annotated BAC, CH242-524K4. (GenBank: CU467599.3).
Using full-length cDNA sequence we identified a small 381 bp contig generated from our
previous Illumina re-sequencing of this BAC which contains the entire functional allele
of 1GLV3-1-1*02. Given the contig's small size and thus lack of genomic context, the
contig likely assembled erroneously to the IGLV3-4 region, given the high degree of
similarity between these regions (Schwartz et al. 2012b).

Characterization of individual pig gene segment usage revealed that pig 2 does
not express the prototypic functional allele of IGLV3-1-1 (*02). Instead, pig 2 expresses
a range of transcripts that are most similar to, yet are 8-12 percent different from IGLV3-
1-1*02, suggesting the existence of either a novel gene segment, or more likely another
allele of IGLV3-1-1, which will be referred to as IGLV3-1-1*03 (Figure 4.5, Table 4.2).

CDR-L3 characterization

As expected due to the known lack of TdT expression during light chain
rearrangement, we found that light chain CDR-L3 lengths largely correspond to the
known CDR-L3 lengths encoded by the V and J gene segments (Figure 4.6).
Interestingly, however, we detected a distribution of functional transcripts with CDR-L3

lengths that ranged from 4 to 16 amino acids in length for kappa and 4 to 23 amino acids
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in length for lambda, despite a germline restriction for 9 amino acids (IGK) and 10 to 11
amino acids (IGL). Approximately one-eighth (12.5%) of all IGK CDR-L3s and one-
third (33.5%) of all IGL CDR-L3s differed from the expected lengths.

Diversity and richness of the porcine immunoglobulin light chain repertoire

Using putative amino acid sequences for the full length \V-J region from each
animal, we obtained lower bound richness estimates of 1.6 x 10° to 2.8 x 10° molecules
for the lambda repertoire and 1.1 x 10° to 1.7 x 10° molecules for the kappa repertoire
(Figure 4.7). Abundance distributions for these reads reveal a power-law distribution
where the vast majority of sequences are exceptionally rare while a small number are
very common, similar to what has been reported in zebra fish (Weinstein et al. 2009)
(Figure 4.8).

The anti-PRRSV response

The three pigs infected with PRRSV all appear to have shifted their light chain
abundance distributions such that they favor fewer, yet more abundant light chain
sequences. Several of these clonal populations particularly dominate - accounting for
between 1-3 percent of their respective repertoires (Figure 4.8). This analysis suggests
that these highly abundant clones are PRRSV-specific. Our data also reveal that many of
the most abundant clones are not shared between pigs, even between PRRSV-infected
pigs. IGLV8-16 was highly abundant among pigs 1-4, although the amino acid sequences
in pigs 3 and 4 differed from pigs 1 and 2 (Tables 4.3 and 4.4). This was the only
sequence shared between PRRSV-infected animals. IGLV3-3 dominated the expressed

lambda repertoire of pig 1 and a single sequence from this gene segment was also highly
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abundant in pigs 2 and 3, but not the PRRSV-uninfected pigs (Tables 4.3 and 4.4).
Among kappa transcripts, many of the highly abundant clones in the infected animals
were also highly abundant in uninfected pigs, although the their proportional usage was
generally much higher in the infected animals (Tables 4.5 and 4.6). These data suggest
that at least for light chains, the more frequently used gene segments are more likely to be
involved in a primary immune response. Although, much of this diversity has most likely
arisen through somatic hypermutation and recombinatorial error (i.e. junctional
diversity), our data here seem to indicate that allelic variation between individual animals

substantially impacts the expression of the antibody repertoire.
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Table 4.1 Primers used in the current study.

Target Template-specific sequence
IGKV1 (F) 5" -GCCTCYTGCTGCTCTGG
IGKV2 (F) 5" -TTCCCTGCTCAGCTCCTG
IGLV2 (F) 5"-CCTTGTCACCCTCCTCACTC
IGLV3 (F) 5" -CTGGAYCCCTCTCCTGCTC
IGLV5 (F) 5" -GGACTCCTCTGCTGATCGTG
IGLVS (F) 5" -CCTGGACGGTGCTTCTGAT
IGLV8-21 (F) 5"-CTTCTGCTTTGCTCCTCGTT
IGKC (R) 5" -GACCACCCCATCCACTTTC
IGLC (R) 5" -CCTTCCAGGTCACCGTCA

F, forward; R, reverse
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Table 4.2 Deduced amino acid sequences of the novel functional alleles of IGLV3-1-1. Shown according to IMGT unique numbering

(Lefranc et al. 2003)

FR1-IMGT CDR1-IMGT FR2- IMGT CDR2- IMGT FR3-IMGT CDR3- IMGT
(1-26) (27-38) (39-55) (56-65) (66-104) (105-117)
A B BC c cr crc c D E F FG
(1-15) (16-26) (27-38)  (39-46) (47-55) (56-65)  (66-74)  (75-84) (85-96) (97-104)
> > S — > > > >
1 15 16 26 27 38 39 46 47 55 56 65 66 74 75 84 85 96 97 104 105

leeeee o [ [P [ [P | [ | [ [ [ [ [ [ [ | [ [ |
1GLV3-1-1*02 SSQLTQVPG.VSVSL GGTASIACLGD NFV. ... ... YA ANWYQQKP GQAPILVIY GG....... S LRPLGIP.E RFSGSS..SG NSATLTISGAQA EDEADYYC QSADSSDNA
1GLV3-1-1*03 SSQLTQPPG.VSVSL GGTASIACLGD NFI. ... ... YA ANWYQQKP GQAPILVIY DG....... S RRPSGIP.E RFSGSS..SG KTATLTITGAQA EDEADYYC QSADSSENA
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Table 4.3 Frequency of the five most abundant lambda light chain sequences in five

individual pigs. Actual amino acid sequences (coded in column 3) are presented in table

4.4
Abundance  Sequence \'} J aa Percent of repertoire by pig
Rank mismatches
(V region) 1 2 3 4 5
1 A IGLV8-16 IGU3 1 3.07 0.42 4.5E-03 0 0
IGL 2 B IGLV3-3 IGU3 0 2.65 0.32 0.20 0.11 4.9E-02
Pigl 3 C IGLV3-3 IGU3 2 1.72 0.17 4.5E-03 2.5E-03 0
4 D IGLV3-3 1GLJ2 0 0.86 0.20 8.9E-03 5.1E-03 1.4E-02
5 E IGLV8-10 IGU2 0 0.77 0.25 0.25 0.07 0.26
1 F IGLV3-3 IGLJ2 1 0 1.07 0 2.5E-03 0
IGL 2 G IGLV8-18 IGLJ3 6 2.6E-03 0.42 0 0 0
Pig 2 3 A IGLV8-16 IGL3 1 3.07 0.42 4.5E-03 0 0
4 H IGLV8-19 IGU3 8 0 0.39 0 0 0
5 I IGLV8-18 IGU3 7 0 0.34 2.2E-03 0 0
1 J IGLV8-10 IGU2 3 0 0 0.80 0 0
IGL 2 K IGLV8-16 IGU3 0 0 0.01 0.73 0 0
Pig 3 3 L IGLV3-1-1 IGLU3 1 0 0 0.49 0.28 0.17
4 M IGLV3-1-1 1GLJ2 0 0 0 0.40 0.26 0.85
5 N IGLV3-3 1GLJ2 2 0 0 0.36 0 0
1 (o] IGLV8-13 IGU3 3 0 0 0 0.56 0
IGL 2 L IGLV3-1-1 IGL3 1 0 0 0.49 0.28 0.17
Pig 4 3 P IGLV8-16 IGLJ3 1 0 0 0 0.28 0
4 Q IGLV3-1-1 IGU3 0 0 0 0.20 0.27 0.09
5 M IGLV3-1-1 IGLJ2 0 0 0 0.40 0.26 0.85
1 M IGLV3-1-1 1GLJ2 0 0 0 0.40 0.26 0.85
IGL 2 R IGLV3-5 IGU2 0 0.08 0.15 0.11 0.21 0.65
Pig 5 3 S IGLV3-5 1GLJ2 2 0 0 0 0.17 0.47
4 T IGLV3-1-1 1GLJ2 0 0 0 0.20 0.11 0.46
5 E IGLV8-10 1GLJ2 0 0.77 0.25 0.20 0.07 0.26

115



Table 4.4 Most abundant lambda light chain sequences as described in previous table (Table 4.3). Shown according to IMGT unique

numbering (Lefranc et al. 2003)

FR1-IMGT CDR1-IMGT FR2- IMGT CDR2- IMGT FR3- INGT CDR3- IMGT FR4
(1-26) (27-38) (39-55) (56-65) (66-104) (105-117) (J region)
A B BC c cr crcr c D E F FG
(1-15) (16-26) (27-38)  (39-46) (47-55) (56-65)  (66-74)  (75-84) (85-96) (97-104)
> > —_——> > > > >
1 15 16 26 27 38 39 46 47 55 56 65 66 74 75 84 85 96 97 104 105 113
| PR I [P | I PP | I [P | I [ | I [P | I [P | I PP | I [ | I PP | I [P l-

A SQTVIQEPA.MSVSL GGTVTLTCAFS SGSVT...SSNY PSWYQQTP GQPPRQLIY ST....... N SRPTGVP.S RFSGAI..SG NKATLTITGAQA EDEADYFC ILYKGSGTY.. TPFGGGTHLTVL
B SYELTQPSS.ESVAL GNTAKITCSGD LLD...... EKY TQWYQQKP GQAPLLLIY KD....... S ERPSGIP.E RFSGSS..SG KTATLTITGAQA EDEADYYC QSADSIDN. .. VPFGGGTHLTVL
C SYELTQPSS.ESVAL GNTAKITCSGD LLD...... EKY TQWYQQKP GQAPLLLIY KD....... S ERPSGIP.E RFSGSS..SG KTATLTITGAQA EDEADYYC QSTNSIDN. .. VPFGGGTHLTVL
D SYELTQPSS.ESVAL GNTAKITCSGD LLD...... EKY TQWYQQKP GQAPLLLIY KD....... S ERPSGIP.E RFSGSS..SG KTATLTITGAQA EDEADYYC QSADSID.... NIFGGGTHLTVL
E  SQTVIQEPA.MSVSP GGTVTLTCAFS SGSVT...TSNY PSWFQQTP GQPPRLLIY RT....... N NRPTGVP.S RFSGAI..SG NKAALTITGAQA NDEADYFC TLYKSSA. ... NIFGGGTHLTVL
F  SYELTQPSS.ESVAL GNTAKITCSGD LLD...... EKY TQWYQQKP GQAPLLLIY KD....... S ERPSGIP.E RFSGSS..SG KTATLTITGAQA EDEADYYC QSADSIEDA.. IIFGGGTHLTVL
G SQTVIQEPA.MSVSL GGTVTLTCAFS SGSVT...TSNY PSWFQQTP GQPPRTVIY NT....... N SRPTGVP.S RFSGAI..SG NKAALTITGAQA EDEADYFC ALSKSCSN... VPFGGGTHLTVL
H  SQTVIQEPA.MSVSL GGTVTLTCAFS SGSVT...SSNY PSWYQQTP GQPPRQLIY RA....... N VRPTGVP.G RFSGAI..SE NKAALTITGAQA EDEADYFC ALYKSGTNG.. VPFGGGTHLTVL
I SQTVIQEPA.MSVSL GGTVTLTCAFS SGSVT...TSNY PSWFQQIS GQPPRTVIY NT....... N SRPTGVP.S RFSGAI..SG NKAALTITGAQA EDEADYFC ALSKSCTN... VPFGGGTHLTVL
J  SQTVIQEPA.MSVSP GGTVTLTCAFS SGSVT...TSNY PGWFQQTP GQPPRLLIY RT....... I NRPTGVP.S RFSGAI..SG NKAALTITGAQA NDEADYFC TLYKSSTN... AIFGGGTHLTVL
K  SQTVIQEPA.MSVSL GGTVTLTCAFS SGSVT...SSNY PSWYQQTP GQPPRQLIY ST....... N SRPTGVP.S RFSGAI..SG NKATLTITGAQA EDEADYFC ALYKGSGN... VPFGGGTHLTVL
L  SSQLTQVPG.VSVSL GGTASIACLGD NFV..._.... YA ANWYQQKP GQAPILVIY GG....... S LRPLGIP.E RFSGSS..SG NSATLTISGAQA EDEADYYC QSADSSDN. .. VPFGGGTHLTVL
M SSQLTQVPG.VSVSL GGTASIACLGD NFV....... YA ANWYQQKP GQAPILVIY GG....... S LRPLGIP.E RFSGSS..SG NSATLTISGAQA EDEADYYC QSADSSDN. .. AIFGGGTHLTVL
N  SYELTQPSS.ESVAL GNTAKITCSGD LLD...... EKY TRWYQQKP GQAPLLLIY KD..._.... S ERPSGIP.E RFSGSS..SG KRATLTITGAQA EDEADYYC QSPDSSKR... ATFGGGTHLTVF
O SQTVIQEPA.MSVSP GGTVTLTCAFS SGSVT...TSNY PSWFQQTP GQPPRQLIY ST....... D NRPTGVP.S RFSGAI..SG NTAALTITGAQA EDEADYFC ALYKSSGN... APFGGGTHLTVL
P SQTVIQEPA.MSVSL GGTVTLTCAFS SGSVT...SNNY PSWYQQTP GQPPRQLIY ST....... N SRPTGVP.S RFSGAI..SG NKATLTITGAQA EDEADYFC ALYKGSGTAAE VPFGGGTHLTVL
Q SSQLTQVPG.VSVSL GGTASIACLGD NFV....... YA ANWYQQKP GQAPILVIY GG....... S LRPLGIP.E RFSGSS..SG NSATLTISGAQA EDEADYYC QSADSSDN. .. APFGGGTHLTVL
R SSKLTQPPG.VSVSL GGTASITCQGA NFG. .. ... SYY AHWYQQKP GQSPELVIY EY....... P EIFLGFL.E RFSVSR..TG DTATLTISGAQA EDEADYYC QVYDGGYH... VIFGGGTHLTVL
S SSQLTQPPG.VSVSL GGTASITCQGA NFG. .. ... SYY AHWYKQKP GQSPELVIY EY....... P EIFLGFL.E RFSVSR..TG DTATLTISGAQA EDEADYYC QVYDGGYH... VIFGGGTHLTVL
T  SQTVIQEPA.MSVSP GGTVTLTCAFS SGSVT...TSNY PSWFQQTP GQPPRLLIY RT....... N NRPTGVP.S RFSGAI..SG NKAALTITGAQA NDEADYFC TLYKSSA. ... NIFGGGTHLTVL



Table 4.5 Frequency of the five most abundant kappa light chain sequences in five

individual pigs. Actual amino acid sequences (coded in column 3) are presented in table

4.6
Abund. Sequence \ J aa Percent of repertoire by pig
Rank mismatches
(V region) 1 2 3 4 5
1 A IGKV1-11 1GKJ2 1 2.43 1.71 0.52 0.01 1.11
IGK 2 B IGKV2-10 1GKJ2 0 1.54 0.14 0.01 0 0
Pig1 3 C IGKV1-11 1GKJ2 2 0.79 0.07 0 0 0
4 D IGKV1-11 1GKJ2 0 0.78 0.01 0 0 0
5 E IGKV2-10 1GKJ2 0 0.81 1.35 0.70 0.34 0.57
1 A IGKV1-11 1GKJ2 1 2.43 1.71 0.52 0.01 1.11
IGK 2 E IGKV2-10 1GKJ2 6 0.81 1.35 0.70 0.34 0.57
Pig 2 3 F IGKV2-8 1GKJ2 1 0.07 0.39 0.1 0.08 0.11
4 G IGKV1-11 1GKJ2 8 0.47 0.37 0.16 0.04 0.22
5 H IGKV2-8 1GKJ2 7 0.23 0.31 0.11 0 0.27
1 E IGKV2-10 1GKJ2 3 0.81 1.35 0.70 0.34 0.57
IGK 2 A IGKV1-11 1GKJ2 0 2.43 1.71 0.52 0.01 1.11
Pig3 3 | IGKV1-11 1GKJ2 1 0 0 0.41 0 0
4 J IGKV1-11 1GKJ2 0 0 0 0.34 0 0
5 K IGKV1-11 1GKJ2 2 0 0 0.31 0 0
1 L IGKV1-11 1GKJ2 3 0 0 0 0.99 0
IGK 2 M IGKV1-11 1GKJ2 1 0 0 0.25 0.44 0.02
Pig4 3 N IGKV1-11 1GKJ2 1 0 0 0 0.34 0
4 (o] IGKV1-11 1GKJ2 0 0 0 0.22 0.34 0
5 E IGKV2-10 1GKJ2 0 0.81 1.35 0.70 0.34 0.57
1 A IGKV1-11 1GKJ2 0 2.43 1.71 0.52 0.01 1.11
IGK 2 E IGKV2-10 1GKJ2 0 0.81 1.35 0.70 0.34 0.57
Pig 5 3 P IGKV1-11 1GKJ2 2 0 0 0 0 0.35
4 Q IGKV2-10 1GKJ2 0 0.28 0.29 0.16 0.11 0.30
5 R IGKV1-11 1GKJ2 0 0 0 0.01 0 0.29
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Table 4.6 Most abundant lambda light chain sequences as described in previous table (Table 4.5). Shown according to IMGT unique

numbering (Lefranc et al. 2003)

FR1-IMGT CDR1-IMGT FR2- IMGT CDR2- IMGT FR3- INGT CDR3- IMGT FR4
(1-26) (27-38) (39-55) (56-65) (66-104) (105-117) (J region)
A B BC c cr crcr c D E F FG
(1-15) (16-26) (27-38)  (39-46) (47-55) (56-65)  (66-74)  (75-84) (85-96) (97-104)
> > —_——> > > > >
1 15 16 26 27 38 39 46 47 55 56 65 66 74 75 84 85 96 97 104 105 113
| PR I [P | I PP | I [P | I [ | I [P | I [P | I PP | I [ | I PP | I [P l-

A AIQMTQSPASLAASL GDTVSITCRAS QSI...... SSY LAWYQQQP GKAPKLLIY AA....... S SLQSGVP.S RFKGSG..SG TDFTLTISGLQA EDVATYYC QQHNSAP.... YGFGAGTKLELK
B AIVLTQTPLSLSVSP GEPASISCRSS QSLLHT.DGKNY LNWYLQKP GQSPQLLIY YA....... T IRDTGVP.D RFTGSG..SG TDFTLKISRVEA GDVGVYYC SQALQSP.... FGFGAGTKVELK
C  AIQMTQSPASLAASL GDTVSITCRAS QSI...... SNN LAWYQQQA GKAPKLLIY AA....... S SLQSGVP.S RFKGSG..SG TDFTLTISGLQA EDVATYYC QQHNSVP.... LGFGAGTKLELK
D AIQMTQSPASLAASL GDTVSITCRAS QSI...... SSY LAWYQQQA GKAPKLLIY WA....... S VLQSGVP.S RFKGSG..SG TDFTLTISGLQA EDVATYYC QQHNSAP.... YGFGAGTKLELK
E  AIVLTQTPLSLSVSP GEPASISCRSS QSLLHT.DGKNY LNWYLQKP GQSPQLLIY YA....... T NRDTGVP.D RFTGSG..SG TDFTLKISRVEA EDVGVYYC FQALQSP.... YGFGAGTKLELK
F  AIVLTQTPLSLSVSP GEPASISCRSS QSLVDS.DGDSL LHWYLQKP GQSPRLLFY FA....... T NRASGVP.D RFSGSG..SG TDFTLKISRVEA EDAGVYYC QQNKESP.... YGFGAGTKLELK
G AIQLTQSPASLAASL GDTVSITCRAS QSI...... SSY LAWYQQQP GKAPKLLIY AA....... S SLQSGVP.S RFKGSG..SG TDFTLTISGLQA EDVATYYC LQHSSAP.... YGFGAGTKLELK
H  AIVLTQSPLSLSVSP GEPASISCRSS QSLEI..YGSNL LSWYQQKP GQSPRLLIY FA....... T NKASGVP.D RFSGSG..SG TDFTLKISRVEA EDAGVYYC QQHKESP.... YGFGAGTKLELK
I AIQMTQSPASLAASL GDTVSITCRAS QSI...... SSY LTWYQQQP GKAPKLLIH AA....... S TLQSGVP.S RFKGSG..SG TDFTLTISGLQA EDVATYYC QQYNSAP.... LGFGAGTKLELK
J  AIQLTQSPASLAASL GDTVSITCRAS QSI...... NKW LAWYQQQP GKAPKLLIY TA.._.... S TLQSGVP.S RFKGSG..SG TDFTLTISGLQA EDVATYYC FDYSSAP. ... NGFGAGTKLELK
K  AIQLTQSPASLAASL GDTVSITCRAS QSI...... SSY LGWYQQQP GKAPKLLIY AA....... S SLQSGVP.S RFKGSG..SG TDFTLTISGLQA EDVASYYC LQYNSAP.... YGFGAGTKLELK
L  AIQLTQSPASLAASL GDTVSITCRAS QSI...... SSY LGWYQQQP GKAPKLLIY KA....... S SLQSGVP.S RFKGSG..SG TDFTLTISGLQA EDVATYYC LQHNTTP.... YGFGAGTKLELK
M AIQLTQSPASLAASL GDTVSITCRAS QSI...... SSY LAWYQQQP GKAPKLLIY AA....... S SLQSGVP.S RFKGSG..SG TDFTLTISGLQA EDVATYYC LQHSSAP. ... YGFGAGTKLELK
N  AIQLTQSPASLAASL GDTVSITCRAS QSI...... SSN LAWYQQQP GKAPKLLIY KA....... S SLQTGVP.S RFKGSG..SG TDFTLTISGLQA EDVATYYC FQHNSAP. ... YGFGAGTKLELK
O AIQLTQSPASLAASL GDTVSITCRAS QSI. .. ... SSY LGWYQQQP GKAPKLLIY AA....... S SLQSGVP.S RFKGSG..SG TDFTLTISGLQA EDVATYYC LQHNSAP. ... YGFGAGTKLELK
P AIQMTQSPASLAASL GDTVSITCRAS QSI...... SSY LAWYQQQP GKAPKLLIY DA....... S SLQSGVP.S RFKGSG..SG TDFTLTISGLQA EDVATYYC QQHNSAP. ... HSFGAGTKLELI
Q AIVLTQSPLSLSVSP GEPASISCRSS QSLLHS.DGASL LYWYQQKP GQSPRLLIY YA. ... ... T NRATGVP.D RFTGSG..SG TDFTLKISRVEA EDVGVYYC QQIIHSP. ... YGFGAGTKLELK
R AIQLTQSPASLAASL GDTVSITCRAS QTI...... SSY LAWYQQQP GKAPKLLIY KA....... S TLQSGVP.S RFKGSG..SG TDYTLTISGLQA EDVATYYC LQHSYAP.... YGFGAGTKLELK
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Figure 4.1 Combinatorial light chain VV-J usage in swine. (A) IGK usage. (B) IGL usage.
Results pooled from five animals. The two horizontal axes enumerate the V (x-axis) and J
(z-axis) gene segments and are ordered based on their genomic positions. Only V gene
segments that were expressed are displayed on the x-axis. All J gene segments are

displayed, however. There was no expression of IGKJ3, IGKJ5, IGLJ1, and IGLJ4.
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Figure 4.2 Number of amino acid mismatches in sequenced transcripts compared to the
published annotations. (A) IGKV. (B) IGLV. Results pooled from five animals. The x-
axis shows V gene segments that showed some level of expression and are arranged

based on their genomic context.
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Figure 4.3 Light chain V gene segment usage in individual pigs. (A) IGK. (B) IGL. The
x-axis shows V gene segments that showed some level of expression and are arranged

based on their genomic context.
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Figure 4.4 The genomic context of the novel IGLV3-1-1 gene segment in its (A)

functional (*02) and (B) non-functional (*01) allelic forms.
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Figure 4.5 Number of amino acid mismatches in sequenced transcripts of each of the five
pigs that BLAST to the novel IGLV3-1-1 gene segment. Z-axis value of zero indicates
identity with the prototypic functional allele IGLV3-1-1*02. Pig lexpresses no
transcripts from this gene segment, while pig 2 expresses transcripts that differ markedly

from the prototypic allele.
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Figure 4.6 CDR-L3 length distributions. (A) Distribution of 187,810 IGL CDRS3 regions.

(B) Distribution of 147,189 IGK CDR3 regions.
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Figure 4.7 Lower-bound richness estimates for the total size of the light chain repertoire
among individual pigs. Lambda: average, 2.3x10°; standard deviation: 4.9x10*. Kappa:

average, 1.5x10°; standard deviation, 4.9x10*
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Figure 4.8 Light chain abundance distributions for five individual pigs. (A) IGK. (B)
IGL. Open circles represent sequences derived from PRRSV-infected animals and closed
circles represent uninfected animals. The y-axis is displayed on a linear scale to
emphasize the differences between the infected and uninfected pigs. When displayed on a

log-log plot, the curve forms a straight line, characteristic of a power-law distribution.
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DISCUSSION
Gene segment content and usage

In neonatal pigs it has been reported that the C-proximal IGLV3 family members
dominate the expressed pre-immune repertoire (Butler et al. 2006). This is in contrast to
our previous findings as well as our present findings in which IGLV8 family members
dominate the IGLV expression profile (Schwartz et al. 2012b). It has been reported that
mouse heavy chain gene usage shifts upstream in peripheral B-cells with age and
antigenic stimulation (Malynn et al. 1990; Jung et al. 2006). In swine, however, this
paradigm is challenged by a recent report showing the exclusive usage of IGLV8 in
porcine yolk sac and fetal liver, with IGLV8-10 comprising more than >50 percent of
lambda rearrangements (Wertz et al. 2013). The IGKV repertoire is dominated by the
expression of two gene segments, namely, IGKV2-10 and IGKV1-11, with minor
contributions from the remainder of the known functional gene segments. This contrasts
with our previous findings where these remaining functional gene segments were
generally expressed at higher levels (Schwartz et al. 2012a). However, this previous
analysis was based on a relatively small number of porcine-derived expressed sequence
tags obtained from GenBank with no information regarding their origin. Thus, given the
mixed reports for both lambda and kappa gene segment usage, it seems plausible that
gene segment usage in peripheral B-cells, especially among adult animals, is heavily
influenced by environmental conditions.

Three putatively functional V gene segments (IGLV2-6, IGKV1-7, and IGKV1-

14) were not expressed in any of the five animals studied. Comparison with the described
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genomic features reveal that IGLV2-6 is the only putatively functional gene segment in
the lambda locus to lack a conserved octamer in the promoter region (ATTTGCAT ->
ATTTGTAT) and a conserved heptamer in the recombination signal sequence
(CACAGTG -> TACAGTQG). Likewise, both IGKV1-7 and IGKV1-14 are the only
known V gene segments in the kappa locus lack a canonical octamer (ATCTGCAT, both)
and both possess a non-canonical 5' splice site in their intron (GT -> GG) (Schwartz et al.
2012a,b). Thus, our findings highlight the importance of these non-coding regions on the
expressibility or usage of V gene segments.

As shown in Figure 2a, there is a notably high level of sequence divergence in
these IGK transcripts from the annotation. However, because the annotation describes
the 14 most C-proximal IGKV genes in the locus, it is quite likely that additional
unannotated gene segments lie further upstream. These annotated gene segments were
found to be highly variable between the two chromosomes that were sequenced, making
it likely that the large amount of sequence variation among the IGK transcripts is due to
both a high level of allelic variation and an incomplete locus annotation and thus,
additional upstream gene segment usage (Schwartz et al. 2012a). Indeed, the average
number of amino acid differences between lambda transcripts and the annotated genome
were around two to five, that same number for kappa varied between six and ten amino
acids. This suggests that the annotation for the kappa locus is incomplete, as it seems
unlikely that somatic hypermutation would preferentially target one light chain and not
the other. A recent study has also putatively identified an additional IGKV2 gene

segment, although its genomic context is unknown (Butler et al. 2013).
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Allelic variation

Two pigs in the present study (2 and 4) appear to possess intermediate levels of
usage compared to the others (pigs 3 and 5). One interesting question raised is whether
pigs 2 and 4 are heterozygous for the truncated pseudogene allele of IGLV3-1-1.
Additional analyses would need to be carried out in order to confirm this. If true, it would
suggest that allelic heterozygosity can have a large impact on the antibody repertoire in
individuals. Indeed, gene segment deletions in individual humans have previously been
shown to perturb the expressed heavy chain repertoire (Boyd et al. 2010).

The results in the present study and in others (Butler et al. 2013; Wertz et al.
2013) confirm that light chain junctional diversity is limited in swine as in other species.
Thus, allelic variation and somatic hypermutation must play a major role in generating
the light chain repertoire. However, inferring allelic variation from peripheral B-cells
given the cloud of diversity created from somatic hypermutation is a challenge, especially
in older animals that have been exposed to environmental antigens. Although evidence
was seen for some allelic variation, especially with regard to the three alleles of IGLV3-
1-1, there is likely additional variation that is buried in the data, as not all alleles
necessarily need to be so different from one another.

The results here and in the single Duroc sequenced in the genome sequencing
project suggest that allelic variation in the antibody loci is substantial (Schwartz et al.
2012a,b). In order to more accurately assess allelic variation, however, gene segments
would need to be sequenced in their germline configuration from a variety of individuals.

As the heavy chain locus and kappa locus are incompletely characterized, the lambda
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locus is therefore the best candidate to study. As the IGLV8 gene segment family appears
to have expanded very recently, it would be interesting to investigate other species in the
Suidae family and perhaps Tayassuidae, to assess the evolutionary origin of this gene
segment family in swine. It may be hypothesized that IGLV8 represents a relatively
recent resurrection of an ancestrally defunct, or poorly utilized family that only recently
developed a selective advantage in swine.

Response to PRRSV

All three PRRSV-infected animals appeared to favor more highly abundant clones
in their light chain repertoires. Two of these animals show highly expressed antibody
sequences such that they clearly stand out above the background level of antibody
abundance, suggesting that these sequences have undergone antigen-specific clonal
expansion. However, the few antibody sequences that were identified from these highly
abundant clones do not account for the broad anti-PRRSV antibody responses observed
against a variety of PRRSV antigens found in all three PRRSV-infected individuals via
ELISA (Klinge et al. 2009). Thus, at least the majority of anti-PRRSV responses are
buried in the background antibody profile.

The most abundant clones among the PRRSV-infected group were derived from
pig 1. Interestingly, this animal showed a marked reduction in total estimated richness in
the lambda repertoire compared to the other four individuals. This reduction is seemingly
due to genetic constraints in the C-proximal IGLV3 gene segment cluster. In particular,
the sequences obtained from this animal are suggestive of a high degree of IGL

homozygosity. Within the C-proximal IGLV cluster, only IGLV3-3 is expressed at high
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levels in this animal, while the other IGLV3 gene segments are either unused or
exceedingly rare. In addition, the novel gene segment IGLV3-1-1, which is highly
expressed in other animals is entirely missing from this individual. As the most
abundantly expressed antibody sequence from this animal was of IGLV3-3 origin, it is
quite possible that the reduction in richness that we observed was due to such genetic
constraints and not PRRSV-infection. A conceivable consequence that is suggested by
our data could be that any compensatory increased usage of other gene segments may
actually enhance that animal’s ability to respond, if those gene segments confer greater
specificity to the antigen(s) in question (namely, PRRSV). Indeed, IGLV3-3 was
represented by the two most abundant light chain sequences in the PRRSV-infected
animals. Further investigation is necessary to determine if the highly abundant antibody
sequences found in the infected pigs are indeed PRRSV-specific.

The present study is the most comprehensive analysis to date of the light chain
repertoire comparing animals infected and uninfected with a pathological agent. It is also
heretofore the deepest characterization of the expressed porcine light chain repertoire.
From these analyses, it is apparent that there is a high degree of genetic variation within
the light chain loci of commercially bred swine. Such immunogenetic variation may be of
significance to the swine industry in understanding the genetic bases of disease

resistance.
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CHAPTER V

THE EXPRESSED PORCINE ANTIBODY HEAVY CHAIN REPERTOIRE AND

RESPONSE TO PRRSV INFECTION

In preparation for The Journal of Immunology
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This study characterized the expressed immunoglobulin heavy chain (IGH)
repertoire in pigs infected with porcine reproductive and respiratory syndrome virus
(PRRSV) as well as in control sham-inoculated pigs. More than 445,000 high quality
reads were generated from an amplicon library spanning the IGH variable domain via
454 pyrosequencing. Reads from PRRSV-infected and uninfected animals were analyzed
for repertoire diversity and richness and the total porcine IGH repertoire was estimated to
contain approximately 3x10° unique antigen binding sites, based on the diversity of the
complementarity determining regions (CDRs). The IGH repertoire was dominated by a
relatively small number of transcripts. This effect is more pronounced in the PRRSV-
infected pool, presumably due to an anti-PRRSV response. Furthermore, inspection of
CDR3 lengths revealed an abnormal profile in PRRSV-infected tissues compared to
sham-inoculated tissues. These differences were largely accounted for by a small number
of unique sequences which were very common in the infected group, yet exceedingly rare

in the uninfected group.
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INTRODUCTION

Adaptive humoral immunity is mediated by a diverse array of gene segments
which recombine during B cell development to generate a vast repertoire of antigen-
binding immunoglobulin molecules. During B cell development, both heavy and light
chain genes undergo a series of recombination events which result in a highly variable
antigen-binding region (variable region) joined to a constant region. The immunoglobulin
heavy chain variable region is generated from the recombination of a variable gene
segment (V), a diversity gene segment (D), and a joining gene segment (J). Diversity in
the immunoglobulin light chains is generated in a similar manner except that light chains
lack a D gene segment. Further diversity is generated in B cells by undergoing class
switch recombination to a different constant region gene segment and from
enzymatically-induced point mutations introduced into the variable region following
activation (i.e. somatic hypermutation). The regions possessing the greatest germline
diversity and which receive the highest degree of somatic hypermutation comprise the
complementarity determining regions (CDRs) which are exposed to interact with antigen
in the three-dimensional protein structure.

Of the three CDRs in both light and heavy chains, the first two CDRs are
germline encoded and variable between V gene segments. In contrast, the third CDR of
the heavy chain is largely the product of exonuclease and terminal deoxynucleotidyl
transferase activity during V(D)J recombination. This typically results in an

unrecognizable D gene segment and highly variable amino acid sequence and variable
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CDR3 length. Thus, the potential antibody repertoire size is many orders of magnitude
due to the number of theoretically possible V(D)J combinations, junctional diversity (i.e.
CDR3) between gene segments, and the combination of different heavy and light chains.

A model of porcine reproductive and respiratory syndrome virus (PRRSV)
infection offers an interesting opportunity to investigate the adaptive humoral response to
infection in swine. PRRSV is of health and welfare concern to the swine industry and is
of major economic significance to U.S. swine producers. The porcine antibody light
chain repertoire has previously been investigated. From that study, highly abundant
clones in PRRSV infected animals were identified, consistent with an anti-PRRSV
response (Chapter 4). In the present study, we sought to identify highly abundant heavy
chain clones in the same PRRSV infected animals as a means of better understanding the
dynamics of the antibody response to PRRSV.

There has been no study to date investigating the total diversity and richness of
the expressed porcine antibody heavy chain repertoire. Pigs, unlike humans, are highly
restricted in their germline heavy chain repertoire as they possess only a single highly
conserved IGHV gene segment family (Eguchi-Ogawa et al. 2010). As a result, it is
believed that swine must compensate for this by relying more heavily on V(D)J
junctional diversity (i.e. CDR3) (Butler et al. 2000). Here we report that swine possess a
rich CDR3 repertoire, yet no richer than humans. Despite this, due to total CDR diversity
and framework diversity likely resulting from somatic hypermutation, the expressed

porcine heavy chain repertoire is at least as rich as the human repertoire.
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MATERIALS AND METHODS

Library Preparation. Porcine lymphoid tissues collected from a previous study
(spleen, palatine tonsil, inguinal lymph node, and mesenteric lymph node) were used in
this investigation (Klinge et al. 2009). Briefly, animals were either mock-infected or
infected with PRRSV (JA142 strain) at three weeks of age and sacrificed 62 days later.
For this study, all four tissues from two infected and two uninfected animals were
homogenized, and total RNA was extracted and reverse transcribed. Primers for
amplification of the entire variable region were developed using consensus framework
sequences obtained from approximately 140 GenBank porcine Ig heavy chain (IgH)
cDNA entries. Two unique forward primers were directed against the leader region and
two unique reverse primers were directed against the 3' IGHJ and 5' IGHC region of
framework 4 (Table 5.1). The 454 Titanium FLX fusion adapter (forward, adapter A: 5'-
CGTATCGCCTCCCTCGCGCCATCAG; reverse, adapter B: 5'-
CTATGCGCCTTGCCAGCCCGCTCAG) followed by a 10 bp barcode (uninfected:
ATATCGCGAG, infected: TGAACAATCG) for sample differentiation was attached to
the 5 end of each primer. Thus, a total of eight primers, four for the infected pool and
four for the uninfected pool, were used. The resulting PCR amplicons were pooled by
infection status before being pooled in equimolar amounts into a single aliquot. The final
pooled product was then agarose gel purified and purified again using the QIAquick PCR
purification kit (Qiagen). The resulting sample was then sequenced at the University of

Minnesota Biomedical Genomics Center using 454 GS FLX Titanium pyrosequencing.
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Sequence analysis. Obtained reads were separated by barcode (infected vs.
uninfected) and reads containing multiple ambiguous bases were removed from analysis.
The IGHV, IGHD, and IGHJ gene segments were identified using BLAST based on their
previously described germline sequences (Altschul et al. 1990; Eguchi-Ogawa et al.
2010). Translated, full-length sequences were clustered based on similarity using cd-hit
(Li and Godzik 2006). Amino acid sequences for all three CDRs were extracted from the
full-length sequences for diversity assessment using FileMaker Pro. Conserved
framework sequences were used to identify the CDR boundaries. For diversity
assessment, reads containing aberrant sequencing errors, ambiguous amino acids, stop
codons, or short read length were trimmed. A threshold of 100 percent identity was used
to obtain clusters for assessing total IgH diversity. The program EcoSim (Gotelli and
Entsminger 2011) was used to compute individual-based rarefaction curves. The Chao 1
non-parametric estimate of total diversity was calculated using the program EstimateS

(Colwell 2009).
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Table 5.1 Primers used to amplify the porcine antibody heavy chain transcriptome.

Target Template-specific sequence

IGHV, leader (F) 57— AACTGGGTGGTCTTGTTTGC
IGHV, leader (F) 5"- TCTCTTACAAGGTRTCCAGGGTG
FR4 (R) 57 - TGAGGACACGACGACTTCAA
FR4 (R) 5% - AAGATTTTGGGGCTGGTTTC

F, forward; R, reverse
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RESULTS

Sequencing results

Approximately 604,000 reads were obtained from the 454 sequencing reaction.
Of these, 445,267 had quality scores greater than or equal to 39 and lengths greater than
250 nucleotides in length, with an average length of 424 nucleotides. Whereas lengths
greater than 375 bases are necessary in order to capture the entire variable region
repertoire. Approximately equal representation of reads was obtained from each group of
animals: 220,857 reads were derived from JA142-infected tissues and 224,410 were
derived from mock-infected tissues. After sequence filtering, between 102,000 and
169,000 putative amino acid sequences were obtained for each CDR.

Gene segment usage

Analysis of germline gene segment usage was restricted to the limited information
currently available for heavy chain gene structure in the pig. Although the IGHD and
IGHJ regions have been completely characterized in the pig, only the first 15 IGHV gene
segments are characterized (Eguchi-Ogawa et al. 2010). Using BLAST, approximately
100,000 reads possessed high similarity to one of the known IGHJ segments. As
expected, IGHJ5 usage was nearly ubiquitous; however, novel, very low level usage of
both IGHJ1 and IGHJ3 was also detected (Table 5.2). Approximately 41,000 reads
possessed high similarity to one of the four known IGHD gene segments. Of these,
IGHD1 and IGHD2 were both highly utilized, as expected (Eguchi-Ogawa et al. 2010).

Despite their position with respect to CDR3, we found no statistically significant
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differences in either IGHD or IGHJ gene segment usage between PRRSV-infected and
uninfected pigs (P>0.05 for each gene segment).

Approximately 49,000 sequences were >98 percent identical to one of the known
IGHV gene segments. Novel, low level expression (24 reads) of the previously described
pseudogene, IGHV1 was detected from this analysis. When V gene segment usage was
compared between infected and uninfected pigs significant differences were found for
nearly all of the expressed V gene segments (Figure 5.1). Interestingly, expression of
IGHV4 and IGHV11 was proportionally increased in PRRSV-infected animals,
suggesting that PRRSV-specific antibodies preferentially possess these gene segments.
BLAST analysis of approximately 193,000 sequences revealed a wide distribution of
reads in relation to the established IGHV annotation, presumably due to factors such as
missing gene segments in the annotation, allelic variation, junctional diversity resulting
from the enzymatic remodeling of CDR3 during recombination, and somatic
hypermutation (Figure 5.2).

Repertoire diversity

As expected, rarefaction analysis revealed that the larger CDR3 contributes more
to heavy chain diversity than either CDR1 or CDR2 (Figure 5.3). Interestingly, there is a
decrease in antibody diversity as a result of PRRSV infection, likely as a result of clonal
selection and proliferation of a relatively few B cells with affinity for PRRSV epitopes.
In addition, the Chao 1 estimate of total antibody diversity suggests that there is a heavy
constraint on amino acid usage in each of the CDRs (Table 5.3), particularly CDR3. The

framework regions, despite accounting for the vast majority of the variable region,
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possess a similar level of richness as CDR3, or approximately 1x10° unique sequences.
This framework richness is likely due to a low level of extra-CDR somatic hypermutation
as a large proportion (approximately 20 percent) of all framework sequences were
identical to each other (not shown).

CDR3 diversity and effect of PRRSV-infection

Analysis of CDR3 length distribution (Figure 5.4) reveals that the average length
in swine is 13 amino acids, two amino acids longer than recently reported in humans
using a similar method (Glanville et al. 2009). Additionally, swine appear to possess an
increased preference for short CDR-H3s compared to humans, as evidenced by the
bimodality of Figure 5.4. In pigs infected with PRRSV, the distribution follows the same
trend; however, there is disproportionately greater usage of CDR3s with amino acid
lengths 5, 11, 13, 15, 17, 20, 21, and 22 in infected animals. Sorting the transcripts by
CDR3 length and 100% identity threshold revealed exceptionally large clusters in the
PRRSV-infected group compared to the uninfected group in these CDR3 size classes
(Figure 5.5). Furthermore, the heavy chain abundance distribution shows that a small
number of unique reads account for a large fraction of the antibody repertoire - a fact that
is more prominent in PRRSV-infected animals (Figure 5.6). The amino acid profile for
several of the CDR3 size classes also reveal that single amino acids are preferentially
selected for at each position among infected pigs (Figure 5.7). Comparatively, CDR3
lengths not apparently associated with the PRRSV-response show no such difference in
amino acid profile. Indeed, the CDR3 amino acid sequence

ARADCYSDGGICYFFDHGVMDL accounts for approximately 36 percent of all
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CDR3s of length 22 in PRRSV-infected animals (Figure 5.7D). Likewise,
SRGYVYICGWACMDL, the most abundant CDR3 in the infected pool, accounts for
approximately 31 percent of all length 15 CDR3s (Figure 5.7B). In the uninfected pool,
however, these same sequences account for approximately 0.1 percent of CDR3s of the
same respective lengths (Figures 5.7A and 5.7C).

CDR3 appears to be highly restricted as few amino acids appear to actually be
tolerated. Between IMGT positions 107 and 114 of CDR3, glycine and tyrosine account
for about one-third of total amino acid usage. These together with serine, alanine, and
cysteine account for nearly 60 percent of amino acid usage (Figure 5.7B). The
framework-proximal regions are even more restricted and largely resemble their germline
sequences on IGHV and IGHJ. Despite this high degree of restriction, however, the
middle portion of CDR3, encoded by IGHD, is often unrecognizable from its germline
sequence, presumably due to enzymatic activity during VDJ recombination. This CDR3
amino acid usage profile strongly resembles that of humans, suggesting that this
restriction is similar across species (Glanville et al. 2009).

As a result of these analyses, several PRRSV-specific CDR3 sequences can be
derived and associated with full-length amino acid sequences (Table 5.4). Of the six
PRRSV-specific antibody sequences described here, two (bearing the CDR3s described
in Figure 7) match the translated germline sequence of IGHV4 to within a difference of a
single amino acid. A third sequence matches the previously described VyZ gene segment,
though its germline position is uncharacterized and described entirely from cDNA

sequence (Butler et al. 2006c¢). The remaining three do not closely match any previously
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described IGHV gene segment; however, they may be derived as a result of more
extensive somatic hypermutation.

As the individual animals were not molecularly tagged, it is impossible given the
sequencing data to ascertain whether the putatively PRRSV-specific clones are derived
from a single animal or both. In order to help answer this question, quantitative real-time
PCR was conducted using primers generated against four of the putatively PRRSV-
specific CDR3s. This analysis suggests that the most abundant clones are present in both
PRRSV-infected animals, although one animal in particular appears to have shown a

greater response (Pig 6, Figure 5.8).
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Table 5.2 IGHD and IGHJ gene segment usage in PRRSV-infected and uninfected

animals.

Gene Segment Uninfected Infected
IGHD1 11,686 15,851
IGHD2 5,522 7,854
IGHD3 0 0
IGHD4 0 0
IGHJ1 0 6
IGHJ2 0 0
IGHJ3 83 37
IGHJ4 0 0
IGHJ5 46,606 53,678
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Figure 5.1 Percent usage of known IGHV gene segments showing fold differences

between PRRSV-infected and uninfected groups. Analysis included 45,918 reads that

matched known IGHV gene segments with an identity >98 percent. All

infected/uninfected pairs have P < 0.001, except for IGHVS, using a two-tailed y? test.
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Figure 5.2 Number of nucleotide mismatches in sequences heavy chain transcripts
compared to the published annotated IGHV gene segments. (A) PRRSV-infected. (B)

Uninfected. Gene segments displayed on x-axis are arranged according to the most to

least expressed.
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Figure 5.3 Individual-based rarefaction curves of all three heavy chain CDRs and concatenated CDRs. Clusters were generated using

translated amino acid sequences and 100 percent identity cutoff.

Diversity (thousands)

B0

70

&0

50

30

20

10

s

il

= CDR-H123 [PRRSV-)

e CDR-H123 (PRRSV+)

s CDR-H3 (PRRSV-)

CDR-H3 (PRRSV+)

e CDR-H2 (PRRSV-)

s CDR-H2 [PRRSV+)

CDR-H1 (PRRSV-)

CDR-H1 [PRRSV+)

Sampling Depth (thousands)

152

120

130 -

140

150

160

170



Table 5.3 Richness estimates for the antibody repertoires of pigs. The non-parametric estimators (Chao 1 and ACE) represent a lower
bound of total repertoire richness. ACE: abundance-based coverage estimator. Hurlbert’s PIE: probability of an interspecific

encounter; that is, the probability that any two randomly chosen sequences are non-identical.

Chao 1, 95% C.I. Hurlburt’s
Status CDR | Chao 1l | Lower Bound | Upper Bound | ACE PIE
PRRSV+ | CDR1 6,555 6,252 6,900 5,388 0.96004
CDR2 57,861 56,478 59,307 58,650 0.9938
CDR3 | 116,574 114,639 118,570 115,486 0.99888
CDR123 | 246,597 241,223 252,133 295,934 0.9994
PRRSV- | CDR1 10,906 10,528 11,323 8,478 0.97203
CDR2 90,644 88,868 92,486 90,517 0.99796
CDR3 | 117,143 114,199 118,282 117,143 0.99969
CDR123 | 297,429 291,128 303,910 364,137 0.99991
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Figure 5.4 Observed CDR3 nucleotide length diversity in PRRSV-infected (190,045 sequences) and mock-infected (197,206

sequences) animals.
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Figure 5.5 Cluster analysis of uniqgue CDR3 sequences. Approximately 80,000 putative
amino acid CDR3 sequences were clustered using cd-hit with an identity threshold of 100
percent. The PRRSV-infected group possesses several extremely abundant CDR3

sequences.
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Figure 5.6 Abundance distribution of all three concatenated CDRs in the PRRSV-
infected and uninfected groups. A small number of unique CDR combinations are

exceptionally common, especially among PRRSV-infected animals.
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Figure 5.7 CDR3 amino acid usage. CDR3 lengths of 15 amino acids (A and B) and 22
amino acids (C and D) for both PRRSV-infected (B and D) and mock-infected (A and C)
animals are represented. Amino acid numbering is based on the IMGT system (Lefranc et
al. 2003).
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Table 5.4 Putatively PRRSV-specific heavy chain aa sequences. Shown are the most abundant sequences for each PRRSV-specific

CDR-H3. CDR/FR boundaries are based on the IMGT system (Lefranc et al. 2003).

FR1 CDR1 FR2 CDR?2 FR3 CDR3 FR4
EEKLVESGGGLVQPGGSLRLSCVGS | GFTFSSTY | INWVRQAPGKGLEWLAA | ISTGGGST YYADSVKGRFT ISRDNSQNTAYLQMNSLRTEDTARYYC | ARADCYSDGGICYFFDHGVMDL | WGPGVEVVVSS
EEKLVESGGGLVQPGGSLRLSCVGS | GFTFSSYA | VSWVRQAPGKGLEWLAC | IYSSGSAT YYADSVKGRFT ISRDNSQNTAYLQMNSLTTEDTARYYC | AKSVAVGIA. .. .. FMSFAMDL | WGPGVEVVVSS
EEKLVESGGGLGQPGGSLRLSCVGS | GFAFSSSY | INWVRQAPGKGLEWLAA | ISTSGIGT YYADSVKGRFT ISSDNSQNTAYLQMNSLRTEDTARYYC | SRGYVYIC....... GWACMDL | WGPGVEVVVSS
EEKLVESGGGLVQPGGSLRLSCVGS | GFTFSSTY | INWVRQAPGKGLEWLAV | ISTDGVDT YYADSVKGRFT ISRGNSQNTAFLQMNSLRTEDTARYYC | VRGYIYG......... ASYLDL | WGPGVEVVVSS
EEKLVESGGGLVQPGGSLRLSCVGS | GFTFSSTY | INWVRQAPGKGLEWLAT | IYRSDGNT DYEDSVKGRFT ISRDNSQNTAYLQMNSLRTEDTARYYC | VRDVYP. . ... ...... STMDL | WGPGVEVVVSS
EVKLVESGGGLVQPGGSLRLSCVGS | GFTFSVYN | MVWVRQRPGKGLEWLAC | ITSRGSST YYADSVKGRFT ISRDNSQNTAYLQMNSLRTEDTARYYC | ARDS. ... .......... DMDL | WGPGVEVVLSS
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Figure 5.8 Quantitative real-time PCR of heavy chain CDR3s in uninfected pigs (n=2),
or pigs infected with PRRSV strains ATP (n=5) or JA142 (n=5). Four tissues from each
animal were examined: bronchial lymph node, B; inguinal lymph node, I; spleen, S; and
tonsil, T. Results were normalized using beta-2-microglobulin (B2M) and shown based
on relative abundance to B2M. Four highly-abundant putatively PRRSV-specific clones
were analyzed, those with the 22 amino acid sequence (A), 17 amino acid sequence (B),
15 amino acid sequence (C), and 11 amino acid sequence (D). Pigs 6 and 7 and both

uninfected pigs were used for heavy chain transcriptome sequencing.
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DISCUSSION

The current analysis suggests that relatively few B-cell clones are highly
responsive to PRRSV infection. As all individual animals responded to a variety of
PRRSYV antigens by ELISA, it is likely that the vast majority of antigen-specific clones
are obscured in the background of the antibody repertoire (Klinge et al. 2009). However,
our use of specific CDR3 class sizes allowed for greater sensitivity to detect abundant
clones compared to assaying the entire repertoire, such as by analyzing the abundance
distribution alone. Nevertheless, with similar appropriate light chain information
(Chapter 4), it may be possible to construct scFvs to assay for the specificity of these
most abundant clones.

Our observations revealed that heavy chain abundance distributions follow a
similar power law curve as previously seen for zebrafish heavy chain and porcine light
chain sequences (Weinstein et al. 2009; Chapter 4). This same distribution was still
apparent for sub-regions, such as for the individual CDRs and the framework regions.
This finding is perhaps not surprising given our understanding of the mechanisms of
antibody diversification, namely, somatic hypermutation, clonal expansion, and the
subsequent gradual decline in specific antibodies. The lower bound Chao 1 richness
estimate of approximately 3x10° unique heavy chain CDR sequences in the pig is 36
percent higher than that reported for humans (2.2x10°), suggesting that swine can suitably
overcome germline restriction to a single IGHV family (Glanville et al. 2009). These
values suggest that the antibody repertoire is severely restricted, likely as a result of

selection against auto-reactivity and structural instability. For example, if any amino acid
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combination were possible, one would predict a CDR3 with 13 amino acids to possess a
theoretical richness of 8x10%. Still, analyses suggest that CDR3 alone only accounts for
about one-third of the heavy chain CDR repertoire, belying its own diversity.

In the present study, novel, low-level expression of IGHJ1 was observed, despite
its possession of a non-canonical heptamer, as well as novel expression of IGHJ3
(Eguchi-Ogawa et al. 2010). A previous report suggested that experimental ablation of
IGHJ5, previously the only known utilized IGHJ gene segment, results in a B-cell
knockout animal (Eguchi-Ogawa et al. 2010). If substantiated, this would suggest that
swine are incapable of compensating for that deficiency by using IGHJ3, despite this
gene segment being presently described as functional and expressed and possessing a
canonical recombination signal. Thus, in addition to the recombination signal, heretofore

undescribed factors must also help dictate IGHJ gene segment usage.
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CHAPTER VI

GENERAL DISCUSSION
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Modern commercial swine are susceptible to numerous infectious diseases. Chief
among these, PRRSV continues to represent a serious economic threat to pork producers.
In an ideal production setting, animals would respond to disease and vaccination in a
predictable manner. Unfortunately, to that end, individual responses to vaccination and
disease vary greatly. Furthermore, there is limited information available on the genetic
determinants of disease resistance and the immunological mechanisms that control
PRRSV. The immunogenetic loci, for good reason, are perhaps the most genetically
diverse parts of the mammalian genome. In order to understand how genetics control
disease resistance and susceptibility, we first must have a good understanding of the
capacity of the immunogenetic loci to respond to disease and vaccination. Thus, the goal
of this thesis was to characterize the antibody loci and describe their response to PRRSV.

Chapters 2 and 3 described the organization and allelic diversity for both of the
porcine antibody light chain loci in a single Duroc sow. Evidence was found for recent
evolution within the kappa locus via non-crossover homologous recombination, whereby
IGKV gene segments may acquire new CDRs by templating off other gene segments. As
a result, an extensive amount of allelic variation was found among members of the
IGKV2 family. Within the lambda locus, further evidence of allelic variation was found
(though not to the same extent). Intriguingly, a gene segment family (IGLV8) appears to
have recently expanded, likely as a result of selective pressure. Gene segments from this
family appear to be the most highly expressed IGLV gene segments in adult pigs and
most prominently in fetal liver and yolk sac (Wertz et al. 2013; Chapters 3 and 4). In

Chapter 4, at least three alleles of the gene segment IGLV3-1-1 were identified. Within
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four of the five pigs investigated in that chapter, this gene segment contributed
substantially to the expressed light chain repertoire. The remaining animal possessed a
homozygous mutant form of this gene segment and its expressed lambda repertoire was
considerably altered and reduced in total richness and diversity. Importantly, several
highly abundant heavy and light chain clones, hypothesized as PRRSV-specific, were
identified within the three PRRSV-infected pigs. The present study therefore represents
the first characterization of the porcine antibody light chain loci and provides the first
glimpse at the dynamics of the porcine heavy and light chain antibody repertoires as a
result of infection, as well as their diversity, richness, and allelic variability.

There are some limitations of the present study that are worth some thought,
however. The light chain loci were characterized from a single Duroc. As this result is
based on a single individual, it remains unknown how similar this particular animal is to
other swine, especially to other breeds. The amount of allelic variation observed in this
animal was substantial and several alleles varied by as much as 10 percent. The kappa
locus contained at least two large (>3kb) insertions on one chromosome and not the
other, and the lambda locus contained a possible difference in gene segment order
between the two SSC 14 chromosomes. This certainly highlights the tremendous genetic
variability that is possible in these loci, but also suggests that even closely related swine
may possess genetics that are quite different. Indeed, as observed in Chapters 4 and 5
near-normal distributions were seen for transcripts that were on average several amino
acids different from the annotations, suggesting that the animals' antibody genetics were

somewhat different from the Duroc that was sequenced for the pig genome sequencing
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project and represented in Chapters 2 and 3. A limitation that directly stems from this is
that it is nearly impossible to control for this genetic variation when attempting to
determine the effect of infection on the antibody repertoire. Incidentally, one pig in
particular appeared to respond the most to PRRSV in Chapters 4 and 5, with the most
highly abundant clones all derived from that animal. Interestingly, this same animal was
the one pig that lacked a functional copy of IGLV3-1-1. Perhaps as a compensatory
mechanism, other gene segments such as IGLV3-3 were utilized more heavily in this pig.
This genetic disruption may therefore have increased the ability of this pig to generate the
observed highly clonal populations. A further conceivable consequence could be that any
compensatory increased usage of other gene segments may actually enhance that animal's
ability to respond, if those antibodies have greater specificity to the antigen in question
(namely, PRRSV). Indeed, IGLV3-3 was represented by the two most abundant light
chain sequences in the PRRSV-infected animals. The animals used for assessing heavy
chain usage were not barcoded, and we therefore do not know exactly which of the
PRRSV-specific antibody sequences came from which animal. However, a quantitative
PCR analysis, using primers directed against the CDR3s, suggested that the most
abundant heavy chain sequences were also from the same animal that most of the light
chain responses were observed in (Pig 6 in Figure 5.8 and Pig 1 in Chapter 4).

Based on the identification of upstream flanking genes and analysis of several
hundred kilobases of upstream genomic sequence which contained no additional IGLV
gene segments, it is likely that the entire lambda locus has been characterized. The kappa

locus, however, is likely incomplete. Attempts to identify additional kappa-specific

171



sequence in the pig genome failed. Two IGKYV pseudogenes were found on BACs
obtained from the same chromosome (SSC 3), however these BACs contained no
additional immunoglobulin-related sequences. Fourteen IGKV gene segments out of an
estimated upward limit of approximately 60 were identified. Additionally, as no upstream
flanking gene segments were identified, it seems plausible to conclude that there are
additional, as of yet, unidentified IGKV gene segments that remain to the discovered. The
light chain transcriptome analyses in Chapter 4 also suggest that this is the case. While
the average number of amino acid differences between lambda transcripts and the
annotated genome were around two to five, that same number for kappa varied between
six and ten amino acids. This suggests that the annotation for the kappa locus is
incomplete, as it seems unlikely that somatic hypermutation would preferentially target
one light chain and not the other.

Identifying new alleles and new gene segments is made difficult given the cloud
of diversity created from both somatic hypermutation and junctional diversity. Although
evidence was seen for some allelic variation, especially with regard to the three alleles of
IGLV3-1-1. There is likely additional information on this genetic variation that is buried
in the data. With respect to IGLV3-1-1, two of the pigs appear to possess intermediate
levels of usage compared to the others. One interesting question raised is whether these
pigs are heterozygous for the truncated pseudogene allele of IGLV3-1-1. Additional
analyses would need to be carried out in order to confirm this.

In order to more accurately assess allelic variation, gene segments would need to

be sequenced in their germline configuration. As the heavy chain locus and kappa locus
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are currently incomplete, the lambda locus is the best candidate to study. As a future
direction, Xi "Cassie" Guo is currently analyzing an lllumina MySeq dataset generated
using genome-specific primers directed at each of the IGLV gene segments from a
population of 81 pigs. Results from this study may provide considerable insight into the
genetic variation in the lambda locus. Preliminary analyses suggest that there is
substantial variation between individuals. Additional, future studies may investigate the
impact of domestication on the evolution of the porcine antibody repertoire by
sequencing more distantly related animals, such as wild boar (Sus scrofa), red river hog
(Potamochoerus porcus), and Visayan warty pig (Sus cebifrons). Specimens of these
animals are readily available at the local Minnesota Zoological Gardens. Of particular
interest in this case would be the recently expanded and highly expressed IGLV8 gene
segment family, the expression of which in swine is unique among artiodactyls. It may be
hypothesized that this gene segment family represents a relatively recent resurrection of
an ancestrally defunct, or poorly utilized family that only recently developed a selective
advantage in swine.

Chapters 4 and 5 identified several highly abundant clonal heavy and light chain
populations that are putatively PRRSV-specific. As a result of this, we have synthesized
three scFv constructs (Integrated DNA Technologies, Inc.) by pairing the most abundant
heavy and light chain variable region sequences. In particular, two distinct heavy chain
sequences (IGHV3-4 with CDR3s of 15 and 22 amino acids as discussed in Chapter 5)
were paired with the most abundant light chains (either IGLV3-3 or IGLV8-16). The

heavy chain sequence with the 15aa CDR3 was paired with both light chains, while the
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other was paired with IGLV3-3 only. A future direction is to clone these into a suitable
expression vector (such as pET-25), and the expressed and purified scFvs will be assayed
for PRRSV-specificity using recombinant PRRSV proteins and ELISA. As only a few
highly abundant clones were identified it would be hypothesized that these particular
clones are specific against the most immuno-dominant PRRSV epitopes, such as those on
non-structural protein (nsp)2 and nsp7. Ideally, all four combinations of heavy and light
chains would have been generated; however, due to cost limitations, only these three
were synthesized. However, these three constructs should be sufficient to provide
preliminary support for the supposition that the most abundant heavy and light chain
clones are PRRSV-specific.

This approach to antigen-specific scFv development could additionally be used to
determine the contribution of each chain in generating antibody affinity. By synthesizing
scFv combinations of light and heavy chain pairs in which either chain is held constant
and measuring their affinity using a Biacore-based system, it would be possible to
quantify the contribution of the heavy chain (and potentially individual CDRs) on
antibody-binding. Given that camelid heavy chain isotypes IgG2 and 1gG3 are incapable
of heterodimerizing with light chains, the observation that a single heavy chain CDR3 is
by itself capable of cross-neutralizing influenza virus (Ekiert et al. 2012), and the lack of
junctional diversity (and overall diversity) in the light chain, it could be hypothesized that
porcine heavy chains are capable of binding antigen on their own.

In addition, gene segment family specific primers have been designed to amplify

the expressed porcine antibody repertoire for the purpose of developing scFv antibody
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surface display libraries. As an additional and planned future direction, an scFv library
will be generated from animals with high anti-PRRSV neutralizing antibody titers,
expressed on the surface of yeast, and screened for clones that bind fluorescently-labeled
PRRSV using fluorescence-assisted cell sorting (FACS). The identified PRRSV-specific
clones will then be assayed for their neutralizing ability using an ELISA-based
neutralization assay previously developed in our lab and their characteristics will be
investigated (e.g. presence and extent of SHM, framework mutations,
insertions/deletions, and size and composition of heavy chain CDR3). Furthermore, this
technology has the potential to be used to generate recombinant scFvs that are able to
target virtually any conceivable antigen of interest. This work is currently being carried
forward by Dr. Sally Robinson.

In conclusion, this study was the first to characterize the porcine antibody light
chain loci and illuminate the porcine antibody repertoire. Future endeavors to understand
the role of antibody genetics in porcine disease resistance and efforts to identify

mechanisms of virus neutralization will build on this current work.
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