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Abstract

To further studies of neonatal immune responses to pathogens and vaccination, we investigated
the dynamics of B lymphocyte development and immunoglobulin (1g) gene diversity. Previously
we demonstrated that equine fetal 1g VDJ sequences exhibit combinatorial and junctional diversity
levels comparable to those of adult Ig VDJ sequences. Herein, RACE clones from fetal, neonatal,
foal, and adult lymphoid tissue were assessed for g lambda light chain combinatorial, junctional,
and sequence diversity. Remarkably, more lambda variable genes (IGLV) were used during fetal
life than later stages and IGLV gene usage differed significantly with time, in contrast to the Ig
heavy chain. Junctional diversity measured by CDR3L length was constant over time. Comparison
of 1g lambda transcripts to germline revealed significant increases in nucleotide diversity over
time, even during fetal life. These results suggest that the Ig lambda light chain provides an
additional dimension of diversity to the equine Ig repertoire.
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1. Introduction

Immunoglobulins (Igs) are membrane-bound or secreted proteins produced by B
lymphocytes that can bind pathogens to mediate clearance, killing, and neutralization. As a
major component of the adaptive immune response, an individual Ig may achieve high
affinity for a single antigen, but the spectrum of Ig antigen specificities that can be attained
in a host is immense. Generation of the vast Ig repertoire is accomplished through a
multifactorial process of combinatorial diversity (selection of single variable, diversity, and
joining gene segments from the multiple germline loci and recombination to create one Ig
transcript), junctional diversity from imprecise gene recombination and non-templated or
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palindromic nucleotide additions, and somatic hypermutation. Ig molecules are heterodimers
of heavy and light chains in vertebrates other than sharks and, in some instances, camels (De
Genst et al., 2006, Dooley and Flajnik, 2006). The sequence of both heavy and light chain
Igs encode variable ‘complementarity-determining regions’ (CDRs), which together form
the antigen-binding site, and are flanked by conserved framework regions (Near et al., 1990,
Kabat and Wu, 1991, Kirkham et al., 1992). Clinically, the loss of Ig or B lymphocyte
production results in humoral immunodeficiency (Park et al., 2008, Flaminio et al., 2009).

During B lymphocyte differentiation, heavy chain gene rearrangement precedes light chain
gene rearrangement (Alt et al., 1981). Two Ig light chains, kappa and lambda, are used in
mammalian species and until recently it was accepted that the lambda light chain gene locus
only rearranged if the kappa rearrangement was unsuccessful, although the lambda gene
locus may be active before kappa in pigs (Hieter et al., 1981, Sun et al., 2012). It is
intriguing that the relative abundance of kappa (i) and lambda (\) light chain varies among
species: 95% x/ 5% \ in mice, 66% «/ 34% X\ in humans, 52% «/ 48% X in pigs, 9% «/ 91%
A in cows, 8% / 92% A in horses, and lambda light chain is the only one expressed in
chickens and ducks (Hood et al., 1967, Gibson 1974, Kessler et al., 1981, Reynaud et al.,
1985, Magor et al., 1994, Arun et al., 1996). Subsequently, it has been suggested that the
predominant light chain used may be attributed to the number of germline V genes present
in that species (Almagro et al., 1998). Additional mechanisms have been shown to affect
light chain usage in mice, such as higher recombination frequency at the Ig kappa locus,
antigen selection, and increased self-reactivity in Ig kappa-deficient mice implies that Ig
lambda may be subject to negative selection (Haughton et al., 1978, Ramsden and Wu,
1991, Knott et al., 1998). This striking lack of conservation in Ig light chain gene
rearrangement order and range of usage is an interesting phenomenon of comparative
immunology.

Recent studies have greatly advanced our knowledge of the equine Ig lambda genes in terms
of genome organization and allelic diversity beyond the initial cDNA characterization
(Home et al., 1992). Twenty-seven functional and 5 ORF IGLV gene segments have been
annotated on EquCab2 chromosome 8 (NW_001867428), flanking a cluster of 7 IGLJ-IGLC
pairs (Sun et al., 2010). The equine IGLV genes are divided into 11 subgroups based on
sequence identity, and the expression of subgroup 8 IGLV genes is dominant in the horse
spleen, complemented by lesser usage of subgroups 4 and 6 (Sun et al., 2010). Five of the 7
IGLJ-IGLC genes appear to be expressed although some individuals may lack particular
genes; differences in Ig lambda gene content between individual genomes have also been
reported in pigs (Sun et al., 2010, Hara et al., 2012, Wertz et al., 2013). Alleles of equine
IGLV, IGLJ, and IGLC genes have been identified and they differ by up to 4% from the
EquCab2.0 reference genome, which may encode distinct serological properties (Sun et al.,
2010, Hara et al., 2012).

Early Ig repertoire studies reported restricted diversity during fetal life, for both Ig heavy
and light chains. The murine and human fetal repertoire has been characterized by biased Ig
gene segment usage and restricted CDR3 length (Schroeder and Wang, 1990, Shiokawa et
al., 1999). Unlike humans and horses, fetal mice do not express TAT/DNTT and thus lack
non-templated (N) additions (Li et al., 1993, Tallmadge et al., 2009). The human fetal Ig
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lambda repertoire is generated from distinct and non-random patterns of Ig lambda gene
rearrangements in contrast to adults, and it expresses identical V;J junctions with unique Ig
heavy chains (Lee et al., 2000). Analysis of fetal piglet Ig lambda repertoire revealed that
70% of the repertoire is derived from 3 IGLV genes, similar to the IGHV repertoire in adult
pigs, although CDR3L diversity is very limited in contrast to the heavy chain (Sun et al.,
1998, Butler et al., 2000, Wertz et al., 2013).

Because the equine placenta does not facilitate Ig or cell transfer to the fetus in utero, it is
possible to investigate the intrinsic humoral system development in the fetus and pre-suckle
neonate. Investigation of B lymphocyte markers and 1g heavy chain isotype expression
paired with analysis of IGHV, IGHD, and IGHJ gene usage and diversity revealed that
equine fetal B lymphocytes express mature and co-stimulatory B lymphocyte markers and
most Ig heavy chain isotype transcripts (Tallmadge et al., 2009). In addition, a similar
complement of Ig variable genes is used during equine fetal and post-natal life stages and Ig
sequence diversity increases during fetal life (Tallmadge et al., 2013). Given the Ig VDJ
diversity detected in equine fetal life and findings of other studies of the fetal Ig repertoire
cited above, we hypothesized that little diversity would be present in equine fetal Ig lambda
chain transcripts. Herein we describe the repertoire of expressed Ig lambda chain sequences
spanning equine development from fetal life to adulthood.

2. Materials and methods

2.1 Tissue samples

These experiments were approved by the Cornell University Center for Animal Resources
and Education and Institutional Animal Care and Use Committee for the use of vertebrates
in research. Tissue samples from a healthy induced-abortion equine Thoroughbred x
Warmblood fetus without uterine disease (102 days of gestation), a neonate Warmblood foal
(pre-suckle, < 1-hour-old), a 2 month-old Warmblood foal, and a Thoroughbred adult horse
were archived and available for this study from research investigations performed by us and
other investigators over the years at Cornell University College of Veterinary Medicine.
None of the donors were related or had history of infections, and were maintained in Cornell
University research herds with open housing conditions and vaccinated as recommended by
the American Association of Equine Practitioners. Tissue samples were collected within 1
hour of euthanasia, snap frozen in liquid nitrogen, and stored at —80°C until use.

2.2 RACE library construction, Ig lambda chain amplification, and cloning

RNA was isolated from snap-frozen tissues following homogenization by QlAshredder
(Qiagen, Valencia, CA) as directed by the RNeasy kit (Qiagen) including on-column
digestion of contaminating genomic DNA. RNA was quantified with a Nanodrop (Thermo
Fisher Scientific, Inc., Waltham, MA) and one microgram was used to generate a 5’-rapid
amplification of cDNA ends (RACE) library with the SMARTer™ RACE cDNA
Amplification Kit (Clontech Laboratories, Inc., Mountain View, CA). The same RACE
libraries were used to assess 1g heavy chain diversity (Tallmadge et al., 2013). The gene-
specific primer was designed to amplify all immunoglobulin lambda light chain constant
genes. Amplification reactions contained 1X iProof high fidelity buffer, 1.5 mM MgCl,, 0.2
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mM dNTPs, the provided universal forward primer with 0.5 UM gene-specific reverse
primer 5 CTCTGAGGGGGACAGTTTCTTCTCCAC 3’ (Integrated DNA Technologies,
Coralville, 1A), and 0.02 U iProof DNA polymerase (error rate of 4.4 x 107/, Bio-Rad
Laboratories, Hercules, CA). Thermal cycling parameters were 5 cycles of 98 °C for 30
seconds and 72°C for 1 minute; 5 cycles of 98 °C for 30 seconds, 70 °C for 30 seconds and
72°C for 1 minute; and 27 cycles of 98 °C for 30 seconds, 68 °C for 30 seconds and 72°C
for 1 minute. Amplification products were run on 1% agarose gels and stained with
GelGreen nucleic acid stain (Phenix Research Products, Candler, NC) for visualization. PCR
products of approximately 750 bp were excised from the gel, purified with GeneJET gel
extraction kit (Thermo Fisher Scientific, Inc.), and cloned with the CloneJET PCR cloning
kit (Thermo Fisher Scientific, Inc.). Individual colonies were expanded in LB broth with
ampicillin and plasmid DNA was purified with the GeneJET plasmid miniprep kit (Thermo
Fisher Scientific, Inc.).

2.3 Amplification of Ilg lambda genes from genomic DNA

Genomic DNA was isolated from liver samples of each horse as directed by the DNeasy
Blood & Tissue Kit (Qiagen). Gene-specific primers were used in PCR reactions with 50 ng
genomic DNA, 1X iProof GC buffer, 1.5 mM MgCl,, 0.2 mM dNTPs, 0.5 uM primers, and
0.02 U iProof DNA polymerase (Bio-Rad). Thermal cycling parameters included initial
denaturation at 98 °C for 3 minutes; 35 cycles of 98 °C for 10 seconds, 60 °C for 10
seconds, and 72°C for 1 minute; followed by final extension at 72°C for 10 minutes. Primers
to amplify IGLJ1 to IGLC1, IGLJ4 to IGLC4, and IGLJ7 to IGLC7 were published by Sun
and colleagues (2010). The IGLC4 locus was also amplified from genomic DNA with
primers 5 TGAGAAGGATTTGGGCGGAG 3’ and 5 GACTTGACGGTGAGCTGGAA
3/, generating a 320 base pair product. Primer sequences were designed for VL15 (5
CAAAGGAAGCAGCTGACACG 3 and 5 GGGGCTGTGATTTGCATGTG 3/, amplified
a 705 base pair product), VL17 (5 CAAAGGAAGCAGCTGACGTG 3’ and &/
CTCAGCTTTCCGTGAGGGTT 3, amplified a 855 base pair product), and VL26 (5
GGGCTTTGGAGACCTGAGAC 3" and 5 GAGGGCACAGCAGGTTTTTG 3, amplified
a 869 base pair product). PCR products were visualized, cloned, and sequenced as described
above.

2.4 Sequence analysis

Clones were sequenced at the Cornell University Institute of Biotechnology, Ithaca, NY.
Sequence content analysis was performed with Geneious software version 6.1.6 (Biomatters,
Ltd., Auckland, New Zealand; Drummond et al., 2009). Only unique sequences were
included in analyses. Sequences are available through GenBank with accession numbers
KF985041 - KF985160 and KF992229 - KF992247. Shapiro-Wilk Normality test revealed
that, in most cases, data were not normally distributed and hence all comparisons were made
with the Wilcoxon-Mann-Whitney Rank Sum test (GraphPad Prism 6.0.2, GraphPad
Software, Inc., La Jolla, CA). The level of amino acid polymorphism was calculated from
the variability index described by Wu and Kabat (1970) and plotted against the amino acid
position. Variability is determined by the number of different amino acids at a given residue
divided by the frequency of the most common amino acid at that residue. Framework and
CDR regions were identified per IMGT guidelines designation (Lefranc et al., 2003). IGLV,
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IGLJ, and IGLC gene usage was determined by comparing the expressed sequences
obtained with germline sequence by BLAST and manually reviewing each match with the
NCBI Splign tool and multiple alignments. Germline comparisons were initially performed
with the equine reference genome sequence (EquCab2.0), and then to germline sequences
obtained in this study or available in the GenBank nucleotide database. Bias of IGLV, IGLJ,
and IGLC gene usage was assessed with the chi-square test (GraphPad Prism 6.0.2).
Phylogenetic analysis based on nucleotide sequences of framework regions 1, 2, and 3 was
performed with MEGA version 5.2 (Tamura et al., 2011), using p-distances and the
neighbor-joining method (Saitou and Nei 1987). To determine the level of support for each
node, bootstrap re-sampling was performed with 1,000 replications. Human IGKV1-12
(V01577) was included as an outgroup.

2.5 Immunoglobulin gene name nomenclature

3. Results

The name of Ig lambda light chain variable, joining, and constant gene segments were
assigned according to guidelines set forth by IMGT, the international ImMMunoGeneTics
information system (www.imgt.org). IGLV genes are named according to subgroup,
determined by Sun and colleagues (2010), followed by a number corresponding to location
in the equine Ig lambda locus, such that “V; 1" is renamed “ IGLV1-38” to designate
subgroup 1 and gene position 38, per the human IGLV nomenclature system (Lefranc,
2001). Similarly, consistent with the nomenclature of human Ig lambda genes, IGLJ and
IGLC genes are designated IGLJ1 through IGLJ7 and IGLC1 through IGLC?7 rather than the
original “J,1” and “C, 1” assignment (Lefranc 2001, Sun et al., 2010, Hara et al., 2012).
Alleles are designated by the addition of “*01” after the gene name, as directed by the
WHO-1UIS Nomenclature Subcommittee for immunoglobulins and T cell receptors (2008).
Supplemental table 1 lists the correspondence between gene names assigned by Sun and
colleagues (2010) and the new designations.

Herein, we investigated the patterns of Ig lambda light chain gene usage and nucleotide
diversity from fetal spleen, neonatal mesenteric lymph node (MLN), foal MLN, and adult
horse MLN tissue. Fetal spleen was sampled rather than fetal MLN because spleen is a
better developed and more accessible lymphoid organ at this stage. g lambda transcripts
were amplified from RACE libraries, cloned, and 30 unique sequences were obtained from
each sample (Supplemental table 2).

3.1 Equine Ig lambda light chain constant gene usage and diversity from germline over
developmental stages

Ig lambda gene usage and identity to germline were determined by comparing the expressed
sequences with the Ig lambda locus of the EquCab2.0 equine reference genome annotated by
Sun and colleagues (2010). The Ig lambda joining and constant genes were investigated
from fetal sequences first because IGLJ and IGLC genes exist as pairs in the equine genome
and little nucleotide diversity was expected. Germline gene usage of IGLC1, IGLC4, and
IGLC5 was found among the expressed fetal sequences (Figure 1), but many sequences
differed from the EquCab2.0 gene sequence by 5 to 7 nucleotides. The Ig lambda constant
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region sequences of fetus clones IGLVJ1 - IGLVJ10 best matched the reference genome
IGLC1 gene with 5 nucleotide mismatches, and the joining region sequences best matched
IGLJ1 accordingly. However, 2 variants of IGLJ1 were observed in these expressed
sequences: 4 of the 10 fetus IGLVJ1 - IGLVJ10 clone sequences were identical to the
genome IGLJ1 and 6 differed by one nucleotide. To determine whether these discrepancies
reflected germline alleles or clonal sequences containing somatic mutations, the region
encompassing IGLJ1 and IGLC1 was amplified from genomic DNA isolated from the liver
of the donor fetus and sequenced (data not shown). One IGLC1 sequence (IGLC1*01) was
obtained from fetal liver genomic DNA that shared 100% identity with 9 of the fetal
expressed sequences, and was 1 nucleotide different from fetus IGLVJ3 sequence (Table 1).
Two IGLJ1 sequences were obtained from fetal liver genomic DNA; one matched the
EquCab2.0 reference genome and the second differed from the genome by one nucleotide
and was 100% identical to the 6 expressed IGLJ1 variants (IGLJ1*01, Table 1). It was
subsequently determined that this IGLJ1*01 sequence was identical to the 1-JA1 sequence
determined by Sun et al. (2010), validating these new IGLJ1 and IGLC1 sequences as
germline alleles (Table 1). The fetal clone sequences IGLVJ11 - IGLVJ17 best matched the
reference genome IGLC4 gene with 7 mismatches. Amplification and sequencing of the
IGLC4 gene from the donor’s liver genomic DNA identified new IGLJ4 and IGLC4 alleles
(IGLJ4*01, IGLC4*01), which matched the expressed sequences and differed from the
reference genome IGLC4 gene (Table 1). The remaining fetal sequences, fetus IGLVJ18 —
IGLVJ30, contained IGLJ5/IGLC5 sequences that were identical to the EquCab2.0
reference genome or the IGLC5b allele described by Hara et al. (2012), except for a single
nucleotide variation in clone fetus IGLVJ18 constant region (Table 1).

Two Ig lambda constant genes were identified from the neonatal expressed Ig lambda
sequences: IGLCL1 in 7 clones and IGLCY in the other 23 clones (Figure 1). All 7 neonate
IGLVJ1 — IGLVJ7 clone sequences were identical to IGLJ1*01 and reference genome
IGLC1 (Table 1). The remaining 23 neonatal clones contained either the reference genome
IGLJ7/IGLCY pair or an allelic pair (IGLJ7*01/IGLC7*01) that was also amplified and
sequenced from the donor’s liver genomic DNA (Table 1).

Three IGLC genes were identified among foal expressed Ig lambda clones: IGLC1 reference
genome allele in 3 clones (foal IGLVJ1 — IGLVJ3), IGLC4 in 17 clones, and IGLC7 in 10
clones (Figure 1, Table 1). Two IGLC4 alleles were observed in the RACE clones that
matched sequences 1-C\4 (foal IGLVJ19, 20) and 2-Ch4-2 (foal IGLVJ4 - 18) described by
Sun et al. (2010). The IGLC7 RACE sequences matched the EquCab2.0 reference genome
IGLCY7 (foal IGLVJ26) or the IGLC6/7a3 allele (foal IGLVJ21 - 25, 27 — 30) reported by
Hara et al. (2012).

Similar to the lambda constant gene usage in the foal, the adult clone sequences contained 3
IGLC genes: IGLC1 in 1 clone (reference genome allele, adult IGLVJ1), IGLC4 in 8 clones
(2-C\4-2 allele, adult IGLVJ2 - 9), and IGLC7 CA7 allele (adult IGLVJ10 - 13, 15, 20, 23 -
25, 29, 30) or IGLC6/7a3 allele (adult IGLVJ14, 16 — 19, 21, 22, 26 — 28)].

Of the total 120 expressed Ig lambda clone sequences, most lambda constant gene sequences
were 100% identical to the respective germline IGLC gene segment (Supplemental table 2),
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although up to 4 nucleotide differences were observed between the expressed and germline
IGLC sequences over 284 bases.

Although 2 or 3 different IGLC genes were expressed at each age, only IGLC1 was detected
at all stages, although it was not the most frequently used gene at any stage (Figure 1). To
determine whether a bias in IGLC gene usage was present, the chi-square test was applied
and significance was found when all 4 ages were compared (p < 0.0001), as well as for each
pair of comparisons (p < 0.02).

3.2 Equine Ig lambda light chain variable gene usage and diversity from germline over
developmental stages

Ig lambda variable gene usage annotation revealed that 13 IGLV genes were identified from
equine fetal Ig lambda light chain sequences, 14 IGLV from neonatal sequences, 11 from
foal sequences, and 9 from adult sequences (Figure 1, Supplemental table 2). Of the 27
functional IGLV genes annotated in the genome, 18 were identified in our dataset.
Additionally, the IGLV8-125 gene, originally predicted to be a pseudogene, was identified
in functional 1g lambda adult IGLVJ30 sequence (pVVA74); expression of this IGLV gene has
been reported in other horses as well (Hara et al., 2012). Five expressed sequences from the
fetus (IGLVJ29, 30) and neonate (IGLVJ7, 29, 30) were not assigned a germline IGLV gene
but rather designated as novel here because the best matches to the reference genome were
<93% identical. Comparison of the 5 novel sequences with germline IGLV genes placed
them in IGLV subgroups 4 (neonate IGLVJ7 and 30), 6 (neonate IGLVJ29), and 8 (fetus
IGLVJ29 and 30). All other gene assignments exceeded 98% identity in fetal sequences and
96% in neonatal sequences.

Given the prevalence of IGLJ and IGLC germline alleles found above, we hypothesized that
IGLV gene allelic variation may also be found between horses frequently. Thus, the most
frequently detected IGLV genes were selected for germline donor amplification and
sequencing (data not shown). Germline allelic variants were found for IGLV8-122,
IGLV8-128, IGLV8-26, IGLV8-24, IGLV8-20, and IGLV8-12, and identity between the
new alleles and the EquCab2.0 reference genome ranged from 96.73 to 99.86% (Table 1).

Figure 1 revealed that 9 IGLV genes were identified from only one developmental stage
whereas 5 IGLV genes were identified in all stages. Given this distribution, a Chi-square test
was performed to assess IGLV gene usage bias with respect to age, and significance was
detected upon comparison of all 4 ages (p = 0.04), fetus versus foal (p = 0.02), and fetus
versus adult (p < 0.01). Chi-square test significance was not detected for IGLV gene usage
for fetus versus neonate, neonate versus foal, or foal versus adult comparisons (p > 0.15).
The preferential usage of IGLV8-12 in fetal sequences (8 of 30 clones) compared to the
preferential usage of IGLV8-128 in all later stages (=7 of 30) contributed to these findings
(p = 0.001).

Phylogenetic analysis was undertaken to confirm the germline assignments and to enumerate
IGLV subgroups identified from expressed sequences, using the framework regions of 120
RACE sequences, 33 reference genome functional and ORF genes, and the IGLV8-125
functional allele. IGLV germline clustering was consistent with that previously determined
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(Sun et al., 2010) and all IGLV annotations assigned herein were consistent with the
clustering observed in the phylogenetic tree (data not shown). Expressed sequences from
IGLV subgroups 2, 3, 4, 6, 8, and 11 were detected in the entire dataset, although subgroup
8 accounted for 76% of the IGLV sequences. Sequences from IGLV subgroup 4 and 6
accounted for 9 and 10%, respectively. The remaining 5% of sequences were attributed to
subgroup 1 or 2 IGLV genes. Within each age, subgroup 8 IGLV sequences were most
prevalent, ranging from 60% of the fetal sequences to 93% of the adult sequences.

3.3 Combinatorial diversity of equine Ig lambda light chain sequences

Gene segment recombination pairs were plotted to appreciate the combinatorial diversity of
the IGLV-IGLJ pairs during equine development (Figure 2). In total, 45 different IGLV-
IGLJ recombination pairs were observed from 120 sequences. Twenty- eight combination
pairs were only observed in one individual and 10 pairs were observed in 2 samples. Seven
pairs were observed in samples from throughout development (fetus or neonate and foal and
adult stages): IGLV6-101 to IGLJ7, IGLV8- 12 to IGLJ7, IGLV8-24 to IGLJ7, IGLV8-28
to IGLJ7, IGLV8-122 to IGLJ4, IGLV8-128 to IGLJ1, and IGLV8-128 to IGLJ7. Although
these pairs were present across horses, most were only detected once in 30 clones. However,
recombination pairs IGLV8-24 to IGLJ7 and IGLV8-28 to IGLJ7 were observed in up to 6
clones per stage.

3.4 Junctional diversity of equine Ig lambda light chain sequences

Pursuant to annotation of the discrete IGLV and IGLJ gene segments, the length of non-
templated or palindromic V-J junction nucleotide additions was assessed (Table 2,
Supplemental table 2). V-J junction insertions ranged from 0 to 3 nucleotides in fetal Ig
lambda light chain sequences and increased significantly to 5 nucleotides in neonatal
sequences (p = 0.03). No significant increase was observed in from neonatal junction lengths
to foal sequences despite up to 8 nucleotides at the V-J junction (p = 0.08). A significant
increase up to 27 nucleotides in junction length was detected between foal and adult
sequences (p < 0.0001). Five adult sequences contained V-J junctions greater than 14
nucleotides, and each of these were only observed once.

The length of each of the three CDRs was determined from the predicted translation of each
equine Ig lambda light chain sequence as designated by the IMGT numbering system
(Lefranc et al., 2003). CDR1L and CDR3L lengths varied between sequences within each
age, whereas CDR2L had a length of 3 residues in all sequences (Figure 3, 4). CDR1L
lengths varied from 6 to 10 residues in fetal sequences, 6 to 11 residues in neonatal and foal
sequences, and 3 to 11 residues in adult sequences (Figure 3 top panel), and no statistical
difference in CDR1L length was detected over time (p > 0.15). CDR3L lengths varied from
8 to 12 residues in fetal and neonatal sequences, from 9 to 12 residues in foal sequences, and
from 6 to 12 residues in adult sequences (Figure 3 bottom panel). No statistical differences
were detected for CDR3L amino acid length distribution with respect to age (p > 0.14).

3.5 Vvariability of equine Ig lambda light chain sequences

Alignment of the predicted amino acid sequences revealed a considerable Ig lambda light
chain repertoire in equine fetal life, given the divergent nature of the IGLV genes prior to
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contributions from somatic hypermutation (Figure 4). Length variations were evident in fetal
life throughout the IGLV segment, particularly within the CDR motifs. Adult sequences
exhibited polymorphic residues spanning the IGLV gene segment and not solely restricted to
the CDRs. The variability index plot of fetal Ig lambda light chain sequences revealed
concentrated areas of diversity clustering around CDR2L and CDR3L (Figure 5). CDR1L
was first discernable at the neonatal stage and present at similar levels in foal sequences, and
the CDRLL variability index more than doubled in adult sequences. Variability in CDR3L
was appreciable during equine fetal life and steadily increased with age.

4. Discussion

The analysis of Ig lambda light chain RACE clone sequences from equine fetal, neonatal,
foal, and adult lymphoid tissue revealed substantial complexity of the Ig lambda light chain
locus in terms of 1) abundance of IGLV, IGLJ, and IGLC germline alleles, 2) significant
changes in the repertoire of genes used at discrete life stages, 3) presence of junctional
diversity starting in mid-gestation fetal life, and 4) increases in variability throughout life.

Germline IGLJ and IGLC alleles have been reported among horses recently (Sun et al.,
2010, Hara et al., 2012). Yet, we did not anticipate the abundance of IGLV germline alleles
encountered in this study. Given the high level of sequence conservation of expressed IGLJ
and IGLC sequences with germline, it is relatively easy to distinguish allelic variations from
somatic mutations. However, it is more difficult to do the same for at least 27 germline
IGLV genes, many of which share high levels of nucleotide identity and are likely to
undergo somatic hypermutation in vivo. Sequencing each of the expressed 19 germline
IGLV genes and the 5 novel IGLV genes from the 4 donor horses assayed would have likely
identified additional alleles. The IGLV alleles determined in this work shared 96.73 to
99.86% identity with the EquCab2.0 reference genome. IGLJ and IGLC alleles described by
others also differed from the reference genome by up to 4% (Sun et al., 2010, Hara et al.,
2012). Therefore, we hypothesize that the data presented herein suggests that this germline-
encoded diversity contributes another dimension to the potential Ig lambda repertoire at the
species level, even before considering differential gene usage, combinatorial gene usage, or
junctional diversity.

The most unexpected finding of this work was the large number of IGLV genes used in fetal
and pre-suckle neonatal lymphoid tissues (13 and 14, respectively). Fewer IGLV genes were
detected in foal and adult lymphoid tissues (11 and 9, respectively), and the complement of
genes used also differed with age. At the level of subgroups, genes from 6 IGLV subgroups
were detected (IGLV2, 3, 4, 6, 8, and 11), which were more than previously reported for
horses (Sun et al., 2010, Hara et al., 2012). Subgroup IGLV8 usage was dominant (76% of
the dataset), followed by usage of subgroups IGLV4 and IGLVS; this pattern is consistent
with that described in adult horse spleen (Sun et al., 2010). The less prevalent subgroups
IGLV?2, 3, and 11 were observed in fetal and neonatal stages exclusively. Given that Ig
repertoire is initially populated by Ig genes present in the germline and then molded by
adaptive responses to pathogens and environmental antigens, these findings should be
substantiated with additional horses of various breeds, locations, and management
conditions.
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Three IGLV genes account for 53% of equine fetal Ig lambda repertoire: IGLV4-66,
IGLV8-24, and IGLV8-12. In the neonate, 50% of the Ig lambda repertoire is comprised of
IGLV8-128, IGLV8-24, and IGLV8-12. Ig heavy chain variable gene usage is also largely
dominated by 3 genes in equine fetal life (IGHV2S2, IGHV2S3, and IGHV2S4), and those
genes remain dominant throughout life (Tallmadge et al., 2013). The majority of the Ig
repertoire in fetal and neonatal pigs is similarly composed of 3 variable genes for both heavy
and lambda light chains, although IGLV gene usage is restricted to a single IGLV subgroup
(Wertz et al., 2013).

The IGLV genes detected in expressed equine fetal and neonatal sequences represented
genes spanning the length of the genomic Ig lambda locus (IGLV8-137 to IGLV2-41
upstream of the JA-CA cluster and IGLV11-33 to IGLV8-12 downstream of the JA-Ch
cluster), suggesting that the entire lambda locus is accessible during equine fetal life. Thus,
our data does not support the positional hypothesis proposed by murine and human studies
(Schroeder et al., 1987, Yancopoulos et al., 1984). Ig gene usage in fetal pigs also
contradicts the positional hypothesis (Wertz et al., 2013).

The significant increases in IGLV-IGLJ junction nucleotide length were not reflected in
significant increases in CDR3L amino acid length, perhaps due to compensatory differences
in germline IGLV gene segment lengths or exonuclease activity in adult B lymphocytes.
Deletions up to 21 nucleotides at the 3’ end of IGLV and up to 7 nucleotides at the 5" end of
IGLJ have been reported in adult equine IGLV sequences, which could account for constant
CDR3L amino acid sequences despite longer IGLV-IGLJ nucleotide junctions (Sun et al.,
2010). In adult horse spleen, the addition of N and P nucleotides at IGLV-IGLJ junction
generates more diversity than the Ig kappa light chain (Sun et al., 2010). The diversity of the
Ig kappa light chain has not yet been examined in equine fetal tissues, but we hypothesize
that it would be less than the Ig lambda diversity described herein. The same pattern of
increased number of non- templated insertions at the IGLV-IGLJ junction without a
corresponding increase in CDR3L length has been observed in human neonatal B
lymphocytes (Richl et al., 2008).

In sum, these analyses unveil significant contributions of the Ig lambda light chain to the
total Ig repertoire that are most striking in equine fetal life, but also substantial in adulthood.
The mechanisms underlying these contributions include the presence of germline alleles
with up to 4% nucleotide diversity, significant changes in Ig lambda gene usage with respect
to age, combinatorial diversity, additions of N and/or P nucleotides at IGLV-IGLJ junctions
throughout life, and amino acid variability that increases with age, due in part to somatic
hypermutation.
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CDR complementarity-determining region

Ig immunoglobulin

IGLV immunoglobulin lambda variable gene

IGLJ immunoglobulin lambda joining gene

IGLC immunoglobulin lambda constant chain gene

ORF open reading frame

MLN mesenteric lymph node

RACE rapid amplification of cDNA ends
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Figure 1. Equine immunoglobulin lambda light chain gene segment usage during fetal, neonatal,
foal, and adult horse life stages

The repertoire of expressed IGLV genes (top panel) and IGLJ/IGLC pairs (bottom panel) is
shown for fetal (black bar), neonatal (dark gray), 2-month old foal (light gray with black
border), and adult (white bar with black border). Chi-square tests revealed biased usage of
both IGLV (p = 0.0442) and IGLJ/IGLC (p < 0.0001) genes over time.
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Figure 2. Combinatorial diversity of equine immunoglobulin lambda light chain sequences
IGLV-IGLJ/C recombination pairs are plotted for fetal (diamond), neonatal (triangle), foal

(x), and adult (filled circle) stages. Plot indicates presence of recombination but not
frequency.
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Figure 3. CDR1 and CDR3 length distribution of equine immunoglobulin lambda light chain
sequences
The length of complementarity-determining regions (CDR) 1 and 3 from unique sequences

are plotted by age group. Fetal sequences are shown in black, neonatal sequences in dark
gray, foal sequences in light gray with black border, and adult horse sequences in white with
black border. No statistical differences were detected for CDR length distribution with
respect to age.

Dev Comp Immunol. Author manuscript; available in PMC 2015 October 01.



Tallmadge et al. Page 18

16GLVI2
I6GLVI3
IGLVI4
IGLVIS
IGLVI6
16GLVI?
16LVI8
IGLVIS X
IGLVI0 .. GNY-
GLWIIL . 7

16LVI12
IGLVI13 .
IGLVII4
IGLVILS
IGLVI16
I6LVI17
eIV ..

IGLVIL9 . swasveenlure

16LVI20 9.

6LVl .

16LVI22

16LVI23

16LVI24

I6LVI25

IGLVI26

16LVI27 . ..

16LVI28 . . v, G--A
16GLVI29 . T R o
1GLVI0 =

. ..AT. o
K..Q..VLV.DPS.E~.P..L.E. AL YI-me-L S,
K..Q..VLV.DPS.E-.P..I.E.. LAA.A..YEA-SI..S....

Neonate IGLVJ1
Neonate
Neonate

GP.V.V...DSE-.P..I.E
Neonate V. v. . . .

Neonate . . . 5 # SR
Neonate . . .
Neonate - ATYT-.....0s .. ..

AT »

Foal IGLVJL
Foal IGLVJ2
Foal IGLVJ3
Foal IGLVI4
Foal IGLVJS
Foal IGLVJ6

bbbbbbbbbbbbbbbbbbbb

e s,
-T.KG. DFESE-
RA.LT.
1.
1.

Foal IGLVJI30

Adult IGLVJ1

Adult IGLVJ11
Adult IGLVJ12
Adult IGLVI13
Adult IGLVI14
Adult IGLVJ1S
Adult IGLVJ16
Adult IGLVI17
Adult IGLVJ18
Adult IGLVJ1S
Adult IGLVJ20
Adult IGLVI21
Adult IGLVI22
Adult IGLVJ23
Adult IGLVI24
Adult IGLVI2S

Adult IGLVI30

Figure 4. Amino acid alignment of equine immunoglobulin lambda light chain sequences
Alignment of fetal, neonatal, foal, and adult horse Ig lambda light chain sequences. The 3

complementarity-determining regions are bolded and underlined. Residues identical to the
consensus sequence are represented by dots and dashes represent gaps inserted to maximize
the alignment.
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Variability plots of (A) fetal, (B) neonatal, (C) foal, and (D) adult horse Ig lambda light

chain sequences. The variability index was determined per Wu and Kabat (1970).
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Equine immunoglobulin lambda germline alleles expressed in lymphoid tissues.

Table 1

Page 20

Ig lambda gene/allele  Identity to EQuCab2.0 RACE clones RACE identity = Reference, Genbank accession
to germline
IGLV8-122 Fetus IGLVJ13 100 Sun et al., 2010, NW_001867428
IGLV8-122*01 99.57 Fetus IGLVJ26 100 This study, KF992235
Foal IGLVJ12 98.53
IGLV8-122*02 99.86 Neonate IGLVJ20, 21, 22 96.52 - 99.75 This study, KF992236
Adult IGLVJ5, 23 89.39-94.43
IGLV8-122*03 96.73 Foal IGLVJ2 99.48 This study, KF992237
Adult IGLVJ25 89.37
IGLV8-122*04 98.87 Adult IGLVJ6, 24 90.61-92.17 This study, KF992238
IGLV8-128 Neonate IGLVJ1, 2, 8, 9, 10, 97.57 -98.38 Sun et al., 2010, NW_001867428
11,12 93.98 — 96.56
Foal IGLVJS, 7, 8, 9, 10, 22 89.84 - 97.67
Adult IGLVJ2, 10, 14, 15
IGLV8-128*01 98.72 Fetus IGLVJ18 98.52 This study, KF992239
Adult IGLVJ11, 12, 13 89.27 - 93.56
IGLV8-128*02 97.16 Foal IGLVJL, 4, 5, 21, 23 95.80 - 99.75 This study, KF992240
IGLV8-128*03 96.30 Adult IGLVJ1 88.68 This study, KF992241
IGLV8-26*01 98.54 Neonate IGLVJ28 98.28 This study, KF992242
Foal IGLVJ29 95.56
IGLV8-24 Neonate IGLVJ3, 13, 14, 15 96.94 - 99.24 Sun et al., 2010, NW_001867428
Foal IGLVJ24 97.97
Adult IGLVJ3, 4, 16, 17, 19 84.35-97.64
IGLV8-24*01 99.86 Fetus IGLVJ19, 20, 21 100 This study, KF992243
Adult IGLVJ18, 20, 21 88.59 — 93.80
IGLV8-20 Foal IGLVJ13 96.27 Sun et al., 2010, NW_001867428
IGLV8-20*01 97.12 Fetus IGLVJ27 99.75 This study, KF992244
IGLV8-20*02 97.17 Adult IGLVJ7, 8, 26 94.99 -98.53 This study, KF992245
IGLV8-12 Fetus IGLVJ22, 23, 25 99.01 - 100 Sun et al., 2010, NW_001867428
Neonate IGLVJ16, 17, 18, 19 96.08 — 100
IGLV8-12*01 98.25 Fetus IGLVJY, 2, 3, 24 99.73 - 100 This study, KF992246
IGLV8-12*02 99.42 Foal IGLVJ11, 25 96.28 — 99.00 This study, KF992247
Adult IGLVJ22 91.85
IGLJ1 Fetus IGLVJ4, 5, 6, 10 100 Sun et al., 2010, NW_001867428
IGLJ1*01 97.37 Fetus IGLVJL, 2, 3,7, 8,9 100 This study, KF992229 and Sun et
Neonate IGLVI1, 2, 3, 4,5, 6, 100 al., 2010 1-J A1
7 100
Foal IGLVJY, 2,3 88.68
Adult IGLVJ1
1GLJ4*01 92.11 Fetus IGLVJ11, 12, 13, 14, 15, 100 This study, KF992231
16, 17
1-JMIINT 97.37 Foal IGLVJ4,5,6,7,8, 9, 10, 100 Sun et al., 2010
11,12, 13, 14, 15, 16, 17, 18, 85.71-100
19, 20
Adult IGLVJ2, 3, 4,5, 6,7, 8,
9, 10, 11, 12, 13, 20, 23, 24,
25,30
IGLJ7 Neonate IGLVJ8, 13, 16, 20, 97.14-100 Sun et al., 2010, NW_001867428
26,27, 28,29 97.37 - 100
Foal IGLVJ21, 22, 23, 24, 25, 85.29 - 100
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Ig lambda gene/allele  Identity to EQuCab2.0 RACE clones RACE identity = Reference, Genbank accession
to germline
IGLJ7*01 94.74 Neonate IGLVJ9, 10, 11, 12, 100 This study, KF992233
14, 15,17, 18, 19, 21, 22, 23,
24,25, 30
IGLC1 Neonate IGLVJ1, 2, 3, 4, 5, 6, 100 Sun et al., 2010, NW_001867428
7 100
Foal IGLVJ1, 2, 3 100
Adult IGLVJ1
IGLC1*01 98.41 Fetus IGLVJ1, 2, 3,4,5,6, 7, 99.65 - 100 This study, KF992230
8,9,10
IGLC4*01 96.45 Fetus IGLVJ11, 12, 13, 14, 15, 98.59 — 100 This study, KF992232
16, 17
1-C\4 94.68 Foal IGLVJ19, 20 100 Sun et al., 2010
2-C\4-2 94.68 Foal IGLVJ4,5,6,7,8, 9, 10, 99.65 — 100 Sun et al., 2010
11,12, 13, 14, 15, 16, 17, 18 100
Adult IGLVJ2, 3, 4,5, 6,7, 8,
9
IGLC5 Fetus IGLVJ18, 19, 22, 24, 25, 99.30 - 100 Sun et al., 2010, NW_001867428
26, 28, 30
IGLC5b 98.44 Fetus IGLVJ20, 21, 23, 27, 29 100 Hara et al., 2012, IN228107
IGLC7 Neonate IGLVJ8, 13, 16, 20, 100 Sun et al., 2010, NW_001867428
26,27, 28,29 100
Foal IGLVJ26
IGLC7*01 99.65 Neonate IGLVJ9, 10, 11, 12, 100 This study, KF992234
14, 15,17, 18, 19, 21, 22, 23,
24,25, 30
1-C\7 99.65 Adult IGLVJ10, 11, 12, 13, 15, 98.94 - 100 Sunetal., 2010
20, 23, 24, 25, 29, 30
IGLC6/7a3 99.37 Foal IGLVJ21, 22, 23, 24, 25, 99.65 — 100 Hara et al., 2012, IN228114
27,28, 29, 30 100

Adult IGLVJ14, 16, 17, 18, 19,
21,22, 26,27,28
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Table 2

Nucleotide length of Ig lambda light chain gene rearrangement junctions.

IGLV-IGLJ junction

Median  Range . yqjue®

Fetus 0 0-3

Neonate 0 0-5 0.0361
Foal 1 0-8 0.0862
Adult 8 0-27 <0.0001

*
p-value compared to values with previous age (i.e., neonate vs. fetus; foal vs. neonate; adult vs. foal).
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