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Abstract

Humoral immunity is a critical component of the immune system that is established during fetal
life and expands upon exposure to pathogens. The extensive humoral immune response repertoire
is generated in large part via immunoglobulin (1g) heavy chain variable region diversity. The horse
is a useful model to study the development of humoral diversity because the placenta does not
transfer maternal antibodies; therefore, Igs detected in the fetus and pre-suckle neonate were
generated in utero. The goal of this study was to compare the equine fetal Ig VVDJ repertoire to that
of neonatal, foal, and adult horse stages of life. We found similar profiles of IGHV, IGHD, and
IGHJ gene usage throughout life, including predominant usage of IGHV2S3, IGHD18S1, and
IGHJ1S5. CDR3H lengths were also comparable throughout life. Unexpectedly, 1g sequence
diversity significantly increased between the fetal and neonatal age, and, as expected, between the
foal and adult age.
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1. Introduction

The immense repertoire of antigen-specific immunoglobulins (Igs) is generated
predominantly by diversity in variable regions of the heavy and light chains. Expressed Ig
heavy chains result from recombination of discontinuous germline variable (IGHV),
diversity (IGHD), joining (IGHJ), and constant (IGHC) region gene segments. The encoded
VH, D, and Jy domains form 3 complementarity determining regions (CDRs) that bind
antigen (Kabat and Wu 1991). The 3 CDRs are separated by conserved framework regions
that provide structural support (Kirkham et al. 1992). The IGHV gene encodes CDR1H and
CDR2H, and framework regions 1, 2, and 3 (Tonegawa 1983). CDR3H is encoded by the 3’
end of IGHV and the junction of IGHD and IGHJ gene segments. Multiple mechanisms
contribute to variable region diversity, including combinatorial diversity from IGHV, IGHD,
and IGHJ gene segment usage; CDR3H junctional diversity from the insertion of non-
templated (N) and palindromic (P) nucleotides; and somatic hypermutation, which allows
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affinity maturation (Alt and Baltimore 1982; Tonegawa 1983). Once antigen specificity is
achieved, g function can be modulated by constant region isotype-switching.

In most species, the IGHV locus contains multiple functional IGHV genes, multiple IGHV
genes with functional coding sequence but altered or missing splice or recombination signals
(often denoted as VHORF), and multiple IGHV pseudogenes. The total number of IGHV
genes varies considerably across species, from over 160 in mice and rats to less than 20 in
cows and sheep (Das et al. 2008). Recent annotation of Ig variable region genes from the
equine genome revealed 54 IGHV genes, 40 IGHD genes, and 8 IGHJ genes (Sun et al.
2010). Expressed equine IGHV sequences have been reported from IGHM and IGHE cDNA
clones and from two studies characterizing horse 1g VDJ sequences (Navarro et al. 1995;
Schrenzel et al. 1997; Almagro et al. 2006; Sun et al. 2010). Functional IGHV genes can be
sorted into families or subgroups that share at least 75% nucleotide identity among
members; the equine IGHV genes with functional coding sequence have been sorted into 7
subgroups (Giudicelli and Lefranc 1999; Sun et al. 2010). Across species, IGHV gene
families can be classified into 3 phylogenetic clans (I, 11, and I11), and it has been suggested
that they have been present for about 370 million years (Schroeder et al. 1990; Das et al.
2008). Clan Il and 111 IGHV genes are found in most species, whereas clan I IGHV genes
are less common. A comparative analysis of IGHV genes spanning 16 species reported that
the evolution of IGHV genes is characterized by species-specific IGHV gene expansion and
contraction, and overall, this evolution is more complex than expected (Das et al. 2008).

Biases in IGHV gene usage have been reported during fetal life in humans and mice (Feeney
1990, Schroeder and Wang 1990). Studies of Ig repertoire report biases because usage of
IGHV genes from the V3 family is strongly favored during human fetal and neonatal life,
and DHQ52, J43, and Jy4 are overrepresented during human fetal life (Schroeder and Wang
1990; Bauer et al. 2002). Of note, IGHV gene usage in human neonates is not exclusive to
V3 and the overall pattern of Vi usage is similar to Vy usage in adults. Recent studies of
antigen-specific B cell responses revealed that the rotavirus-specific repertoire is dominated
by V{1 and V4 usage in both human infants and adults, and the respiratory syncytial virus-
specific repertoire is dominated by V3 usage in both human infants over 3 months of age
and adults (Weitkamp et al. 2003; Williams et al. 2009). Therefore, it seems that neonates
can produce antigen-specific Ig responses with similar IGHV gene usage as adults.

We hypothesized that equine fetal and neonatal immunoglobulin repertoire diversity (before
antigenic exposure) contains Vi, D, J4 gene usage similar to the young foal and adult horse
(post antigenic exposure). The understanding of fetal and neonatal humoral competency has
implications to vaccinology and immunity against pathogens in early age. The goal of this
study is to compare the 1g VVDJ repertoire and diversity in equine fetal life to that in
neonatal, young foal, and adult horse stages of life. Our previous studies described the
development of primary and secondary lymphoid tissues in the equine fetus, neonate, and
young foal, including the expansion of lymphocyte populations and formation of lymphoid
follicles (Tallmadge et al. 2009). The finding that fetal lymphoid tissues express mRNA for
genes known to be essential for B cell development and function suggested active
development and gene recombination during equine gestation, including immunoglobulin
isotype switching, because a corresponding production of IgM and 1gG proteins was
detectable in serum in a limited scale at birth. This study extends those results by directly
examining the diversity present at recombined Ig heavy chain VDJ regions from progressive
developmental stages. We also used these samples in two methods for the amplification of
the Ig VDJ repertoire: a) generation of 5’ rapid amplification of cDNA ends (RACE) library
cDNA followed by PCR with a conserved IGHJ reverse primer and b) oligo d(T)-primed
cDNA template followed by PCR using previously described degenerate primers (Almagro
et al. 2006).
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Materials and methods

2.1 Tissue and blood 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. 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, reverse transcriptase polymerase chain reaction (RT-PCR)

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
Scientific, Wilmington, DE) and one microgram was used to generate a 5’-RACE library
with the SMARTer™ RACE cDNA Amplification Kit (Clontech Laboratories, Inc.,
Mountain View, CA). PCR amplification of Ig heavy chain variable regions was performed
with a reverse primer designed to amplify all 8 horse IGHJ regions, 5’
CTCGCCTGAGGAGACGGTGACCAG 3’ (Supplemental figure 1). Amplification
reactions contained 1X iProof high fidelity buffer, 1.5 mM MgCl,, 0.2 mM dNTPs, the
provided universal forward primer with 0.5 uM gene-specific reverse primer (Integrated
DNA Technologies, Coralville, IA), and 0.02 U iProof DNA polymerase (error rate of 4.4 x
1077, 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 550 bp were excised from the gel, purified with GeneJET
gel extraction kit (Thermo Scientific), and cloned with the CloneJET PCR cloning kit
(Thermo Scientific). Individual colonies were expanded in LB broth with ampicillin, and
plasmid DNA was purified with the GeneJET plasmid miniprep kit (Thermo Scientific).
More than 30 clones were sequenced from each sample.

For reverse transcription, cDNA synthesis reactions contained 5.5 mM MgCl,, 0.5 mM
dNTPs, 2.5 uM oligo d(T) (Applied Biosystems, Foster City, CA), 0.4 U RNasin
Ribonuclease Inhibitor (Promega, Madison, WI), and 1 U Moloney Murine Leukemia Virus
Reverse Transcriptase (MuLV RT), and 1X M-MuLV RT buffer (Applied Biosystems). To
test for residual genomic DNA contamination, control samples did not receive M-MuLV
RT. Amplification reactions contained 1X iProof high fidelity, 1.5 mM MgCly, 0.2 mM
dNTPs, 0.5 uM forward and reverse primer (Integrated DNA Technologies), and 0.02 U
iProof DNA polymerase (error rate of 4.4 x 1077, Bio-Rad Laboratories). The primers were
previously published: HorlIGHV forward primer 5 CAGGTGCARCTGMAGGAGTCRG 3’
and HorJH5 reverse primer 5> ACGGTGACCAGGATACCCTG 3’ (Almagro et al. 2006).
Thermal cycling parameters were 98 °C for 30 seconds; 35 cycles of 98 °C for 10 seconds,
58 °C for 20 seconds, 72 °C for 30 seconds; and a final extension of 72°C for 10 minutes.
Amplification product were run on 1% agarose gels and stained with GelGreen nucleic acid
stain (Phenix Research Products) for visualization. PCR products of approximately 350 bp
were excised from the gel, purified and cloned as described above.
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2.3 Sequence analysis

Clones were sequenced at the Cornell University Life Sciences Core Laboratories Center,
Ithaca, NY. Replicate sequences and sequences encoding premature stop codons (IGVDJ120
and IGVDJ121) were eliminated from the analyses. Sequences are available through
GenBank with accession numbers HQ403608-HQ403643 and KC549680-KC549800.
Sequence content analysis and identity matrix were performed with Geneious software
(Biomatters, Ltd., Drummond et al. 2009). The Shapiro-Wilk Normality test (http://
dittami.gmxhome.de/shapiro/) revealed that in most cases data were not normally distributed
and hence the Wilcoxon-Mann-Whitney Rank Sum test was used to assess comparisons of
pairwise nucleotide identity levels, nucleotide identity to germline IGHV genes, and the
length of non-templated nucleotides (KaleidaGraph, Synergy Software). 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. IGHV, IGHD, and IGHJ gene usage was determined by
comparing the obtained sequences with annotated germline sequences (Sun et al., 2010)
using BLAST and manual review of each match. IGHV genes were annotated first, followed
by IGHJ genes. IGHD genes were annotated by comparing the sequence between IGHV and
IGHJ to the 40 germline IGHD genes using the NCBI BLAST bl2seq tool. BLAST hits were
reviewed for identity level, gaps, length, and orientation; accepted hits exceeded the IGHD
identification constraint of 5 consecutive nucleotide matches established by Brezinschek et
al. (1995). Assigned IGHD genes spanned 7 to 32 bases and most had =90% nucleotide
identity. If no hits were accepted, tblastn searches were used to compare the predicted amino
acid sequence of the clone to translated germline IGHD genes. Hits with low identity were
not assigned a germline IGHD gene and are labeled ‘not determined’ in Table 2. Bias of
IGHV, IGHD, and IGHJ gene usage was assessed with the chi-square test using GraphPad
Prism version 6.01 for Windows, GraphPad Software, La Jolla California USA,
www.graphpad.com. Phylogenetic analysis based on amino acid sequence was performed
with MEGA version 5 (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
resampling was performed with 1,000 replications. Framework regions 1, 2, and 3 were used
for the analysis as defined by Lefranc et al. (2003); complementarity-determining regions
and primer sequences were excluded. For comparative phylogenetic analysis, 88 IGHV
sequences were used: 40 horse IGVVDJ sequences from this study, 16 horse germline IGHV
and 6 IGHVORF (Sun et al. 2010), 1 cow (U49765), 1 sheep (Z249188), 1 pig (AF064686), 7
human (L22582, X62111, X92206, 212367, M99686, X92224, Z27509), and 16 mouse
(X02459, J00502, M61217, X01437, AF290966, X03398, X03256, U23020, L14362,
AF064445, AC073563, M22439, AC073589, X03572, U39293, AC073563). Representative
sub-group sequences from each species were randomly chosen.

1.4 Immunoglobulin gene name nomenclature

The name of Ig heavy chain variable, diversity, and joining gene segments were assigned
according to guidelines set forth by IMGT, the international ImMunoGeneTics information
system (www.imgt.org), and personal communication with Y. Sun. IGHV genes were
named according to subgroup (Sun et al., 2010): “‘VH1’ was renamed ‘IGHV1S1’ to
designate sequence 1 of subgroup 1. Twenty-eight subgroups were established for the 40
IGHD genes based on >75% nucleotide identity, 2 subgroups were established for the 8
IGHJ genes, and the genes named accordingly. Table 1 lists the correspondent gene names
assigned by Sun et al. (2010) and the new designations.
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Our previous investigation demonstrated that equine neonatal B cells were able to produce
all 1g isotypes at the molecular level (Tallmadge et al. 2009). Further, 7d7 (DNTT) mMRNA
expression was detected in fetal bone marrow samples, suggesting the presence of non-
templated diversity. The present study directly assessed the level of Ig heavy chain variable
region diversity with RACE libraries constructed from fetal spleen, neonatal, foal, and adult
horse mesenteric lymph node samples. Ig transcripts were amplified with a conserved IGHJ
reverse primer (supplemental Figure 1). The fetal spleen sample was collected at 102 days of
gestation, approximately one-third of a full term gestation. Fetal mesenteric lymph node was
not used because lymph nodes could not be recovered in sufficient amount from fetuses at
this age. Maternal antibodies do not cross the equine epitheliochorial placenta and the
neonatal mesenteric lymph node was collected before the ingestion of colostrum; therefore,
all sequences were of fetal origin and derived independent of environmental antigen
exposure.

3.1 Germline immunoglobulin heavy chain variable region gene usage over time

The recent annotation of IGHV, IGHD, and IGHJ genes from the horse genome sequence
(Sun et al. 2010) allowed identification of the donor germline gene segments (Table 2). The
fetal spleen-derived Ig VDJ sequences exhibited = 97% nucleotide identity to 7 IGHV
genes: IGHV2S2, IGHV2S3, IGHV1S3, IGHV4S2, IGHV4S5, IGHV2S4, and a novel
IGHV gene segment, IGHV4S17 (Figure 1A). Although the newly identified IGHV4S17
gene segment was 99% identical to IGHV4S5, it is part of an unplaced genomic scaffold
(NW_001872990.1, spanning positions 11,760 to 12,258), and the nucleotide differences
present in the IGHV gene intron and flanking genomic sequence suggested that it was a
distinct gene. Annotation of the donor IGHV gene segments on neonatal Ig VDJ sequences
revealed usage of only 4 different segments: IGHV2S2, IGHV2S3, IGHV2S4, and a novel
IGHV1S6 (Table 2, Figure 1A). A significant decrease in germline IGHV nucleotide
identity was found in neonatal Ig VDJ sequences compared to mid-gestation fetal Ig
sequences, ranging from 95 to 100% and with a median of 97% (p < 0.0001). The novel
IGHV1S6 gene identified in clone IGVDJ62 was quite divergent from IGHV2S2,
IGHV2S3, and IGHV2S4, resulting in pairwise nucleotide identity levels between 50 and
60%. The IGHV gene repertoire used in the foal differed from the neonate in the presence of
IGHV1S3 and IGHV4S2, and the absence of IGHV1S6 (Figure 1A). The level of germline
IGHV nucleotide identity was equivalent to the neonatal level (p = 0.37). Four IGHV gene
segments were observed in the adult horse Ig VDJ sequences: IGHV2S2, IGHV2S3,
IGHV4S2, and IGHV2S4 (Figure 1 A). The median percent identity of adult Ig VDJ
sequences to germline IGHV gene segments was 90%, significantly lower than that of the
foal (p < 0.0001, Table 2). Overall, IGHV2S3 usage was dominant at all ages: 39% of the
fetal Ig VDJ sequences, 48% of neonatal, 68% of foal, and 74% of adult horse Ig VDJ
sequences.

Annotation of the germline IGHD donor genes revealed 13 different IGHD gene segments in
the 31 fetal Ig VDJ sequences obtained (Figure 1B). IGHD annotation was not possible in
one fetal sequence (IGVDJ17) in part because only 11 bases separated the IGHV and IGHJ
regions, whereas the 40 germline IGHD genes range in length from 18 to 48 nucleotides.
The usage of 17 different IGHD gene segments were identified in neonatal Ig sequences. In
foal 1g VDJ sequences, 12 different annotated IGHD gene segments were identified as well
as 3 others that could not be matched to the equine genome sequence. Twenty IGHD gene
segments were observed in the adult horse Ig VDJ sequences and 4 were not determined. Of
these 4, 2 appeared to share the same IGHD gene (IGVDJ108 and IGVDJ116); interestingly
they also matched the IGHD region of the fetal IGVDJ17 sequence. In all the Ig VDJ

Dev Comp Immunol. Author manuscript; available in PMC 2014 September 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tallmadge et al.

Page 6

sequences, IGHD18S1 was identified most frequently: in 30% of the fetal sequences, 16%
of neonatal, 25% of foal, and 10% of the adult horse Ig VVDJ sequences.

Four of the 8 IGHJ gene segments were used in all life stages: IGHJ1S2, IGHJ1S3,
IGHJ1S5, and IGHJ1S7 (Figure 1C). IGHJ1S4 and IGHJ1S6 were also identified in fetal Ig
VDJ sequences and used variably at later life stages. IGHJ1S5 usage was most common
over time, ranging between 32 to 55% of Ig VDJ sequences.

The IGHV-IGHD-IGHJ combinations used over time were plotted to demonstrate the wide
array of gene segments and combinations used at any given age (Supplemental figure 2).
The usage of three IGHV gene segments (IGHV2S2, IGHV2S3 and IGHV2S4) was
equivalent from fetal life to adulthood (80.7% and 96.8% respectively, p = 0.1983).
Similarly, IGHJ1S5 and IGHJ1S3 accounted for 77.4% of adult horse Ig VDJ sequences and
61.3% of the fetal Ig VDJ sequences (p = 0.5952). Usage of IGHD gene segments appeared
to follow the opposite trend, in which nearly twice as many gene segments were used in the
adult horse compared to the fetus (23 versus 13). Comparison of the most frequently used
IGHD genes IGHD18S1, IGHD17S1, and IGHD15S2 did not reveal a bias in usage over
time (p = 0.8201). Together, these analyses supported the assertion that IGH variable region
gene segment usage in the equine fetus was not biased.

3.2 Immunoglobulin VDJ region sequence diversity during distinct life stages

Comparison of the unique Ig VDJ sequences obtained from fetal spleen revealed pairwise
nucleotide identity values that ranged from 51.1% to 96.9% with a median of 87.2%
(Supplemental figure 3). Neonatal Ig VDJ sequences revealed a significant increase in Ig
VDJ diversity over the last two-thirds of gestation (54 to 92.6%, median 85.8%, p < 0.01).
Alignment of the predicted amino acid sequences (Supplemental figure 4) clearly displays
the presence of individual residue differences among the fetal and neonatal sequences,
suggesting a low level of somatic hypermutation during fetal life. The increase in diversity
during the last two-thirds of gestation is also appreciable on the variability plot (Figure 2).
The pairwise identity range of Ig VDJ sequences obtained from a 2-month-old foal did not
differ significantly from neonatal levels (49.9 to 93.4%, median 86.3%, p = 0.06). Foal
sequence IGVDJ72 showed the first signs of length variation in CDR2H in the amino acid
alignment (Supplemental figure 4). The adult horse 1g VVDJ sequences exhibited a large
increase in sequence diversity over that of foal and earlier ages (68.8 to 86.0%, median
76.5%, p < 0.0001). The variability plot (Figure 2) and amino acid alignment (Supplemental
figure 4) reveal increased sequence diversity and length variation in CDR1H and CDR2H,
as well as in the intervening framework regions. The underlying nucleotide changes were
consistent with somatic hypermutation, in which a trend of more frequent mutations at
adenosine residues (29% vs 24%) was observed, and mutations of cytosine residues were
often framed in the WRCY motif.

3.3 Non-templated junctional diversity of Ig VDJ sequences

The annotation of germline gene usage also facilitated analysis of the presence of junctional
diversity (Table 3). The junctional sequences often included homopolymer tracts of 2 to 5
bases, as expected for TDT-mediated N nucleotide insertions. P nucleotides were not
defined because the exons were rarely full-length. During fetal life, appreciable CDR3H
length variation was present, from 7 to 21 amino acids (Figure 3 and Supplemental figure 4).
This was generated by a median of 8 nucleotide insertions between the IGHV and IGHD
genes, and 0 nucleotide inserted between the IGHD and IGHJ genes. The length of these
junctions increased significantly to 11 and 4.5, respectively, at birth, although the length of
the CDR3H region remained similar. No further significant increase was detected in the
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length of junctional insertions of foal or adult sequences. The shortest CDR3H observed in
the dataset was 5 residues, found in an adult 1g VVDJ sequence.

3.4 Comparative phylogenetic analysis of immunoglobulin heavy chain variable regions

To compare our findings of IGHV gene usage to other species, we performed phylogenetic
analysis. The framework regions of horse, cow, sheep, pig, human, and mouse IGHV gene
families were used to generate a phylogenetic tree (Figure 4). All IGHV genes segregated
into 3 clans with high bootstrap values, as previously described (Das et al. 2008; Sun et al.
2010; IMGT website). Functional horse IGHV gene segments were found in clans | and 11,
and only VHOREF genes were found in clan I11. The Ig VDJ sequences determined in this
study also sorted into clans I and Il and were consistent with our IGHV gene assignment
based on BLAST analysis. The germline framework sequences of IGHV2S3 and IGHV2S54
clustered together because they share 100% amino acid identity when the CDRH regions are
removed, and the Ig VDJ sequences derived in this study are interspersed throughout this
area of the tree. Also, the framework regions of IGHV genes IGHV4S5 and IGHV4S17
could not be resolved due to their 98.8% amino acid identity; in this context, they were more
similar to each other than to the fetal-derived g VVDJ sequences, which each encoded a
single amino acid residue change. Phylogenetic analysis of the horse Ig VDJ sequences
obtained in this study indicates that no difference in IGHV gene usage was found with
respect to developmental stage.

3.5 Comparison of RACE and RT-PCR methods to detect immunoglobulin heavy chain
variable region diversity

A smaller dataset of 9 clones per stage was collected from the same tissues using RT-PCR
with degenerate primers described by Almagro and co-workers (2006) (Table 2B). These
degenerate primers detected expression of 5 IGHV genes, including IGHV4S1 that had not
been detected above, and 5 IGHJ genes. Because IGHV2S3 and IGHV2S4 share 98.6%
nucleotide identity, sometimes it was not possible to distinguish which was the germline
donor gene. The levels of nucleotide identity and CDR3H lengths were consistent with those
described above.

4. Discussion

This study assessed the developmental levels of Ig heavy chain VDJ region diversity in
equine lymphoid tissues. At day 102 of a 340 day gestation, 1g VVDJ diversity is present in
the form of usage of multiple IGHV, IGHD, and IGHJ genes, CDR3H length variation, and
modest diversity among and between the CDRH regions. Significant increases in Ig VDJ
diversity were found to occur beyond the first trimester of gestation, demonstrated by
sampling of mesenteric lymph node at birth prior to ingestion of colostrum. No further
significant changes were observed in the 2-month postnatal period sampled, in contrast to
the high diversity present in the adult horse lymphoid tissue.

Biased usage of IGHV, IGHD, or IGHJ gene segments was not found at any age in the
horse, in contrast to fetal bovine, murine, and human B cells (Lawler et al. 1987; Jeong and
Teale 1988; Raaphorst et al. 1992; Saini and Kaushik 2002). Horse IGHV gene segments
IGHV2S2, IGHV2S3, and IGHV2S4 are used throughout life and account for >80% of each
life stage dataset presented herein. The trend of several IGHV genes comprising the majority
of the Ig repertoire was also found in piglets (Eguchi-Ogawa et al. 2010; Butler et al. 2011).
Biased IGHV gene usage during murine fetal life has been attributed to differences in
accessibility across the IGHV locus (Jeong and Teale 1988). However, assessment of the
annotated equine IGHV genomic region reveals a span of more than 250,000 bases between
expressed IGHV gene segments, indicating that the entire horse IGHV locus is accessible
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throughout life. Likewise, a study in fetal piglets found that IGHV usage is independent of
genome position (Eguchi-Ogawa et al. 2010).

The most frequently identified IGHV gene segments (IGHV2S2, IGHV2S3, and IGHV2S4)
in this study belong to the IGHV subgroup 2, and other annotated IGHV genes used belong
to subgroups 1 (IGHV1S3) and 4 (IGHV4S2 and IGHV4S5). Most of the IGHV genes
identified in this study are placed in the IGHV clan Il by phylogenetic analysis, consistent
with the expressed equine IGHV genes identified by other groups (Almagro et al. 2006; Sun
et al. 2010). The remaining IGHV genes identified herein are placed in clan I. These
findings contrast with reports of preferential utilization of clan 111 IGHV genes during fetal
life in humans and mice (Alt et al. 1987; Tutter and Riblet 1989; Schroeder and Wang
1990). Similarly, the same set of IGHJ genes (IGHJ1S3 and IGHJ1S5) were used most
frequently throughout life. Instead, a great deal of diversity throughout life appears to be
derived from IGHD gene usage as many different IGHD genes were used at each time
sampled, and these genes vary in sequence content and length. Perhaps the dominant usage
of clan 11 IGHV genes is compensated for by the presence of diversity derived from IGHD/
CDR3H length variation and non-templated nucleotide additions.

The composition of VD and DJ junctional sequences is consistent with N nucleotide
tendencies of homopolymer tracts and guanine preference (Basu et al. 1983; Gauss and
Lieber 1996). Identification of junctional diversity derived from P nucleotides was difficult
because we found few full-length exons. Junctional diversity present in fetal and neonatal Ig
VDJ sequences is consistent with our previous study that revealed 7d7 mRNA expression in
equine fetal lymphoid tissues (Tallmadge et al. 2009). Antigen-independent junctional
diversity due to TdT activity is also found in human, rabbit, pig, and sheep fetal tissues, but
not in chick or mouse fetal tissues (Reynaud et al. 1989; Feeney 1990; Pascual et al. 1993;
Reynaud et al. 1995; Tunyaplin and Knight 1995; Sinkora et al. 2003; Prabakaran et al.
2012). Interestingly, the significant increase in the length of non-templated nucleotides at
junctional sites between fetal and neonatal stages was not reflected in CDR3H length, as no
significant difference was detected. Presumably, the lack of correspondence can be
attributed to differences in the length of IGHD genes used. CDR3H length variation in
equine fetal Ig VDJ sequences is consistent with CDR3H length variation found in bovine
fetal B cells, but contrasts with that during early life in humans (Shiokawa et al. 1999;
Schroeder et al. 2001; Zemlin et al. 2001; Saini and Kaushik 2002; Prabakaran et al. 2012).
The VD and DJ junctional diversity lengths described for adult horse Ig VDJ sequences
herein are consistent with that reported by Sun et al. (2010).

We also compared the Ig diversity detected by 5° RACE and standard RT-PCR methods
with these samples. Amplification of 5° RACE libraries is advantageous because it uses a
universal forward primer and a conserved IGHJ reverse primer, amplifying all IGHJ
transcripts regardless of the upstream IGHV gene, rather than an IGHV forward primer that
does not detect all horse IGHV genes. The clones sequenced herein revealed that the RACE
approach amplified more IGHV and IGHJ gene segments than the RT-PCR approach,
including novel IGHV gene segments. Of the Ig VDJ sequences determined from 5° RACE
libraries, 15.7% do not match the degenerate IGHV forward primer and presumably would
have been missed. Also, approximately 100 bases of sequence 5’ of the IGHV forward RT-
PCR primer are gained with the 5° RACE approach. This additional sequence improves
IGHV gene annotation particularly in the case of IGHV2S3 and IGHV2S4 genes which
share 98.6% nucleotide identity and 3 of the 6 nucleotide differences are upstream of the
RT-PCR forward primer. We conclude that the additional gene segments detected justify the
additional effort and cost of the RACE technique.

Dev Comp Immunol. Author manuscript; available in PMC 2014 September 01.
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Overall, our study indicated that Ig heavy chain diversity in the equine fetus is not restricted
with respect to germline gene usage or presence of diversity. Multiple variable region genes
were used and the repertoire was comparable to that of foals and adult horses, as far as we
could determine. It was unexpected to find the consistent pattern of dominant gene segment
usage in all life stages (IGHV2S3, IGHD18S1, and IGHJ1S5). Limited junctional diversity
and somatic hypermutation appeared to be present as early as 102 days of gestation, and
similar CDR3H lengths were observed over time. The humoral system of the equine fetus
exercises humoral response in the absence of pathogens for immune preparedness in early
life.
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Abbreviations

Ig immunoglobulin

IGHV immunoglobulin heavy chain variable gene

IGHD immunoglobulin heavy chain diversity gene

IGHJ immunoglobulin heavy chain joining gene

CDR complementarity-determining region

RT-PCR reverse transcription polymerase chain reaction

MRNA messenger RNA

M-MuLV Moloney Murine Leukemia Virus

dNTPs the four deoxynucleotide triphosphates

cDNA complementary DNA

EST expressed sequence tag
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Figure 1. Equine immunoglobulin heavy chain gene segment usage throughout life

The usage of immunoglobulin A) IGHV, B) IGHD, and C) IGHJ gene segments throughout
life is shown and enumerated by the number of times each segment was identified in a
unique IGVDJ sequence. Fetal sequences are shown in black, neonatal sequences in dark
gray, foal sequences in light gray, and adult horse sequences in white. ‘ND’ represent IGHD
gene segments for which the donor germline gene could not be determined.
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Figure 2. Variability plot of equineimmunoglobulin heavy chain variable region sequences
Variability plots of A) fetal, B) neonatal, C) foal, and D) adult horse immunoglobulin heavy
chain variable region sequences. The variability index was determined as described by Wu

and Kabat (1970).
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Figure 3. CDR3H length distribution of equine immunoglobulin heavy chain sequences by age
The range of CDR3H amino acid length is presented by age group and the number of unique
sequences is plotted on the y-axis. Fetal sequences are shown in black, neonatal sequences

in dark gray, foal sequences in light gray, and adult horse sequences in white.
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Figure 4. Compar ative phylogenetic analysis of immunoglobulin heavy chain framework regions
The phylogenetic tree was constructed from the amino acid sequence alignment of 88 horse,
cow, sheep, pig, human and mouse IGHV gene framework regions. For species other than
horse, one sequence was randomly chosen from each gene family. The tree was generated
using the neighbor-joining method with p-distances model, and bootstrap values from 1,000
replicates are shown. IGHV clans are noted to the right of the respective cluster. The
sequences determined in this study are indicated with the following icons: fetal - open
diamond; neonatal - open triangle; foal — x; and adult horse - filled circle.
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