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ARTICLE INFO ABSTRACT

Keywords: Horse serum antibodies have been used for greater than a century for the treatment and prophylaxis of infectious

Horse diseases and envenomations. Little is known, however, about the immunogenetic diversity that produces horse

Antibody repertoire serum antibodies. Here, we employed next-generation sequencing for a first-in-kind comprehensive analysis of

Immunoglobulin the equine B-cell repertoire. Nearly 45,000 and 30,000 clonotypes were obtained for the heavy-chain (IGH) and

glg,l:flsilgycomposition lambda light-chain (IGL) loci, respectively. We observed skewed use of the common subgroups IGHV2 (92.49%)
and IGLV8 (82.50%), consistent with previous reports, but also novel use of the rare genes IGHV6S1 and
IGLV4S2. CDR-H3 amino acid composition revealed different amino acid patterns at positions 106 and 116
compared to human, rabbit, and mouse, suggesting that an extended conformation predominates among horse
CDR-H3 loops. Our analysis provides new insights regarding the mechanisms employed to generate antibody
diversity in the horse, and could be applicable to the optimized design of synthetic antibodies intended for future
therapeutic use.

1. Introduction treatment and prophylaxis of infectious diseases such as diphtheria,

tuberculosis, tetanus, and pneumonia (Anderson, 1955; Cole and

Whereas the antibody repertoire has been analyzed extensively in
humans and mice (de los Rios et al., 2015), such studies are less
common in other vertebrate species (Sun et al., 2012). Although un-
common and limited in scope, these comparative analyses in other
species such as chicken, sheep, pig, and horse have revealed fresh in-
sights into the multiple distinct mechanisms which can create antibody
diversity in vertebrates (Flajnik and Kasahara, 2010; Sun et al., 2012).

Polyclonal horse (Equus caballus) serum antibodies (equine im-
munoglobulins) can be readily elicited by intentional hyperimmuniza-
tion and have been produced since the 19th century for the effective

Moore, 1917; Glatman-Freedman and Casadevall, 1998; Lang et al.,
2000). The therapeutic use of equine immunoglobulins continues to the
present day. Despite their ease of manufacture and their compelling
medical utility, our knowledge of how the humoral immune system
generates such immunoglobulins in horses is lacking—especially at the
molecular level—even though such knowledge could impinge on the
improved development of new vaccines for infectious diseases, the
treatment of immunological disorders like allergy, or the production of
potent, lifesaving antivenoms to countervail snake and spider en-
venomings (Alvarenga et al., 2014; Horohov, 2015; Keggan et al., 2013;
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munoglobulin lambda joining gene; IGLC, immunoglobulin lambda constant gene; IMGT, the international ImMunoGeneTics information system; NCBI, National
Center for Biotechnology Information; ORF, open reading frame; P, pseudogenes; PBMC, peripheral blood mononuclear cell; SRA, sequence read archive; VDJ,
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Wagner, 2006).

Horse antibody constant regions can be formed by 11 different
heavy chain (IGH) classes (IGHM, IGHD, IGHA, IGHE, and seven IGHG
subclasses) (Wagner et al., 2004) and two light chains, kappa (IGK) and
lambda (IGL). In equines there is a predominance of IGL light chain
expression (~95% of the circulating IG) similar to sheep, cattle, dog
and cat (Arun et al., 1996; Foley and Beh, 1992), in contrast to mice and
rabbits that have a predominance of the kappa light chain isotype
(Lavinder et al., 2014; Weiss et al., 1984).

According to IMGT nomenclature guidelines (Lefranc, 2007), the
horse IGH has 56 IGHV genes (variable genes) (of which 16 are func-
tional, 34 are pseudogenes, and 6 are defined as open reading frames -
ORFs) grouped in 7 subgroups plus some pseudogenes, 40 IGHD genes
(diversity genes) grouped in 28 subgroups, and eight IGHJ genes
(joining genes) grouped in two subgroups (Sun et al., 2010; Walther
et al., 2015). The IGK contains 60 IGKV genes, five IGKJ genes, and one
IGKC gene, whereas the IGL locus has 144 IGLV genes (of which 27 are
functional genes, 112 pseudogenes and 5 ORFs) grouped in 11 sub-
groups plus some pseudogenes, 7 IGLJ genes classified in 7 different
subgroups and 7 IGLC genes (Sun et al., 2010; Walther et al., 2015).

Informative yet low-throughput equine antibody repertoire analyses
have been performed by analysing the composition at different ages
(Tallmadge et al., 2014, 2013), against infectious diseases (Khatibzadeh
et al, 2015; Tallmadge et al., 2015), for antivenom production
(Almagro et al., 2006), and in naive horses (Almagro et al., 2006; Hara
et al., 2012; Sun et al., 2010). It’s known that antibody repertoire
analysis can be very useful for the generation of recombinant antibodies
(Lee et al., 2017), to monitor the immune response in health, auto-
immunity, microbial infection, biothreat detection, vaccination and
cancer (Robinson, 2015), for vaccine and immunomodulatory drug
development, to study B-cell development, and for antigen and epitope
discovery (Calis and Rosenberg, 2014; Georgiou et al., 2014; Robinson,
2015; Yaari and Kleinstein, 2015). However, due to the high diversity
of the IG repertoire (for humans it’s estimated to be 10! (Boyd and
Joshi, 2014)) only high-throughput sequencing (HTS) technologies can
capture this diversity (Calis and Rosenberg, 2014).

Herein we present a first-in-kind characterization of the non-im-
munized equine antibody repertoire (IGH and IGL) using HTS tech-
nology. From this analysis we obtained approximately 45,000 unique
IGH sequences and 30,000 unique IGL sequences obtained from two
domestic adult horses. We observed that subgroup IGHV2 is highly
expressed in horse PBMCs with a mean 92.49%. Regarding lambda
light-chain, IGLVS8 had a higher relative frequency in both horses, with
a mean 82.50%. Additionally, the CDR-H3 amino-acid pattern by po-
sition revealed a different enrichment at IMGT positions 106 and 116
(Lefranc et al., 2003) compared to human, rabbit and mouse, suggesting
that the CDR-H3 extended-loop conformation predominates in horse
CDR-H3 structure in contrast to these other species in which the kinked
structure is predominant.

2. Methods
2.1. Horse blood samples and RNA extraction

Peripheral blood samples from healthy, non-immunized equines of
undefined breed (n = 2) were collected in the Production and Research
Centre of Immunobiological Products, Parana, Brazil. These experi-
ments were performed in accordance with the Board of Ethics, at
Federal University of Minas Gerais with the number 190/2018.

About 35ml of peripheral blood was obtained from each animal
using Vacutainer® tubes with EDTA anticoagulant. The PBMC were
isolated by Ficoll-Paque™ gradient centrifugation. The cells (1 x 107
cells/ml) were cryopreserved in FBS 90%,/DMSO 10% at —80 °C until
use. The equines were named as Horse 1 and Horse 2.

The RNA from PBMC was extracted with RNeasy Mini kit (Qiagen)
following the manufacturer’s instruction. RNA quantity and quality
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were determined by Qubit RNA BR Assay kit (Thermo Fisher Scientific,
Inc.) and RNA Assay Reagent kit for LabChip (Perkin Elmer), respec-
tively. The RNA quality was assessed using the RNA Quality Score on
the LabChip results above 9.0. About 500 ng of RNA was used for the
cDNA synthesis with SuperScript IV RT (Thermo Fisher Scientific, Inc.).

2.2. IGH and IGL horse primers design

Horse antibody heavy chain (IGH) and lambda light chain (IGL)
primers were designed using the annotated horse IG loci (Sun et al.,
2010; Walther et al., 2015) from EquCab2 genome (Genbank assembly
ID GCA_000002305.1).

With the aim to optimize forward primers design, the sequences
from 16 IGHV and 27 IGLV functional genes (leader and framework 1 -
FR1) were aligned separately by Clustal Omega (Sievers and Higgins,
2014), a distance matrix was generated and used for hierarchical
clustering by pvclust package in R program (R Core Team, 2013). The
clusters were used for degenerate primers design. Similarly, five IGLJ
functional genes were aligned and reverse primers were designed on the
framework 4 (FR4) for IGL. We used the primer reverse IGHJ described
by Tallmadge et al. (2013) for the eight IGHJ functional genes. Each
forward primer was analyzed individually by PCR.

The expected amplicons size for the IGH and IGL are 350 bp and 300
bp, respectively. We incorporated the Illumina overhang adaptors se-
quence in all designed primers what resulted in an increase of 70 bp in
the amplicon size. After PCR optimization, the primers were used in a
multiplex PCR for either the IGH or IGL libraries.

2.3. IGH and IGL amplification

After cDNA synthesis and primer design, a multiplex PCR reaction
was conducted to obtain IGH and IGL amplicons. The reactions were
conducted with 80ng c¢DNA, 1X high fidelity buffer, 2mM MgSO,,
0.2mM dNTPs, 0.4 mg/ml BSA, the mix forward primers and mix re-
verse primers (0.25 pM each primer), and 1 U Platinum Taq DNA
polymerase High Fidelity (Thermo Fisher Scientific, Inc.). Thermal cy-
cling parameters were 94 °C for 2 min; 4 cycles of 94 °C for 1 min, 50 °C
for 1 min and 72 °C for 1 min; 4 cycles of 94 °C for 1 min, 55 °C for 1 min
and 72 °C for 1 min; 28 cycles of 94 °C for 1 min, 63 °C for 1 min and
72°C for 1min, and 72°C for 7 min. The amplifications were con-
centrated with Zymo Research Genomic DNA Clean & Concentrator™-
10 kit and the products were analyzed on 2% agarose gels and stained
with GelGreen® Nucleic Acid stain (Biotium). The bands were excised
and purified with NucleoSpin® Extract II kit (Macherey Nagel). The
purified DNA were quantified by Qubit DNA High Sensitivity kit
(Thermo Fisher Scientific, Inc.) and analyzed by LabChip DNA High
Sensitivity (Perkin Elmer). The IGH and IGL samples from two equines
were sequenced by Macrogen Inc (Seoul, Korea) using Illumina MiSeq
platform 2 x 300 bp read length. The sequences have been deposited at
the NIH SRA (Sequence Read Archive) under accession number
SRP156553.

2.4. Bioinformatics repertoire analysis

The quality of the raw data was analyzed using FASTQC (Andrews,
2010). The adapters were removed and the sequences were processed
(assembly, Phred quality score trim, primer identification and reads
count) by pRESTO pipeline (Vander Heiden et al., 2014). Using a horse
germline database (Sun et al., 2010; Walther et al., 2015) as reference,
IgBLAST (Ye et al., 2013) was used for V(D)J annotation using as
parameters: mismatch D penalty -4, mismatch J penalty -3 and e-value
25. To identify CDR3 end (coming from J gene), using IgBLAST, an
auxiliary file was created containing: the frame start position, the gene
type (IGHJ or IGLJ), and the CDR3-end position for each J gene.

The clonotypes were clustering based on the following criteria: same
VJ gene segment, an identical CDR3 length and CDR3 90% of similarity
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at amino acids sequences, according to Rogosch et al. (2012) and (Wine
et al., 2013). CD-HIT (Fu et al., 2012) was used to identify the clusters.
The representative sequences for each cluster were used in the analysis.
Gene usage, subgroup and amino acids frequency were computed using
Perl and Python in house scripts. To compare the results from two horses
we used unpaired t-test by GraphPad Prism 5.00 (GraphPad Software,
Inc., San Diego California USA).

2.5. CDR-H3 amino acid length and composition analysis

To compare horse CDR-H3 amino acid sequences with others
mammals, the Sequence Read Archive (SRA) from National Center for
Biotechnology Information (NCBI, U.S. National Library of Medicine)
was used to obtain the IGH non-immunized repertoire sequences of
human (SRR4034888), mouse (SRR3575990), and rabbit
(SRR1300150) (Lavinder et al., 2014). The sequences were submitted
to the same pipeline of the horse sequences: pRESTO toolkit (Vander
Heiden et al., 2014) followed by VDJ and CDR-H3 assignment using
IgBLAST (Ye et al., 2013) with their gemline databases from IGMT, and
clonotypes clustering by CD-HIT. Mann-Whitney Rank Sum test was
used to assess the differences of the medians of CDR-H3 lengths.

To assess amino acid composition, IGH amino acid sequences were
aligned and gapped according IMGT numbering (Lefranc et al., 2003).
The positions 105-117, that corresponding to CDR-H3, with the addi-
tional positions between positions 111 and 112, were analyzed by Py-
thon in house script. To analyze amino acid composition by position, the
additional positions were omitted, and the amino acids frequencies
were analyzed. The two-way ANOVA with Bonferroni post-test was
used to analyze amino acid composition among different species. The
statistical methods were performed using GraphPad Prism 5.00
(GraphPad Software, Inc., San Diego California USA).

3. Results
3.1. Primer design to enable horse IGH and IGL deep sequencing

With the aim to analyze the antibody repertoire from two adult non-
immunized equines, the PBMC from peripheral blood was isolated and
used to generate IGH and IGL libraries. Forward primers targeting the
leader peptide and FR1 regions for the IGHV and IGLV functional genes
as well as a single reverse primer targeting FR4 of the IGLJ genes were
designed (Table 1). A reverse primer targeting FR4 on the IGHJ gene
was previously described (Tallmadge et al., 2013).

Each forward primer was individually tested by PCR showing am-
plifications for most of them, except to hoHV1S6f, hoHV4S17f, and
hoHV7S1f primers for the IGH and hoLVxf primer for IGL (Fig. S1).
However, when complete mix of the forward primers was used to PCR
amplify horse antibodies, the genes covered by these primers were
nonetheless identified in our dataset (Table 2), demonstrating a suc-
cessful primer design which enables the amplification of all IGH and
IGL genes.

After obtaining successful amplifications using the designed im-
munoglobulin primers, the PCR amplicons were purified and sequenced
using the Illumina MiSeq 2 x 300 bp platform. Approximately 500,000
sequences were obtained from each library. Raw data processing using
the pRESTO toolkit retrieved about 165,000 unique IGH sequences and
125,000 unique IGL sequences from each horse. All the sequences were
annotated with IgBLAST tool; approximately 50% of them could be
completely annotated for all component V(D)J gene segments (Table 3),
indicating that the other 50% of the reads had only a partial annotation
in the J region. Around 79,736 IGH and 65,403 IGL yielded a complete
VDJ annotation, among these we have about 45,000 IGH and 30,000
IGL unique clones. This represents more than 430 times the number of
horse VDJ annotated sequences than previously described in the lit-
erature (Almagro et al., 2006; Hara et al., 2012; Sun et al., 2010;
Tallmadge et al., 2014, 2013) (Table 3).

Table 1
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Sequences of the designed primers used to amplify IGH and IGL genes.

Primers sequences

IGHV forward primers
hoHV2_4f

hoHV4f

hoHV1f

hoHV1S6f
hoHV4S17f
hoHV6S1f
hoHV7S1f

IGHJ reverse primer
IGHJr*

IGLV forward primers
hoLV8f

hoLV5f

hoLV2_4f

hoLV1_4f

hoLVv4f

hoLVe6f

hoLVof

hoLVxf

hoLV3S1f

hoLV7S1f

IGLJ reverse primers
hoLJ1r

hoLJ4-7r

GTG TCC TGT CCC AGG TGC ARC

GWG TCC TST CCC AGG TGM AGC

GTG TCT CCT CCG AGG KYC AGC

TGT CTT TCG CAC AGT AAT ACA TGG C
AGC TCA CAG CTC TCT CCT AAG ACG AG
AGG CTG AGG ACC CTC TCG TGC

CTC TGT CCC AGA TCA GCC TGC

CTC GCC TGA GGA GAC GGT GAC CAG

CCC AGT CTS TGA CBC AGC CC

TCT GTG KCC YCT TCT GAG CTK ACT CA
CYG TGG CYT CTT CTA WGC TGA C

TCG GAG STG ACT CAG CCA

TCT CTT CTG MRG TGA CTC AGC CA
CAG TCT GCC CTG RYT CAG CC

AGC CTG TGC TGA CCC AG

CRG ATT CTC AGK CTG TGG TG

TCT GTG ACC ACC TAT GAC TTG ACG
ACA GGA TGT GGT GAT TCA GG

CTT ACC CAG GAC GCT GAG GTG
CTC ACC TGC GAT GGT CAG GT

(*)Tallmadge et al. (2013).

Nomenclature: ho: horse; H: heavy chain; L: lambda light chain; V: variable
gene; J: joing gene; f: forward; r: reverse; numbers: subgroup classification; x:
not classified into subgroups.

3.2. IGH and IGL gene usage

The designed primers could amplify all known IGH and IGL gene
subgroups described in horse (Sun et al., 2010; Walther et al., 2015). A
skewed preference for the IGHV2 gene subgroup with a mean of
92.49% =+ 0.024 was observed for both equines (Fig. S2A). Within the
IGHV2 subgroup, the gene segments IGHV2S2, IGHV2S3, and IGHV2S4
were the most highly expressed in both animals (Fig. 1A). For the IGHD
genes all 28 subgroups were expressed with a similar relative fre-
quency; the three most frequent genes were the same between the 2
animals (IGHD18S1, IGHD15S2, and IGHD10S1). Comparing the two
IGHJ gene subgroups, IGHJ1 (composed of seven genes) is over-re-
presented with a mean 99.71% =+ 0.002 for the two equines. The more
highly expressed genes within this group were IGHJ1S5, IGHJ1S3 and
IGHJ1S2 (Fig. 1A).

With respect to the light chain repertoire, among the 11 IGLV gene
subgroups, IGLVS, specifically the genes IGLV8S1 and IGLV8S2
(Fig. 1B) had the highest relative frequency in both horses, with a mean
frequency of 82.50% * 0.073. The IGLV4 subgroup had important re-
lative expression also in both horses (15.48% + 0.083), whereas the
other subgroups had reduced expression (Fig. S2B). From the seven
IGLJ genes, IGLJ1S1 and IGLJ5S1 had higher expression frequency in
the two horses, with frequency means 35.46% + 0.045 and
58.60% =+ 0.040, respectively. The pseudogene IGLJ4S1(P) was found
among the more frequent ones in both horses (frequency mean of
5.94% = 0.005) (Fig. 1B).

For IGH, 1,130 and 1,559 different VDJ recombined genes were
found in Horse 1 and Horse 2, respectively. In IGH recombined genes, a
greater diversity was observed. The most frequent recombined frag-
ments was similar in both equines, IGHV2S3, IGHD18S1, IGHJ1S5 with
frequency 2.63% for Horse 1 and IGHV2S2, IGHD18S1, IGHJ1S5 with
frequency 2.37% for Horse 2 sequences (Table S1).
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Table 2

Representation of individual primers tested, the corresponding gene each
primer amplifies, their results in PCR and the frequency of the group identified
by each primer in 79,732 IGH and 65,403 IGL annotated reads.

IG genes Primers PCR test result Frequency of sequences identified

Heavy chain locus

IGHV2S1 hoHV2_4f ++
IGHV2S2
IGHV2S3
IGHV2S4
IGHV4S5
IGHV4S1
IGHV4S2
IGHV4S3
IGHV4S4
IGHV1S1
IGHV1S2
IGHV1S3
IGHV1S6
IGHV4S17

75.07%

hoHV4f ++ 0.66%

hoHV1f ++ 0.45%

hoHV1S6f -
hoHV4S17f

IGHV6S1 hoHV6S1f ++
IGHV7S1 hoHV7S1f -
Lambda light chain locus

IGLV8S1 hoLV8f ++
IGLV8S2
IGLV8S3
IGLV8S4
IGLV8S5
IGLV8S6
IGLV8S7
IGLV8S8
IGLV8S9
IGLV5S1
IGLV5S2
IGLV2S1
IGLV4S2
IGLV1S1
IGLV4S3
IGLV4S1
IGLV4S4
IGLV6S1
IGLV6S2
IGLV6S3
IGLV6S4
IGLV9S1
IGLV9S2
IGLVxS60
IGLVxS64
IGLV3S1
IGLV7S1

2.16%
4.36%
9.94%
0.02%

48.73%

hoLV5f ++ 0.11%

hoLV2_4f ++ 4.16%
hoLV1_4f ++ 3.80%
hoLV4f ++ 10.92%
hoLVef ++ 3.89%
hoLVof ++ 5.18%
hoLVxf + 0.18%

hoLV3S1f ++
hoLV7S1f ++

0.15%
0.89%

3.3. CDR-H3 length in horse is intermediate between human and mouse
repertoires

CDR-H3 amino acid length in horses varies from 4 to 26 amino acids
residues, following a bimodal model distribution with a clear peak at

Table 3
MiSeq data analysis summary.

Molecular Immunology 105 (2019) 251-259

five and six residues and a more extended peak ranging from 10 to 19
residues (Fig. S3). The median length was 14 residues for Horse 1 and
15 residues for Horse 2. When CDR-H3 lengths derived from horses
were compared with CDR-H3 derived from other species we noticed
that human CDR-H3 median lengths are significantly longer (16 re-
sidues, p < 0.0001), while mouse shows shorter CDR-H3 length
median (12 residues, p < 0.0001) than horse CDR-H3 (Fig. 2).

CDR-H3 amino acids residues composition in both horses exhibited
a similarity frequency, only an Ala frequency has higher in Horse 1 than
Horse 2. The five most frequently used amino acids were Gly, Tyr, Ala,
Asp and Ser (Fig. S4). It can also be noticed that horse has higher Gly
composition (17.47%) in comparison with rabbit (8.89%, p < 0.05)
and low Leu composition (4.24%) than rabbit (13.89%, p < 0.05)
(Fig. 3).

3.4. Horse CDR-H3 differs from rabbit, human and mouse CDR-H3 in their
extremities

Horse 1 and Horse 2 had their CDR-H3 sequences aligned from
positions 105-117, where a limited variability in the amino acids re-
sidues at positions 105 (high frequency of Ala - 60.73%), 106 (high
frequency of Gly - 43.58%) and 117 (high frequency of Tyr - 53.16%),
were observed in Horse 1 (Fig. 4A). For Horse 2 results, see Fig. S5.

The amino acid residues composition by position in human, mouse,
and rabbit were also analyzed (Fig. 4B) and compared to horse. Similar
to horse, the position 105 has a high prevalence of Ala for human and
mouse, while rabbit have a higher prevalence of Arg (41.71%, p <
0.001) than horses (1.15%).

Interestingly, the position 106 has significantly higher frequency for
Arg residues in human (55.79%, p < 0.001) than horse (16.34%),
while horse shows higher frequency for Gly in this position (43.58%)
significantly different than mouse and rabbit (5.76% and 5.27%, re-
spectively, p < 0.05) and human (1.99%, p < 0.01). At position 116,
Asp residues were more frequent in human (62.49%, p < 0.001) than
horse (20.06%). At position 117, tyrosine was the most frequent residue
in human, mouse, and horse. However, rabbit shows higher frequency
for Leu in this position (46.82%, p < 0.01) than horse (2.91%) and
low frequency for Tyr (0.19%, p < 0.001) than horse (53.16%).

These results indicate a remarkable difference in the amino acid
composition in the extremities of the horse CDR-H3 that could result in
a different conformation in the base of these CDR-H3s and consequently
impact affinity or specificity of these antibodies.

4. Discussion

Our analysis of nearly 45,000 IGH and 30,000 IGL unique antibody
genes represents the first examination of the horse antibody repertoire
using high-throughput sequencing technology. In addition to the in-
sights gained from analyzing the IGH repertoire, our study also adds

Chain Samples Raw reads* PRESTO analysis IgBLAST annotation Clonotypes Unique reads from literature
Unique reads Annotated reads V(D)J annotated**
Heavy Horse 1 478,188 150,655 150,655 77,879 49,957 102%, 30°, 46°
Horse 2 516,852 183,951 183,950 81,593 43,474
Lambda light Horse 1 495,644 114,806 114,806 52,766 25,515 97, 30¢
Horse 2 557,202 133,614 133,614 78,040 32,743

(*) Total reads sequenced (reverse and forward).

(**) Reads with the V(D)J segments annotated. The other reads were partial annotated since they lack one of the segments.

2 Sun et al. (2010).

b Tallmadge et al. (2013).
¢ Almagro et al. (2006).

4 Tallmadge et al. (2014).
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substantially to the global community’s database of horse IGL se-
quences, which is significant since fully 95% of horse antibodies use
lambda light-chains (IGL) (Tallmadge et al., 2014; Walther et al., 2015).

We conclude that the primer sets used for V-gene PCR amplification
had been adequately designed because all previously described func-
tional V genes were also identified in our datasets. The reverse IGH
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primers used here target the IGHJ region, similar to prior strategies
which had used PCR followed by Sanger sequencing to identify horse
DNA antibody sequences (Almagro et al., 2006; Tallmadge et al., 2013).
Although adequate in its design, we conclude that our primer was
nevertheless suboptimal since, in our analysis we could unambiguously
identify only about 50% of IGHJ (or IGLJ) genes, and therefore we were
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Fig. 3. Composition of total amino acids usage
at CDR-H3 positions 105-117. Horse 1 is show
in black, human in white with black dots,
rabbit in light gray and mouse in dark gray.
The relative frequency in percentage of each
amino acid is plotted on the y-axis. The two-
way ANOVA with Bonferroni post-test was
used to compare horse vs. human, horse vs.
mouse, and horse vs. rabbit. The asterisk (*)
indicates the significance level was better than
0.05% for comparing individual residues fre-
quencies.

Fig. 4. CDR-H3 amino acid composition by
position. CDR-H3 positions 105 to 117 were
used according to IMGT. The additional posi-
tions between positions 111 and 112 at the top
of the CDR3-IMGT loop were omitted. (A) CDR-
H3 amino acids relative frequencies by position
from CDR-H3 Horse 1 sequences. Horse 2
shows a similar pattern. Each bar represents
100% of the amino acid residue identified by
position. Amino acids are stacked in the order
of their hydrophobicity. (B) CDR-H3 Amino
acids weblogo at the amino acids residues at
the positions 105-117 for Horse 1, mouse,
rabbit and human CDR-H3 sequences. The
amino acids residues are colored by charge, red
for negative charged amino acids, blue for po-
sitive charged amino acids, and black for not
charged amino acids (For the printed version:
the amino acids residues are colored by charge,
light gray for negative charged amino acids,
dark gray for positive charged amino acids, and
black for not charged amino acids).
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able to conclusively annotate only about 50% of full-length V(D)J IGH
(or IGL) sequences. The use of IGHJ/IGLJ reverse primers for PCR
amplification made it difficult to annotate these genes, and, in retro-
spect, it would have been optimal to use primers targeting the constant
regions instead.

Despite this technical shortcoming, this work succeeded to annotate
nearly 430-fold more IGH and IGL horse antibody sequences than
previously existed, when compared to the 102 unique clones for heavy
chain (Sun et al., 2010) and 97 unique clones for lambda light chain
(Tallmadge et al., 2014) that had been previously reported. IGH and
IGL gene usage identified by high-throughput sequencing used here
were similar to the ones described by others when using Sanger se-
quencing (Almagro et al., 2006; Sun et al., 2010; Tallmadge et al., 2014,
2013), but additional information about gene usage could be observed
in this work. Non-immunized horses showed a restricted repertoire for
IGHV genes, since 92.49% of the V genes expressed belongs to the
subgroup IGHV2, similar to previous studies (Sun et al., 2010;
Tallmadge et al., 2013). From the 4 genes in the subgroup IGHV2, the
more frequently expressed genes were IGHV2S2, IGHV2S3, and
IGHV2S4, which appears to be expressed throughout horse life
(Tallmadge et al., 2013). Here, however, for the first time, we detected
expression of the genes IGHV4S17 (0.59% in Horse 2), IGHV6S1
(4.82% in Horse 1), IGHV1S3 (5.02% in Horse 2) and IGHV4S2 (2.35%
in Horse 2) in adult horses; the subgroup IGHV6 had never been de-
scribed before in the literature.

In agreement with Sun et al. (2010), IGHJ genes displayed a bias for
IGHJ1S5 gene usage. With regard to IGHD genes, we observed that
members of all 28 IGHD gene subgroups can indeed be expressed in the
horse repertoire; to the best of our knowledge, this constitutes a first
documentation of pan-IGHD expression in the horse. Previous studies,
which did not use NGS for in-depth repertoire profiling, concluded that
few IGHD genes are actually expressed, and also concluded that the
IGHD18S1 gene is the most frequently used gene segment (Sun et al.,
2010; Tallmadge et al., 2014). Herein, we too see a similar bias for
IGHD18S1 (10.11% = 0.12), as well as IGHD15S2 (7.37% = 0.001),
and IGHD10S1 (6.39% = 0.3, whereas all other IGHD genes were used
at frequencies ranging from 6% to as little as 1%. Counterbalancing the
restrictive use of IGHV and IGHJ gene segments, we propose that this
restriction is compensated by a wide-ranging use of all the IGHD gene
segments, thereby augmenting the repertoire diversity of CDR-H3 an-
tigen binding sites.

For IGL lambda light-chains, we observed the IGLV8 gene subgroup
(comprising IGLV8S1 and IGLV8S2) to be the most frequently used by
horses, consistent with previous reports; however, contrary to other
reports, we detected additional high-frequency IGLV genes expressed in
adult horses, such as IGLV4S2, IGLV4S4, and IGLV4S1 (Hara et al.,
2012; Sun et al., 2010; Tallmadge et al., 2014). Regarding IGLJ genes,
the most expressed genes were IGLJ1S1 and IGLJ5S1; both were pre-
viously described by Tallmadge et al. (2013, 2014) in horse fetuses but
not in adult horses. Sun et al. (2010) did not observe IGLJ5S1 and
IGLJ7S1 genes in their examination of two horses, whereas Hara et al.
(2012) identified all IGLJ genes when interrogating two different horse
breeds. In our study, we cannot differentiate the genes IGLJ5S1,
IGLJ6S1 and IGLJ7S1, because they have the same gene sequence (to
differentiate them it would be necessary to have the sequence of their
constant region).

IGLJ4S1(P) was one of the three most frequent IGLJ genes we ob-
served. Based on genome sequencing, this gene has been annotated as a
pseudogene, although expressed mRNA sequences curiously do not
contain the putative single C-insertion (Hara et al., 2012; Sun et al.,
2010; Walther et al., 2015). These collective results suggest a careful
consideration to change its classification to a functional gene.

In naive antibody repertoires, a Gaussian-like CDR-H3 length dis-
tribution is frequently observed (Miqueu et al., 2007).This is different
from our observations that showed a bimodal distribution of horse CDR-
H3 length as previously observed by Almagro et al. (2006). The CDR-H3
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length distribution of 4-26 amino acids found in this study was similar
with other studies (Almagro et al., 2006; Tallmadge et al., 2013). About
13.70% * 0.011 of the CDR-H3 sequences contained < 7 amino acids,
whereas 86.30% =+ 0.011 of the sequences were > 8 amino acids.

The non-immunized horse repertoire CDR-H3 median length (14 aa)
is shorter than naive human CDR-H3s (16 aa) and longer than mouse
ones (12 aa). The CDR-H3 length is known to affect the folding, the
local shape of the binding site and the antigen binding specificity (den
Hartog et al., 2013; Gibson et al., 2009; Miqueu et al., 2007). Anti-
bodies that have CDR-H3 longer than 12 amino acids are more exposed
to solvent (Ramsland et al., 2001), extending out of the combining site
to enhance interaction with distal antigenic epitopes.

Horse CDR-H3 amino acid composition was compared with that of
human, mouse, and rabbit antibody repertoires. The three most fre-
quently used amino acids in horse Gly, Tyr, and Ala were the same as
already described in human and mouse (Chang et al., 2016; Ippolito
et al., 2006; Zemlin et al., 2003). Cys residues are the least frequent
CDR-H3 amino acids in these species, including horse (0.53%), con-
sistent with the literature (Almagro et al., 2006; Chang et al., 2016;
Lavinder et al., 2014). Horse shows only higher frequencies for Gly
(17.47%) than rabbit (8.89%, p < 0.05).

CDR-H3 amino acids composition by position has never been ana-
lyzed before in horses. The Ala residue was highly prevalent at position
105 in human and mouse and the position 117 shows highly frequency
of Tyr in horse (53.16%), human (30.48%), and mouse (47.29%), as
also described for canine and feline repertoires (Steiniger et al., 2017,
2014); however, rabbit CDR-H3s contain more Leu residues (46.82%)
in this position. It already had been shown that the positions 105 and
117 typically map to the base of the CDR-H3 loop and are encoded by
the IGHV and IGHJ gene segments (Zemlin et al., 2003). Thus, binding
ability differences may be expected.

Interestingly, we identified main differences between horse and
others mammals in other CDR-H3 positions. Different from other spe-
cies, the positions 106 and 116 are not highly conserved for charged
amino acids in horse (Steiniger et al., 2014; Zemlin et al., 2003). In
general, these positions show conserved charged amino acids as Arg/
Lys106 and Asp116. This creates a salt-bridge which stabilizes the CDR-
H3 base and contributes to the kinked form (Kuroda et al., 2008; Shirai
et al., 1996; Wu et al., 2012) as seen in human, rabbit, canine, feline
and chicken (Chang et al., 2016; Lavinder et al., 2014; Steiniger et al.,
2017, 2014; Wu et al., 2012). In horses however, only 9.8% + 0.99 of
the sequences have this amino acids composition at positions 106 and
116. In addition, the kinked form is favored when a large hydrophobic
residue at position 116 and a small amino acid, such as Gly or Ala at the
position 114 are present, composition present in about 4.43% = 0.26 of
horse sequences.

According to Kuroda et al. (2008), CDR-H3 extended form is favored
when length is six or seven residues, in our analysis this represents
8.62% = 0.0 of the sequences. The extended form tends also to exist
when the residue 116 is not Asp and there is a hydrophilic residue at
position 115 (47.92% = 0.13 of the horse sequences) or there are Phe/
Met115 and Ala/Gly114 (about 3.21% =+ 1.69 of the horse sequences)
(Kuroda et al., 2008; Shirai et al., 1996). Consequently, based on amino
acids composition, the extended form seems to be predominant in horse
antibodies, totalizing about 59.75% of the sequences. However, ex-
periments to prove horse antibody structures and the impact of this
structure in the affinity and specificity of these antibodies should be
performed.

5. Conclusion

This work presents the first analysis of PBMC horse antibody re-
pertoire by high-throughput sequence. We showed a complex and di-
verse repertoire for IGH, whereas IGL repertoire shows a lower diversity
as seen before. We confirm the frequent genes described for horse and
show additional genes used in horse repertoire never described before.
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Our results suggest that horses use different amino acid architecture
than humans and mice to stabilize the CDR-H3 loop, favoring the ex-
tended form. The knowledge of the horse repertoire is necessary for
understand gene recombination and diversity generation what can help
the design of new therapeutics based on horse immunoglobulins.
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