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Abstract

The sequencing of the antibody repertoire (Rep-seq) revolutionized the diversity of antigen B
cell receptor studies, allowing deep and quantitative analysis to decipher the role of adaptive
immunity in health and disease. Particularly, horse (Equus caballus) polyclonal antibodies have
been produced and used since the century XIX to treat and prophylaxis of diphtheria,
tuberculosis, tetanus, pneumonia, and, more recently, COVID-19. However, our knowledge
about the horse B cell receptors repertories is minimal. We present a deep horse antibody heavy
chain repertoire (IGH) characterization of non-immunized horses using HTS technology. In this
study, we obtained a mean of 248,169 unique IgM clones and 66,141 unique IgG clones from
four domestic adult horses. Rarefaction analysis showed sequence coverage was between 52 and
82% in IgM and IgG isotypes. We observed that besides horses antibody can use all of the
functional IGHV genes, around 80% of their antibodies use only three IGHV gene segments, and
around 55% use only one IGHJ gene segment. This limited VJ diversity seems to be
compensated by the junctional diversity of these antibodies. We observed that the junctional
diversity in horses antibodies is highly frequent, present in more than 90% of horse antibodies.
Besides this, the length of this region seems to be higher in horse antibodies than in other species.
N1 and N2 nucleotides addition range from 0 to 111 nucleotides. In addition, around 45% of the
antibody clones have more than ten nucleotides in both N1 and N2 junction regions. This
diversity mechanism may be one of the most important in providing variability to the equine
antibody repertoire. This study provides new insights regarding horse antibody composition,
diversity generation, and particularities compared to other species, such as the frequency and
length of N nucleotide addition. This study also points out the urgent need to better characterize

TdT in horses and in other species to better understand antibody repertoire characteristics.
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Introduction
The effective humoral immune response depends partly on having a variety of B cells with

different B cell receptors (BCRs) capable of recognizing and binding to many different antigens.

The entire set of B cells with different BCRs is called the antibody repertoire (Glanville et al.,
2009) . In humans, it has the theoretical potential to reach a size of up to 10'®-10'® unique

antibody sequences (Briney et al., 2019).

The sequencing of the repertoire (Rep-seq) revolutionized the antigen B-cell receptors studies,

allowing deep and quantitative analysis to decipher the role of adaptive immunity in health and
disease (Georgiou et al., 2014). However, besides being less common, antibody repertoire
analysis in species such as chicken, sheep, pig, cattle, and horses revealed new insights into the

many different mechanisms that can create antibodies diversity in vertebrates (Butler et al., 2009;

Liljavirta et al., 2014; Reynaud et al., 1989; Sun et al., 2012).

Particularly, horses (Equus caballus) polyclonal antibodies have been produced and used since

the century XIX for the treatment and prophylaxis of diseases such as diphtheria, tuberculosis,

tetanus, and pneumonia (ANDERSON, 1955; Cole & Moore, 1917; Glatman-Freedman &
Casadevall, 1998; Gongalves et al., 2007; Lang et al., 2000)to the present day. It is even being

used in the current COVID-19 pandemic as a treatment in some countries (Cunha et al., 2020;

Zylberman et al., 2020).

Similar to other vertebrates, horses have three types of immunoglobulin chains: light lambda
(IGL), light kappa (IGK), and heavy (IGH). The horse antibody V(D)J gene segments were
annotated by Sun et al. (2010) and reviewed by Walter et al. (2015), using an EquCab 2.0
genome composed of several scaffolds. After that, the EquCab3.0 genome was published, and
the international ImMunoGeneTics information system® (IMGT®) annotated the IG locus. In
this annotation, the horse IGH locus present on chromosome 24 has 104 IGHV (21 functional, 74
pseudogenes, and nine ORFs), 44 IGHD (16 functional, twenty-eight ORFs), and nine IGHJ (six
functional, and three ORFs).

So far, analyzes of the repertoire of equine antibodies have been carried out by different

methodologies, most of them by Sanger sequencing, with low deepness (Almagro et al., 2006;

Tallmadge et al., 2013, 2014) . Only in 2019, our group carried out a deeper horse antibody
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repertoire analysis using the new generation technology (NGS) was carried out, showing some

characteristics of 45,000 IGH clones and 30,000 IGL clones as new gene transcripts (IGHV6S1
and IGLV4S2) and the amino acids composition and features of CDR-H3 (Manso et al., 2019).

However, some essential horse antibody repertoire characteristics are still unclear, such as
somatic hypermutation frequency and the characteristics of the junction, among others.
Furthermore, the fraction of the potential repertoire expressed in an individual is unknown, and
how similar repertoires are between individuals who have lived in similar environments.

We present a deeper horse antibody heavy chain repertoire (IGH) characterization of non-
immunized horses using HTS technology, where we obtained a mean of 248,169 unique IgM
clones and 66,141 unique IgG clones from four domestic adult horses. Sequence coverage was
between 52 and 82% in IgM and IgG isotypes. We observed that the IGHV4 subgroup is
expressed in around 80% of horse’s antibodies, and between 50% and 56% use IGHJ6 indicating
limited use of combinations of gene segments. However, most horse antibody IgM and IgG
clones (~91%) present N-nucleotide addition, reaching 78 nucleotides in N1 and 62 in N2
regions for IgM and 111 nucleotides in N1 and 104 in N2 for IgG. These results suggest a major

role of junctional diversity in generating equine antibody repertoire variability.

MATERIALS AND METHODS

Horse blood samples

The peripheral blood samples from four healthy, mixed male breed adult horses, aged 5 to 9
years old, were obtained in partnership with the Immunobiological Research and Production
Center (CPPI) of the State of Parana.

About 35 ml of peripheral blood was obtained from each animal using Vacutainer tubes with
EDTA anticoagulant. The PBMC were isolated by Ficoll-PaqueTM gradient centrifugation. The
cells (1x107 cells) were cryopreserved in FBS 90%/ DMSO 10% at -80 °C until use.

The Ethics Committee approved the experimental design on the Use of Animals of the Federal

University of Minas Gerais (CEUA - UFMG) under protocol number 190/2018.

Amplification of the horse antibody BCR repertoire
Mononuclear cells (PBMCs) were isolated for RNA extraction and subsequent cDNA synthesis.

Total RNA extraction was performed by the TRIzol method (Rio et al., 2010), and the RNA
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concentrations were verified by the Qubit RNA BR Assay kit (Thermo Fisher Scientific).
According to the manufacturer's instructions, approximately 500 ng of RNA was used for cDNA
synthesis using the SuperScript IV enzyme (Thermo Fisher Scientific). The IGH amplification of

the gene segments V and the constant region was carried out by multiplex PCR. A set of forward
specific primers (F) for the heavy chain variable region (Manso et al., 2019)was used with new

reverse specific primers (R) for the heavy chain constant region designed in this study: IgM
isotype 5" ATGACGTTGGGTAGGAAGTCCCG 3 and IgG  isotype 5
CCACCGTGGMGTCAGAYGTG 3'. All primers have incorporated the Illumina overhang
adaptors sequence to prepare the Illumina library.

Multiplex PCR reactions were conducted to obtain IGH amplicons from each of the four horses.
All reactions were prepared to contain 10X High Fidelity buffer, 50 mM MgS0O4, 10 mM dNTPs,
0.5 uM of each F primer, 0.5 uM of each R primer, and 0.5 U Taq DNA polymerase Platinum
High Fidelity (Thermo Fisher Scientific). The cycling parameters were 94 °C for 2 min; 4 cycles
0f 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; 26 cycles of 94 °C for 1 min, 63 °C for 1 min and 72 °C for 1 min, and
72 °C for 7 min. The amplifications were analyzed on 1% agarose gels and stained with Sybr
Safe (Invitrogen). The bands were excised, and purified with PCR clean-up Gel extraction

(NucleoSpin).

Library preparation and sequencing

The purified cDNAs were quantified by Qubit DNA High Sensitivity kit (Thermo Fisher
Scientific). Then, it was used for sequencing libraries prepared by the Nextera XT DNA Library
Prep kit (Illumina) according to the manufacturer's instructions. The P5 and P7 indexes and
adapters were incorporated into the 500 bp amplicons by the overhang adapters added to the
primers. The library concentration was verified using Qubit DNA High Sensitivity kit (Thermo
Fisher Scientific), and the size and quality of amplicons were confirmed with the Bioanalyzer
High Sensitivity DNA Analysis (Agilent).

The IGH samples (18 pM) from the four equines were sequenced using Illumina MiSeq platform
2 x 300 bp read length.

Bioinformatic analysis of the horse immunoglobulin heavy chain (IgH) variable-region
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repertoire

The reads were preprocessed by the pPRESTO pipeline (vander Heiden et al., 2014), and the 1G

genes were annotated using IMGT/HighV-QUEST (Alamyar et al., 2012) . The unproductive

V(D)J rearrangements were eliminated from the dataset, as well as the productive sequences
containing insertions, deletions (indels), or stop codons in V- and J-gene segments. The

sequences with the same VJ segment and identical CDR H3 size were grouped using the
IMGT/StatClonotype (Aouinti et al., 2016) for clonotype analyses.

After processing the sequences, analyses of the antibodies diversity were conducted, evaluating

the frequencies of gene segment usage, gene subgroups, and the combination of V(D)J genes in

each animal using IMGT/StatClonotype. The size, composition, and amino acids groups (defined
by Crooks et al., 2004) of CDR-H3 amino acid sequences (numbered according to IMGT)

(Lefranc et al., 2003) were analyzed using R studio. R studio was also used to get public

repertoire antibodies defined as different horses containing antibodies with the same V and J and
CDR3. To determine the reading frame (RF) of IGHD genes, we first determined the
hydrophobicity index, according to Kyte-Doolittle scale, of each frame using R studio peptide
package. The most hydrophilic reading frame was definied as RF1, the most hydrophobic as RF2,

and the one hydrophobic with stop codons was defined as RF3 (Ivanov I, Link J., Ippolito G.C.,

n.d.)(ref definicao).

Other parameters such as somatic hypermutation and junction were analyzed from data extracted

from IMGT/HighV-QUEST.

Rarefaction analysis and constructing species-richness curves clonotypes.
We used the program iINEXT (Hsieh et al., 2016) to subsample populations of clonotypes from

immunoglobulin heavy chains that belonged to four horses based on the frequency of their
occurrence in productive reads. iNEXT was also used to extrapolate beyond the number of

experimentally observed productive reads that we might expect with additional sequencing.
Recon (Kaplinsky & Arnaout, 2016)was used to estimate the number of missing clonotypes in the

immunoglobulin heavy-chain datasets
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Statistical analysis

To compare antibody isotypes (IgG and IgM) differences, we used the Shapiro-Wilk test
followed by the Mann-Whitney test.

For all analyses, the media of each horse-specific parameter followed by the average media of all

four horses, and also the standard deviation of the average media of the 4 horses were used.
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RESULTS

Restricted VJ gene usage in horse antibodies

We analyzed IgG and IgM variable heavy chains from four individual horses. Overall, the mean
of raw reads per IgM samples was 1,082,148 (354,598- 1,558,035) and 347,302 (210,964-
481,150) for IgG samples. We obtained 31-64% of productive reads and between 40,018 to
328,300 horse antibody clones (Table 1).

The EquCab3.0 horse's genome includes 21 IGHV, 16 IGHD, and 6 IGHJ functional gene
segments, leading to 2,016 possible germline coding antibodies. However, in our study, we
observed a strong preference for IGHV4 subgroup gene segments, where the IGHV4-21,
IGHV4-29, and IGHV4-22 are used by 80% of the horse antibodies in both IgM and IgG
isotypes (Figure 1A). In addition, only 13 (of which three are present in less than 0.1% of the
antibodies) from 21 IGHV seem to be used in horse antibodies.

Similarly, IGHJ4 and IGHJ6 are the preferred J gene used by both IgM and IgG isotypes (Figure
1B). Interestingly, IGHJ6 is present in almost 60% of all horse antibody clones, showing a
restricted use of IGHV and IGHJ gene segments. All the 16 functional IGHD genes seem to be
used by horses' antibodies (Supplementary Figure 1).

The most frequent VDJ combinations used by horse antibodies were IGHV4-21, IGHD2-26, and
IGHJ6-1, found in 2.8% (£0.9) of the IgM and 2.6% (+0.6) IgG isotypes (Figure 1C).

Our analysis also showed that more rare clones were observed in IgM samples than in IgG since
the rarefaction curves do not begin to plateau, indicating that we were unlikely to capture this
population's full diversity (Figures 2A and 2B). However, we were able to capture between 52 to
66% and between 62 to 82% of all IgM and IgG, respectively (Figure 2C), with no statistical
difference between IgM and IgG horse antibodies diversity compared to Shannon's (Figure 2D)
and Simpsons test (Figure 2E).

Public horse antibody repertoire is enriched in shorter CDR-H3

In this study, we observed that the four horses shared (public repertoire) shared only 0.05% (44
clones) of their IgM repertoire and 0.0099% of the IgG repertoire (4 clones) (Figures 3A and 3B).
For the IgM public repertoire, most of the clones present the IGHV4-21 gene (77%) of the IGHV
genes in the IgM public repertoire, while in the total repertoire, it represents approximately 32%

(Figure 1A). In the case of IGHJ genes, we observed an increased gene usage of IGHJ4 (from
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4% to 9%) and IGHJS (from 29 to 32%) in the public IgM repertoire (Figure 1B).

Interesting to note that more than 90% of the CDR-H3 found in the IgM public antibody
repertoire presented only five amino acids length (Figure 3C). In general, the CDR-H3 size
distribution of horses follows a bi-modal pattern, with sizes ranging from 4 to 51 amino acids
residues with a median length of 16 residues for both IgM and IgG isotypes (Figure 3C).
Interestingly, polar amino acids such as glycine (G) and tyrosine (Y) are increased in IgM public
repertoire, differently from the acidic aspartic (D) and glutamic acids (E) and the hydrophobic
phenylalanine (F), tryptophan (W) and alanine (A) that decreases (Figure 3D).

Our results suggest that the horse IGHV repertoire appears to be derived from limited germline

gene families.

Characterization of somatic hypermutation (SHM) frequency and pattern found in horse
antibodies

Based on our previous results, we hypothesized that the biggest horse immunoglobulin diversity
comes from somatic hypermutation and junctional diversity.

Here, we observed that the frequency of mutations in IgG isotype (media: 7.22%) was similar to
IgM (media: 6.46%) compared to their germline mapped on EquCab3.0 genome (Figure 4A).
The majority of mutations were found in CDR regions, especially at positions 32 (CDR1), 50, 52
and 58, from CDR2 and 88 (FR3) for both IgM and IgG isotypes (Figure 4B). We also observed
that an average of 16.79% of nucleotides are mutated in CDRs of region IGHV, from which the
majority of them (45 to 51%) are present in AID motifs (RGYW and complementary WRCY
nucleotide motifs) (Supplementary Table 1).

Characterization of Horse Antibodies Junctional Diversity

An essential source of antibody diversification is the addition and deletion of nucleotides
between VDI junctions. Therefore, we analyzed the occurrence of the P/N nucleotide addition
and exonuclease trimming for both IgM and IgG horse antibodies. We observed very similar
characteristics in all the junctional regions of IgM and IgG horse antibodies (Figures SA and 5B).
N1 and N2 nucleotides media vary from 8.6 to 9.2 present in around 92 % of the IgM and IgG
antibody clone (n = 998,756 clones for IgM, n = 264,566 clones for IgG (Figura 5A and 5B,
Table 2). Interestingly, 43-44% of the antibodies have N1 (ranging from 10 to 111 nt) and N2
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junctions (ranging from 10 to 104 nt) with 10 or more nucleotides, and 6.9 to 9.8% of these
regions with 22 or more nucleotides (Table 2). It was also possible to observe that half of the 10
biggest CDR3 present cysteines (Supplementary table 4). We also noticed that N1 region is
highly enriched in G (35.59%), and the N2 region is enriched in G and T (30% ) for both
isotypes (Supplementary Table 2).

Similarly, exonuclease trimming was observed in around 70% to 97% of the Ig clones, with the
biggest number of nucleotides trimmed in the IGHJ gene ends (mean of 10 for IgM and 11 for
IgG) (Figure 5A and 5B). When analyzing the components that contribute to the length of the
CDR-H3, we observed that an average of 15 nucleotides from IGHD gene segment contribute to
the length of the IgM and IgG CDR3s with contain an average of 54 nucleotides (around 26-27%
of IGHD contribution to the CDR3). Surprisingly, when the 5 biggest CDR-H3 of the IgG clones
where anlysed we observed a contribution of 12 to 22 nucleotides of IGHD genes which
represents only 9% to 12% of the CDR3. The biggest contribution in these cases came from N1
addition that can contribute with 111 nucleotides of a CDR3 with 150 nucleotides (74%) or the
N2 addition that can contribute with 91 nucleotides of a CDR3 containing 129 nucleotides (70%)
(Figure 5C).
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We also observed a preference for the use of RF1 (more of 80%) in the horse's antibodies
(Supplementary Figure 2), enriched in polar amino acids such as tyrosine and glycine (Table 2).
Of the 96 possible sets of IGHD amino acid sequences (16 x 6 = 96), 36 (37.5%) include one or

more tyrosine, while only 13 (13.5%) have one or two arginines (Supplementary Table 3).

Discussion

In this work, we investigate the antibody-heavy chain repertoire of four different horses,
presenting the largest collection of adaptive immune receptor sequences described to date for
horses. We analyzed 40,018 to 328,300 horse IgG or IgM clones, with good coverage, from 52 to
82% of the repertoire. Similar to this work, it was observed a difference in depths for IgM (36%)

when compared to 1gG (64%) for human antibodies (Galson et al., 2015) . Although not much

difference was observed between IgM and IgG isotypes, this is the first high-throughput
sequencing study that characterizes both isotype's horse repertoires.

Interestingly, we found that approximately 80% of the IgM and IgG antibodies present the
IGHV4 group as a gene segment used in their antibodies, corroborating works from,
Similar results were also observed by Tallmadge and collaborators (2013) using 5' RACE,
in which they found a strong preference (80%) for the IGHV4-29 (previously
called IGHV2S3) and IGHJ6-1 (55%) (previously called IGHJ1S5) usage in adult horses'

antibodies (Chaudhary & Wesemann, 2018; Manso et al., 2019; Sun et al., 2010; Tallmadge et
al., 2013). Similar, humans antibodies also have a preference for the IGHV4 family (Arnaout et
al., 2011), differing from other organisms like cattle, dogs, and mice that present a predominance
for IGHV1 genes in their antibodies and cats with the presence of IGHV3 genes (Pasman et al.,
2017; Rettig et al., 2018; Steiniger et al., 2014, 2017) . We also observed a predominance of
IGHJ6 in horse antibodies, while dogs and cats antibodies se mostly IGHJ4, and mouse, the
IGHJ1 group (Arnaout et al., 2011; Steiniger et al., 2014, 2017) . It is interesting to note that

horse antibody repertoire is highly dominated by only a few IGHV and IGHJ genes, even if they
can use all of their theoretical germline combinations. We observed a high frequency of

antibodies (2.8 +£0.9 %) containing IGHV4-21, IGHD2-26, and IGHJ6-1 gene segments
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combination, also identified in previous work on non-immunized horses (Manso et al., 2019;
Tallmadge et al., 2013). This result is not different from human antibody repertoires (Arnaout et

al., 2011), where 0.1% to 2.7% of sequences have the same V(D)J combinations.

In addition, even for a few clones, we observed the presence of a public horse antibody repertoire
in the absence of any specific immune stimulation. We found more clones in the public IgM
(0.05%) repertoire than in the public IgG repertoire (0.009%). The small number of shared
public antibodies clones can be due to the high diversity of horses antibodies but can also be due
to an artifact of the clonotyping method used in this work that considers the same clone only

antibodies with identical CDH3 region (IMGT/HighVQuest). The observation of more public
IgM (1.4%) than IgG (0.3%) and IgA (0.5%) was also observed in the human antibody (Galson

et al., 2015. Interestingly, even with a smaller number of public antibodies, we found differences
between the CDR-H3 length of the public and the entire repertoire, observing a higher

percentage of short CDR-H3 in the public repertoire, also observed in human (Briney et al., 2019;

Galson et al., 2014; Soto et al., 2019). It is supposed that B cells expressing receptors with short
CDR-H3 are selected because they increase their affinity for the antigen, make clonal expansion,
and differentiate in plasma cells or memory B cells (Rosner et al., 2001).

In this work, we also evaluated the SHMs in the IGHV gene segment of the animals (FR1, CDR1,
FR2, CDR2, and FR3 regions). The IgG sequences showed a similar mutation frequency than the
IgM sequences, probably due to limited pathogen stimulation since they are not immunized. To
better understand how mutations are distributed along the IGHV gene segment, we evaluated the
number of mutations present in each position for both studied Ig isotypes. We observed a similar

mutation profile between the IgG and IgM, with more mutations found in the CDR regions, even

in these non-immunized animals. This corroborates previous studies in adult horses (Tallmadge

et al., 2013) and healthy and HIV patients (Bowers et al., 2014).

The mechanism of variability that produces SHM is carried out by the enzyme cytidine
deaminase (AID) induced by activation, by deamination of the cytosine base, creating a U:G

mismatch. The AID targets SHM mutations on "hotspots" (complementary RGYW and WRCY
nucleotide motifs) (Spencer & Dunn-Walters, 2005) . This work observed that around 19% of

IGHV sequences present AID motifs, similar to human IGHV, presenting 17.8% of these motifs
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(Bowers et al., 2014). In addition, as in the human repertoires, we found a higher percentage of

motifs in the CDR (average of 13.5%) than in the FR (average of 5.2%), as well as a higher
number of mutated nucleotides in this region (Bowers et al., 2014).

It is important to highlight that, besides a very similar VJ gene usage in IgM and IgG antibodies,
and also a very similar profile of SHM, the IgM and IgG repertoire looks very dissimilar
according to Bray-Curtis dissimilarity index (data not show).

Very little has been described the characteristics of horse junctional diversity in horse antibodies.
Here, we observed N1 and N2 nucleotide additions in most IgM and IgG clones, and also
observed exceptionally long N nucleotide additions for both N1 and N2 IgG (10-111 bp) in
around 44% of the antibodies. Non-template additions to IGH genes have been reported in

humans and mice (Shi et al., 2014), pigs (Sinkora et al., 2003), and cattle (Liljavirta et al., 2014).

The mean number of nucleotide addition in humans is 6.6 = 4.3 in N1 and 6.4 + 4.6 in N2, while
in mice, it is 2.4 = 2.2 and 2.1 = 1.8 in N1 and N2, respectively (Shi et al., 2014). The average
number of nucleotide additions in cattle that present ultralong CDR3s is not particularly high
(2.5 in N1 and 2.6 in N2), reflecting the high frequency (35%) of unions with zero additions
(Liljavirta et al., 2014). Such frequency and length of N additions have not been reported in other
species, suggesting that this diversity mechanism is essential to generating variability in equine
immunoglobulins.

Extensive trimming of IGHD genes in horse antibodies (mean value of 6 and 7.9 nucleotides for
the 3D and 5D junction, respectively) observed is not very different from cattle antibodies
(trimming of 5 to 6 nucleotides) (Liljavirta et al., 2014). It is interesting to note that the larger
trimming followed in horse antibodies was observed in the IGHJ gene, ranging between 10 and
11 nucleotides, while in other species, such as cattle, humans, and mice, have respectively 2, 6,
and 4 nucleotides trimmed in this region (Liljavirta et al., 2014, Shi et al., 2014). In our data,
between 70% to 97% of antibody clones had nucleotides deleted anywhere in the junction,
similar to other species (Liljavirta et al., 2014; Shi et al., 2014).

This impressive N nucleotide addition frequency and length can be due to differences in
Terminal deoxynucleotidyl transferase (TdT) enzyme activity in horses compared to other
species.

These enzymes are composed of mainly two regions, a catalytic core composed of finger, palm,

and thumb domains at the C-terminus and a BRCA1 (breast cancer susceptibility protein) C-
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terminal (BRCT) domain at the N-terminus. When comparing the horse sequence of TdT
isorform 1 and 2 with human, mouse, pig, and cattle TdT we observed the conservation of the
catalytic aspartic acids and the substrate-specific loop 1 (Figure 6). Interestingly, the palm
domain region, between the first aspartic acids and the loopl, is one of the most different regions
between the TdAT from other species.

In addition to this region, we can also observe a very dissimilar region between the BRCT
domain and TdT catalytic core. For the best of all knowledge, it is unclear how this non-
enzymatic domain contributes to the unique biological function of TdT. Interesting to note that
this interdomain region is enriched in Proline amino acids. It looks like for DNA polymerase
lambda, which presents a bigger Proline-rich domain in this region compared to TdT, this region

can impact DNA polymerase fidelity and with BRCT domain can act cooperatively to promote

primer/template realignment between DNA strands of limited sequence homology (Fiala et al.,
2006; Taggart et al., 2014) . Since the TdT template and untemplated activities (Loc’h et al.,

2016)are proposed to be essential for antibodies diversity, future studies need to investigate the

role of the interdomain region in these activities, as well as the role of the region in palm domain
in between aspartic acids and loopl.

This study also observed that more of 80% of the horse antibodies use reading frame 1 (RF1) for
both the IgM and IgG isotypes. Several species, such as humans, mice, and sharks, produce
antibodies using IGHD reading frame 1 (RF1) (Schroeder et al., 2010). However, similarly to
other species RF1 used for horses antibodies is strongly enriched in tyrosine, representing

39.55% of the IGHD amino acids. We know that tyrosine is the amino acid that typically makes

the most significant contribution to binding affinity at protein ligand-receptor interfaces (Bogan

& Thorn, 1998). This suggests that natural selection was operating on immunoglobulin diversity
gene segments to restrict and control their evolution in such a way as to influence the

composition and range of diversity of immunoglobulin antigen-binding sites (Burnet, 1976).

Conclusions
This is the first high-throughput sequencing study that characterizes IgM and IgG isotype horse
repertoire to the best of our knowledge. We showed a highly restrict use of IGHV and IGHJ

genes in horse antibody repertoire in which around 80% of the antibodies are composed by only
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3 IGHV gene segments and almost 60% of them with the same IGHJ gene segment. We
observed a complex and diverse repertoire for IGH, given mainly by the junctional diversity,
much bigger and frequent than the one present in other species. Our study on the equine
antibody repertoire contributes to understanding the generation of their diversity and open up

new questions about horse TdT particularities to generate such diversity.

Author Contributions

CN: designed the study, did all the experiments, analyzed the data and wrote the paper; TM:
designed and validated primers, designed the study and discussed the results; FM: help in data
analysis; LM: helped in the initial analysis of the data; RM: helped Illumina library preparison
and sequenced the samples; JM, BA: collected horse samples; AV: discussed the results; JIMD,
GI: help primer design, study design and wrote the paper; LFF: designed the study, discussed

and analyzed the data and wrote the paper

Contflict of Interest
The authors declare that the research was conducted without any commercial or financial

relationships that could be construed as a potential conflict of interest.

Fundings

Coordenagdo de Aperfeicoamento de Pessoal de Nivel Superior — Brazil (CAPES) [grant
numbers 88887.506611/2020-00, 88887.504420/2020-00 and 935/19 (COFECUB)]; Fundagao
de Amparo a Pesquisa de Minas Gerais (FAPEMIG) [grant numbers PPM-00615-18, Rede
Mineira de Imunobiologicos grant #REDE-00140-16 ]; Conselho Nacional de Desenvolvimento
Cientifico e Tecnoldgico (CNPq) [Pq to LFF]; National Institutes of Health (NIH) [grant number
1R01AI143552-02]; Pro-Reitoria de Pesquisa da Universidade Federal de Minas Gerais.

Acknowledgments
SynBiom group for fruitful discussions, specially Dr. Marcella Nunes de Mello-Braga and Dra.
Marcele Rocha Neves Rocha. A special acknowledge to Regina Maria Fernandes for project

management.


https://doi.org/10.1101/2022.06.20.496904
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.20.496904; this version posted June 22, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

References

Alamyar, E., Giudicelli, V., Li, S., Duroux, P., & Lefranc, M. P. (2012). IMGT/Highv-quest: The IMGT®

web portal for immunoglobulin (IG) or antibody and T cell receptor (TR) analysis from NGS high
throughput and deep sequencing. Immunome Research, 8(1), 1-15.
https://doi.org/10.4172/1745-7580.1000056

Almagro, J. C., Martinez, L., Smith, S. L., Alagon, A., Estevez, J., & Paniagua, J. (2006). Analysis of
the horse VH repertoire and comparison with the human IGHV germline genes, and sheep,
cattle and pig VH sequences. Molecular Immunology, 43(11), 1836-1845.
https://doi.org/10.1016/j.molimm.2005.10.017

ANDERSON, C. G. (1955). The distribution of diphtheria antitoxin in pepsin-digested horse
antiserum. The Biochemical Journal, 59(1), 47-52. https://doi.org/10.1042/bj0590047

Aouinti, S., Giudicelli, V., Duroux, P., Malouche, D., Kossida, S., & Lefranc, M. P. (2016).
IMGT/statclonotype for pairwise evaluation and visualization of NGS IG and TR IMGT
clonotype (AA) diversity or expression from IMGT/HighV-QUEST. Frontiers in Immunology,
7(SEP), 1-14. https://doi.org/10.3389/fimmu.2016.00339

Arnaout, R., Lee, W., Cahill, P., Honan, T., Sparrow, T., Weiand, M., Nusbaum, C., Rajewsky, K., &
Koralov, S. B. (2011). High-resolution description of antibody heavy-chain repertoires in
humans. PLoS ONE, 6(8). https://doi.org/10.1371/journal.pone.0022365

Bogan, A. A., & Thorn, K. S. (1998). Anatomy of hot spots in protein interfaces. Journal of Molecular
Biology, 280(1), 1-9. https://doi.org/10.1006/jmbi.1998.1843

Bowers, E., Scamurra, R. W., Asrani, A., Beniguel, L., MaWhinney, S., Keays, K. M., Thurn, J. R., &
Janoff, E. N. (2014). Decreased mutation frequencies among immunoglobulin G variable region
genes during viremic HIV-1 infection. PLoS ONE, 9(1), 1-183.
https://doi.org/10.1371/journal.pone.0081913

Briney, B., Inderbitzin, A., Joyce, C., & Burton, D. R. (2019). Commonality despite exceptional
diversity in the baseline human antibody repertoire. Nature, 566(7744), 393-397.
https://doi.org/10.1038/s41586-019-0879-y

Burnet, F. M. (1976). A Modification of Jerne’s Theory of Antibody Production using the Concept of
Clonal  Selection. CA: A Cancer Journal for Clinicians, 26(2), 119-121.
https://doi.org/10.3322/canjclin.26.2.119

Butler, J. E., Wertz, N., Deschacht, N., & Kacskovics, I. (2009). Porcine IgG: Structure, genetics, and
evolution. Immunogenetics, 61(3), 209-230. https://doi.org/10.1007/s00251-008-0336-9

Chaudhary, N., & Wesemann, D. R. (2018). Analyzing immunoglobulin repertoires. Frontiers in
Immunology, 9(MAR), 1-18. https://doi.org/10.3389/fimmu.2018.00462

Cole, R., & Moore, H. F. (1917). The production of antipneumococcic serum. Journal of
Experimental Medicine, 26(4), 537-561. https://doi.org/10.1084/jem.26.4.537

Crooks, G., Hon, G., Chandonia, J., & Brenner, S. (2004). NCBI GenBank FTP Site\nWebLogo: a
sequence logo generator. Genome Res, 14, 1188-1190. https://doi.org/10.1101/gr.849004.1


https://doi.org/10.1101/2022.06.20.496904
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.20.496904; this version posted June 22, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Cunha, L. E. R., Stolet, A. A., Strauch, M. A., Pereira, V. A. R., Dumard, C. H., Souza, P. N. C.,
Fonseca, J. G., Pontes, F. E., Meirelles, L. G. R., Albuquerque, J. W. M., Sacramento, C. Q.,
Fintelman-Rodrigues, N., Lima, T. M., Alvim, R. G. F., Zingali, R. B., Oliveira, G. A. P., Souza, T.
M. L., Tanuri, A., Gomes, A. M. O,, ... Silva, J. L. (2020). Equine hyperimmune globulin raised
against the SARS-CoV-2 spike glycoprotein has extremely high neutralizing titers. BioRxiv.
https://doi.org/10.1101/2020.08.17.254375

Delarue, M., Boule J.B, Lescar J, Expert-Bezancacon N, Jourdan N, Sukumar N, Rougeon F, &
Papanicolaou C. (2002). Crystal structures of a template-independentDNA polymerase: murine
terminaldeoxynucleotidyltransferase. The EMBO Jourrnal, 21, 427-439.
https://doi.org/0.1093/emboj/21.3.427

Fiala, K. A., Duym, W. W., Zhang, J., & Suo, Z. (2006). Up-regulation of the fidelity of human DNA
polymerase A by its non-enzymatic proline-rich domain. Journal of Biological Chemistry,
281(28), 19038-19044. https://doi.org/10.1074/jbc.M601178200

Galson, J. D., Pollard, A. J., Trick, J., & Kelly, D. F. (2014). Studying the antibody repertoire after
vaccination:  Practical  applications. Trends in  Immunology, 35(7), 319-331.
https://doi.org/10.1016/].it.2014.04.005

Galson, J. D., Trick, J., Fowler, A., Minz, M., Cerundolo, V., Pollard, A. J., Lunter, G., & Kelly, D. F.
(2015). In-depth assessment of within-individual and inter-individual variation in the B cell
receptor repertoire. Frontiers in Immunology, 6(0CT), 1-13.
https://doi.org/10.3389/fimmu.2015.00531

Georgiou, G., Ippolito, G. C., Beausang, J., Busse, C. E., Wardemann, H., & Quake, S. R. (2014).
The promise and challenge of high-throughput sequencing of the antibody repertoire. Nature
Biotechnology, 32(2), 158-168. https://doi.org/10.1038/nbt.2782

Glanville, J., Zhai, W., Berka, J., Telman, D., Huerta, G., Mehta, G. R., Ni, |., Mei, L., Sundar, P. D.,
Day, G. M. R., Cox, D., Rajpal, A., & Pons, J. (2009). Precise determination of the diversity of a
combinatorial antibody library gives insight into the human immunoglobulin repertoire.
Proceedings of the National Academy of Sciences of the United States of America, 106(48),
20216-20221. https://doi.org/10.1073/pnas.0909775106

Glatman-Freedman, A., & Casadevall, A. (1998). Serum therapy for tuberculosis revisited:
Reappraisal of the role of antibody-mediated immunity against Mycobacterium tuberculosis.
Clinical Microbiology Reviews, 11(3), 514-532. https://doi.org/10.1128/cmr.11.3.514

Gongalves, E. S., Salomao, M. G., & Almeida-santos, S. M. de. (2007). O uso do monitoramento
espaco-temporal da expansdo urbana no diagnéstico de areas passiveis de risco
epidemiolégico peconhento em Guarulhos-Estado de Sao Paulo, Brasil. Anais Do XlII Simpésio
Braileiro de Sensoriamento Remoto, 3171-3178.

Hsieh, T. C., Ma, K. H., & Chao, A. (2016). INEXT: an R package for rarefaction and extrapolation of
species diversity (Hill numbers). Methods in Ecology and Evolution, 7(12), 1451-1456.
https://doi.org/10.1111/2041-210X.12613

Ivanov I, Link J., Ippolito G.C., S. H. W. J. (n.d.). The Antibodies (Zaneti Maurizio & Capra Donald,
Eds.; Vol 7).


https://doi.org/10.1101/2022.06.20.496904
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.20.496904; this version posted June 22, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Kaplinsky, J., & Arnaout, R. (2016). Robust estimates of overall immune-repertoire diversity from
high-throughput measurements on samples. Nature Communications, 7(May).
https://doi.org/10.1038/ncomms11881

Lang, J., Kamga-Fotso, L., Peyrieux, J. C., Blondeau, C., Lutsch, C., & Forrat, R. (2000). Safety and
immunogenicity of a new equine tetanus immunoglobulin associated with tetanus-diphtheria
vaccine. American Journal of Tropical Medicine and Hygiene, 63(5-6), 298-305.
https://doi.org/10.4269/ajtmh.2000.63.298

Lefranc, M. P., Pommié, C., Ruiz, M., Giudicelli, V., Foulquier, E., Truong, L., Thouvenin-Contet, V.,
& Lefranc, G. (2003). IMGT unique numbering for immunoglobulin and T cell receptor variable
domains and Ig superfamily V-like domains. Developmental and Comparative Immunology,
27(1), 55-77. https://doi.org/10.1016/S0145-305X(02)00039-3

Liljavirta, J., Niku, M., Pessa-Morikawa, T., Ekman, A., & livanainen, A. (2014). Expansion of the
preimmune antibody repertoire by junctional diversity in Bos taurus. PLoS ONE, 9(6).
https://doi.org/10.1371/journal.pone.0099808

Loc’h, J., Rosario, S., & Delarue, M. (2016). Structural Basis for a New Templated Activity by
Terminal Deoxynucleotidyl Transferase: Implications for V(D)J Recombination. Structure, 24(9),
1452-14683. https://doi.org/10.1016/j.str.2016.06.014

Lu, S., Wang, J., Chitsaz, F., Derbyshire, M. K., Geer, R. C., Gonzales, N. R., Gwadz, M., Hurwitz, D.
I., Marchler, G. H., Song, J. S., Thanki, N., Yamashita, R. A., Yang, M., Zhang, D., Zheng, C.,
Lanczycki, C. J., & Marchler-Bauer, A. (2020). CDD/SPARCLE: The conserved domain
database in 2020. Nucleic Acids Research, 48(D1), D265-D268.
https://doi.org/10.1093/nar/gkz991

Manso, T. C., Groenner-Penna, M., Minozzo, J. C., Antunes, B. C., Ippolito, G. C., Molina, F., &
Felicori, L. F. (2019). Next-generation sequencing reveals new insights about gene usage and
CDR-H3 composition in the horse antibody repertoire. Molecular Immunology, 105(August
2018), 251-259. https://doi.org/10.1016/j.molimm.2018.11.017

Pasman, Y., Merico, D., & Kaushik, A. K. (2017). Preferential expression of IGHV and IGHD encoding
antibodies with exceptionally long CDR3H and a rapid global shift in transcriptome
characterizes development of bovine neonatal immunity. Developmental and Comparative
Immunology, 67, 495-507. https://doi.org/10.1016/j.dci.2016.08.020

Rettig, T. A., Ward, C., Bye, B. A., Pecaut, M. J., & Chapes, S. K. (2018). Characterization of the
naive murine antibody repertoire using unamplified high-throughput sequencing. PLoS ONE,
13(1), 1-20. https://doi.org/10.1371/journal.pone.0190982

Reynaud, C. A., Dahan, A., Anquez, V., & WEeill, J. C. (1989). Somatic hyperconversion diversifies the
single VH gene of the chicken with a high incidence in the D region. Cell, 59(1), 171-183.
https://doi.org/10.1016/0092-8674(89)90879-9

Rio, D. C., Ares, M., Hannon, G. J., & Nilsen, T. W. (2010). Purification of RNA using TRIzol (TRI
Reagent). Cold Spring Harbor Protocols, 5(6), 1-4. https://doi.org/10.1101/pdb.prot5439

Rosner, K., Winter, D. B., Tarone, R. E., & Skovgaard, G. L. (2001). Third complementarity-
determining region of mutated V H immunoglobulin genes contains shorterV, D ,J,P,and N


https://doi.org/10.1101/2022.06.20.496904
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.20.496904; this version posted June 22, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

components than non-mutated genes.

Schroeder, H. W., Zemlin, M., Khass, M., Nguyen, H. H., & Schelonka, R. L. (2010). Genetic control
of DH reading frame and its effect on B-cell development and antigen-specifc antibody
production. Critical Reviews in Immunology, 30(4), 327-344.
https://doi.org/10.1615/critrevimmunol.v30.i4.20

Shi, B., Ma, L., He, X., Wang, X., Wang, P., Zhou, L., & Yao, X. (2014). Comparative analysis of
human and mouse immunoglobulin variable heavy regions from IMGT/LIGM-DB with
IMGT/HighV-QUEST. Theoretical Biology and Medical Modelling, 11(1), 1-11.
https://doi.org/10.1186/1742-4682-11-30

Sievers, F., Wilm, A., Dineen, D., Gibson, T. J., Karplus, K., Li, W., Lopez, R., McWilliam, H.,
Remmert, M., Séding, J., Thompson, J. D., & Higgins, D. G. (2011). Fast, scalable generation of
high-quality protein multiple sequence alignments using Clustal Omega. Molecular Systems
Biology, 7. https://doi.org/10.1038/msb.2011.75

Sinkora, M., Sun, J., Sinkorova, J., Christenson, R. K., Ford, S. P., & Butler, J. E. (2003). Antibody
Repertoire Development in Fetal and Neonatal Piglets. VI. B Cell Lymphogenesis Occurs at
Multiple Sites with Differences in the Frequency of In-frame Rearrangements. The Journal of
Immunology, 170(4), 1781-1788. https://doi.org/10.4049/jimmunol.170.4.1781

Soto, C., Bombardi, R. G., Branchizio, A., Kose, N., Matta, P., Sevy, A. M., Sinkovits, R. S., Gilchuk,
P., Finn, J. A., & Crowe, J. E. (2019). High frequency of shared clonotypes in human B cell
receptor repertoires. Nature, 566(7744), 398-402. https://doi.org/10.1038/s41586-019-0934-8

Spencer, J., & Dunn-Walters, D. K. (2005). Hypermutation at A-T Base Pairs: The A Nucleotide
Replacement Spectrum Is Affected by Adjacent Nucleotides and There Is No Reverse
Complementarity of Sequences Flanking Mutated A and T Nucleotides. The Journal of
Immunology, 175(8), 5170-5177. https://doi.org/10.4049/jimmunol.175.8.5170

Steiniger, S. C. J., Dunkle, W. E., Bammert, G. F., Wilson, T. L., Krishnan, A., Dunham, S. A., Ippolito,
G. C., & Bainbridge, G. (2014). Fundamental characteristics of the expressed immunoglobulin
VH and VL repertoire in different canine breeds in comparison with those of humans and mice.
Molecular Immunology, 59(1), 71-78. https://doi.org/10.1016/j.molimm.2014.01.010

Steiniger, S. C. J., Glanville, J., Harris, D. W., Wilson, T. L., Ippolito, G. C., & Dunham, S. A. (2017).
Comparative analysis of the feline immunoglobulin repertoire. Biologicals, 46, 81-87.
https://doi.org/10.1016/j.biologicals.2017.01.004

Sun, Y., Liu, Z., Ren, L., Wei, Z., Wang, P., Li, N., & Zhao, Y. (2012). Immunoglobulin genes and
diversity: What we have learned from domestic animals. Journal of Animal Science and
Biotechnology, 3(1), 1-5. https://doi.org/10.1186/2049-1891-3-18

Sun, Y., Wang, C., Wang, Y., Zhang, T., Ren, L., Hu, X., Zhang, R., Meng, Q., Guo, Y., Fei, J., Li, N,
& Zhao, Y. (2010). A comprehensive analysis of germline and expressed immunoglobulin
repertoire in the horse. Developmental and Comparative Immunology, 34(9), 1009-1020.
https://doi.org/10.1016/j.dci.2010.05.003

Taggart, D. J., Dayeh, D. M., Fredrickson, S. W., & Suo, Z. (2014). N-terminal domains of human
DNA polymerase lambda promote primer realignment during translesion DNA synthesis. DNA


https://doi.org/10.1101/2022.06.20.496904
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.20.496904; this version posted June 22, 2022. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Repair, 22, 41-52. https://doi.org/10.1016/j.dnarep.2014.07.008

Tallmadge, R. L., Tseng, C. T., & Felippe, M. J. B. (2014). Diversity of immunoglobulin lambda light
chain gene usage over developmental stages in the horse. Developmental and Comparative
Immunology, 46(2), 171-179. https://doi.org/10.1016/j.dci.2014.04.001

Tallmadge, R. L., Tseng, C. T., King, R. A., & Felippe, M. J. B. (2013). Developmental progression of
equine immunoglobulin heavy chain variable region diversity. Developmental and Comparative
Immunology, 41(1), 33—-43. https://doi.org/10.1016/j.dci.2013.03.020

vander Heiden, J. A., Yaari, G., Uduman, M., Stern, J. N. H., O’connor, K. C., Hafler, D. A., Vigneault,
F., & Kleinstein, S. H. (2014). PRESTO: A toolkit for processing high-throughput sequencing
raw reads of lymphocyte receptor repertoires. Bioinformatics, 30(13), 1930-1932.
https://doi.org/10.1093/bioinformatics/btu138

Waterhouse, A. M., Procter, J. B., Martin, D. M. A., Clamp, M., & Barton, G. J. (2009). Jalview
Version 2-A multiple sequence alignment editor and analysis workbench. Bioinformatics, 25(9),
1189-1191. https://doi.org/10.1093/bioinformatics/btp033

Zylberman, V., Sanguineti, S., Pontoriero, A. v., Higa, S. v., Cerutti, M. L., Seijo, S. M. M., Pardo, R.,
Munoz, L., Intrieri, M. E. A., Alzogaray, V. A., Avaro, M. M., Benedetti, E., Berguer, P. M.,
Bocanera, L., Bukata, L., Bustelo, M. S., Campos, A. M., Colonna, M., Correa, E., ... Goldbaum,
F. A. (2020). Development of a hyperimmune equine serum therapy for covid-19 in Argentina.
Medicina, 80, 1-6.


https://doi.org/10.1101/2022.06.20.496904
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.20.496904; this version posted June 22, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Tables

Table 1: Overview of the IgM and IgG heavy chain variable sequencing results from four

non-immunized horses

Horse Ig Raw Preprocessed Annotated  Productive Clones
Sample Isotype Reads Reads Reads Reads

1 IgM 1,558,035 779,236 526,221 484,236 294,600
2 IgM 1,499,997 900,306 891,250 790,308 328,300
3 IgM 915,963 690,915 529,584 485,888 283,600
4 IgM 354,598 268,020 203,623 193,644 86,177
1 IgG 210,964 187,229 182,918 175,686 43,861
2 IgG 288,611 233,147 219,402 209,248 40,018
3 IgG 408,483 306,844 304,394 271,204 91,136

4 IgG 481,141 390,341 382,438 361,320 89,551
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Table 2: Analysis of nucleotide additions in Horse Antibodies

Sample [Number ofMean number ofMean number|Clones with N1 additions|Clones with N2
clones N1 nucleotidesjof N2[longer than 10fadditions longer than 10
(range) nucleotides nucleotides/ and longerjnucleotides/and longer
(range) than 22 nt (%) than 22 nt (%)
IgM 998,756 9.54 (0-78) 9.71 (0-62) 43.95/7.4 43.74/8.6
IgG 264,566 8.72(0-111) 9.24 (0-104) 43.67/7.6 45.17/10.0
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Table 3: Amino acid percentage composition per reading frame of horse D gene

RF1 RF2 RF3 iRF1 |iRF2 |iRF3

D 5.22 0.75 0 0 0 0
Acid

E 0.74 0 2.90 0 0 3.00
R 0.74 1.50 4.34 5.97 0.74 0
K 0.74 0 0 0.74 0 0 Basic
H 0 0 0.72 21.64 |1.49 0
F 0 0 0.72 0 0 0.75
P 0 2.25 0 2.24 4.48 17.29
A% 0 27.82  |0.72 0.74 29.10 ]3.00
L 0 5.26 4275 |1.49 1.49 18.04
I 2.23 6.77 1.44 0.74 18.66 |3.00 Hydrophobie
A 5.97 3.00 1.45 3.54 5.26 2.93
w 3.73 0 13.76 |0 0 0
M 0 18.04 |0 0 0 0.75
N 5.97 6.66 0.72 15.67 [2.99 0 Neutral
Q 0 0 2.90 1.49 0 4.51
C 0.74 0 5.80 5.97 0 2.94
S 1492 |0 0 23.88 448 6.77
G 18.65 |4.5 1.45 0 5.97 1.50 Polar
Y 3955 |0 2.90 11.94 |0.74 2.25
T 0.74 2932 |0 0.74 26.12 | 1.50
* 0 0 17.39 |4.47 0.74 32.33
AA Media by RF | 7.88 7.82 8.11 7.88 7.88 7.82
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Figure 1: IGHV and IGHJ gene segments frequency present in public IgM and total IgM
and IgG horses' antibodies.
Median of relative frequency (%) of IGHV (A), IGHJ (B) and V(D)J more frequent combination

(C) in IgM and IgG isotype from four horses. The genes are organized in the order that it appears
in the EquCab 3.0 genome (5'- 3").
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Figure 2: Antibody heavy chain repertoire richness and diversity estimates for IgM and
IgG in the four non-immunized horses.

Interpolation and extrapolation of species richness were obtained using iNEXT for IgM (A) and
IgG (B). Solid lines correspond to the interpolation (based on experimental data), and the dashed
lines belong to the extrapolated data. Summary of estimates for repertoire size, including missing
clones (C). The comparison of Shannon's (D) and Simpsons (E) diversity between the IgM and
IgG isotypes (p < 0.05).
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Figure 3: Horse public and private heavy chain variable region repertoire.

The number of antibody clones presented by the different horses and the shared number of
clones between the 2, 3, or 4 horses in this study for the IgM (A) and IgG (B). Comparison of the

CDR-H3 length (C) and amino acid composition (D) between the Total IgM, Total IgG, and the
public IgM repertoire.
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Figure 4: Somatic Hypermutation (SHM) characteristics of Horse IgG and IgM heavy
chain variable region.

(A) Media of SHM frequency (%) at the IGHV gene segment from IgM and IgG isotypes (p <
0.05). (B) The number of mutations by amino acid position in the IGHV gene segment of the
horses’ heavy chain (According to the IMGT numbering, without gaps). The dotted lines delimit
the FR and CDR regions . IgM is shown in red and IgG in blue.
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Figure 5: VDJ junction analysis.

(A) Junctional modifications schema during VDJ rearrangement, showing the locations and the
occurrence of different types of junctional modifications. Into the box are the mutation frequency
(%) of each junctional segment in all the antibodies clones analyzed: 3VP and 3VT for 3'V
region, SDP and 5DT for 5'D genes, 3DP and 3DT for 3'D region, and 5JP and 5JT for 5'J genes,
where P means palindromic nucleotides additions, and T means exonuclease trimmings; N1 the
non-template randomized nucleotides additions at the 3’V and the 5'D genes; N2 for N additions

at the 3'D and the 5'J genes. (B) The median number of nucleotides per junction region added or
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trimmed.(C) Deconstruction of the components that contribute to the length of the CDR-H3 in
the media of total of the IgM and IgG clones, as well as the 5 biggest CDR-H3 of the IgG clones.
The mean of nucleotides of the germline sequence of the VH gene segment, P and N junctions,

the DH gene segment, and the JH gene segment to the CDR-H3 length is illustrated.
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Figure 6: Multiple Sequence alignment of TdT from different species. An amino acid sequence alignment of the two equine TdT isoforms with

other vertebrate TdT was done using the Clustal Omega program (Sievers et al., 2011) present in Jalview package (Waterhouse et al., 2009)that also

provided Conservation analysis. The different box colors represent TdT domains, BRCT domain annotated by CDD (Lu et al., 2020) and TdT
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catalytic core as described(Delarue et al., 2002) Clique ou toque aqui para inserir o texto. : Purple: BRCA1 C Terminus (BRCT) domain (CL0459),
Yellow: Helix-hairpin-helix domain (HHH_8), Blue: Fingers domain of DNA polymerase lambda, Red: DNA polymerase beta palm, highlighting the
3 catalytic Aspartic Acids (red circle) and loop1, Green: DNA polymerase beta thumb.

NCBI Reference Sequences: Horse tdt isoform X1 (XP_005602408.1); Horse tdt isoform X2 (XP 001501812.3); Pig tdt isoform X2
(XP_003133204.1); Pig tdt isoform X1 (XP 005671421.1); Cattle tdt isoform 1 (NP_803461.1); Human tdt isoform 1 (NP_004079.3);
Human_tdt isoform 2 (NP_001017520.1); Mouse _tdt isoform 2 (NP _001036693.1); Mouse tdt isoform 1 (NP_033371.2)
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Supplementary Table 1: AID (RGYW/WRCY) motifs and targeted mutation frequencies in CDR and FR regions

IgM IgG
Number of RGYW/WRCY motifs per IGHV segment 19 (1.18) 20 (1.17)
% of CDR nucleotides mutated 16.79 18.81
% of CDR mutations present in RGYW/WRCY motifs 51.61 45.85
% of FR nucleotides mutated 4.24 4.71
% of FR mutations present in RGYW/WRCY motifs 16.92 18.76
% of all nucleotides mutated 6.37 7.12

% of all mutations present in RGYW/WRCY motifs 24.20 25.59
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Supplementary Table 2: Percentage of nucleotides present at the N1 and N2 junctions of horse IgM and IgG antibodies

%A %T %G %C
IgM 24.82 20.21 35.59 19.37 N1.REGION
IgG 24.28 21.47 34.90 19.35
IgM 21.29 28.20 30.32 20.19 N2.REGION

IgG 21.57 29.60 28.87 19.96
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Supplementary Table 3: Amino Acid Composition per reading frame of IGHD functional gene segments

in horse antibodies.

IMG
T IMGT
RF1 RF2 RF3 iRF1 iRF2 iRF3
Grou | gene
p
IGHD2- |GYYSRSCY YSNSYYSN
‘ T MVTIVGVAI | WLL**ELLY H GIATPTIVT | V¥*QLLL**P
IGHD2- |GYYASGYD |MVTMLVV |WLLC*WL* |CSHNH*HS |V VITTSIV
*S*PLA**P
9 Y MTT L NH T
IGHD2—
. YSYGSYYA |TIVMVVTM |L*LW*LLC |HSNYHNYS |GIVTTITI A*LP*L*
IGHD2—- |GYYGSYYS |MVTMVVTT | WLLW*LLQ [HSNYCSNY |GIVTTVVT |A*LL**LP**
15 SYYA VVTM *LLC HSNH TIVT P
IGH |IGHD2- [ GYYAGSYY [MVTMLVVT | WLLCW*LL |HSNYQHSN
GIVTTSIVT | A*LPA**P
D2 18 A M C H
IGHD2—- MITMVLVT CRSH*YHSN | VGVTNTIV
DYYGISDSY *LLWY**LL *ESLIP**S
23 PT H I
IGHD2- |YGYGGAYY | TMVMVVLT | LWLWWCL |CSSKHHHN
VVVSTTITI | *** APP*P*
26 Y TT LL HS
IGHD2- |SYYGGSSW |TVIMVVVP |QLLWW*FL |[STRNYHHS |GVPGTTTI |EYQELPP**
29 YS GT VL NC VT L
IGHD2—- MIIMVLLTT | *LLWCY*L |LCSQ*HHN
DYYGAIDYI YVVNSTIII | VM*SIAP**S
36 * HN NH
IGHD4~
5 YYGWGN TMAGV LLWLG* YPSHS VTPAIV LPQP**
IGHD4—
s YYNYNY TTTIT LLQL*L SYSCS VVIVVV ® R *
IGH
IGHD4~
D4 " NYGYGYA |TTVMVML |*LRLWLCY |VA*P*P*L *HNHNRS |[SITITVV
IGHD4—-
. YDDGYYN |TMTDTT LR*RILQ CSIRHR VVVSVIV |L*YPSS*
IGHD4—~ |[NYGSYNYY | TMAPIIT *LWLL*LL |SNYRSHS VVIIGAIV | **L*EP*L
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Supplementary Table 4: Top 10 bigger CDRH3 found in this study

IGHV gene and | IGHJ gene and CDR3 N1 nt N
Horse allele allele CDR3 amino acids length number | nu
1
IGHV4-21*01
4 ORF IGHJ4*01 F | TGGKRGGSFQLKEGGGGDGGSYSSGTGSPQRDRYFGYWGQDTPVKAVAQSVETEYYYTY 59 40 1
2
IGHV4-21*01
4 ORF IGHJ4*01 F AGGEVCEEGCEEKCYDSGYSITVQEEKCVRRSVNDSEYYSRSCCCRYYFAY 51 103
3
4 IGHV4S1*01 IGHJ6-1*%01 F AGADYGGTMHGIKFWGQGILVTVSSGESHSPSLYCCTGADYGGTYHGIKF 50 111
4
IGHV4-21*01
4 ORF IGHJ4*01 F AGVWGDWKGLVYAIDEWGPGILSTVSSGESHDDRGGLLYSIDY 43 11 !
5
IGHV4-21*01
1 ORF IGHJ2*01 ORF AGGNMVGYCAMMRCGIEYCVQGILGTVSSWESRSTEN 37 31
6
2 IGHV4-29*01 IGHJ4*01 F GASLTVVGELPPGPLLETGVADDYDDTFAFTESEVY 36 62
7
IGHV4-21*01
2 ORF IGHJ6-1*01 F SGGEGRVKDSTIYADEAIMEGRVKDSTVSVDEAILY 36 16 1
8
4 IGHV4-37D*01 | IGHJ6-1*01 F ATALAQVVLPDWPRWYCLKNVLLGYKLLVYWGINS 35 13 1
9
4 IGHV4-37D*01 | IGHJ6-1*01 F ATALAQVVLPDWPRWYCLKNVLLGYKFLVYWGINS 35 13 1
10
4 IGHV4S1*01 IGHJ6-1*01 F KGLVARDAGGSESLRRRRELSLRIMPSVYYSVNY 34 12
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Supplementary Figure 1: Median of Relative frequency of functional IGHD gene segments in horses in IgM
and IgG repertoires.
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Supplementary Figure 2- Reading Frame (RF) preference for IGHD gene segment in non-immunized horses.
Relative frequency of the six possible open reading frames for the IGHD gene segment. RF1, RF2, and RF3 are
generated by deletion, while iRF1, iRF2, and iRF3 are generated by inversion.
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