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Abstract

Next Generation Sequencing allows for testing and typing of entire genes of the HLA region. A
better and comprehensive sequence assessment can be achieved by the inclusion of full gene
sequences of all the common alleles at a given locus. The common alleles of DRB5 are under-
characterized with the full exon-intron sequence of two alleles available. In the present study the
DRB5 genes from 18 subjects alleles were cloned and sequenced; haplotype analysis showed that
17 of them had a single copy of DRB5 and one consanguineous subject was homozygous at all
HLA loci. Methodological approaches including robust and efficient long-range PCR
amplification, molecular cloning, nucleotide sequencing and de novo sequence assembly were
combined to characterize DRB5 alleles. DRB5 sequences covering from 5’UTR to the end of
intron 5 were obtained for DRB5*01:01, 01:02 and 02:02; partial coverage including a segment
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Appendix A. Supplementary Data

Supplementary Materials and Methods: The HLA Database Construction protocol with evaluation and comparison with other
algorithms.

Supplementary Table 1: Genomic sequences of cloned 5’ fragment of DRBS5 alleles aligned in reference to DRB5*01:01:01.
Supplementary Table 2: Genomic sequences of cloned 3’ fragment of DRBS5 alleles aligned in reference to DRB5*01:01:01.
Supplementary Table 3: Exon 2 to Intron 5 pairwise sequence alignment similarities between DRB5*01:01:01 with other DRB5
alleles and DRB1, DRB3, DRB4, DRB6 and DRB7 gene using Global alignment EMBOSS Needle.

Supplementary Table 4: Estimates of Evolutionary Divergence between DRB genes. The number of base substitutions per site from
between sequences are shown. Analyses were conducted using the Jukes-Cantor model.

Supplementary Table 5: Global pairwise alignment analysis for each intron including human and non-human primates DRB5 genes
Supplementary Figure 1: Molecular Phylogenetic analysis of DRB5 intron 2 sequences obtained by the Maximum Likelihood
method based on the Jukes-Cantor model.

Legend: Numbers on the branches indicate the bootstrap values for 500 repeats.
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spanning exon 2 to exon 6 was obtained for DRB5*01:03, 01:08N and 02:03. Phylogenetic
analysis of the generated sequences showed that the DRB5 alleles group together and have
distinctive differences with other DRB loci. Novel intron variants of DRB5*01:01:01, 01:02 and
02:02 were identified. The newly characterized DRBS5 intron variants of each DRB5 allele were
found in subjects harboring distinct associations with alleles of DRB1, B and/or ethnicity. The new
information provided by this study provides reference sequences for HLA typing methodologies.
Extending sequence coverage may lead to identify the disease susceptibility factors of DRB5
containing haplotypes while the unexpected intron variations may shed light on understanding of
the evolution of the DRB region.

Keywords

Next Generation Sequencing; de novo assembly; HLA-DRBS; Single Tandem Repeats; Gene
conversion

1. Introduction

The major histocompatibility complex (MHC) was initially identified because differences in
proteins from different individuals that are encoded in this genetic system play a major role
in the rejection of tissues and organs. The class | and II MHC genes encode cell-surface
heterodimers that play central roles in antigen presentation, tolerance, and self/non-self
recognition [1-3]. The human histocompatibility class 11 genes encode for three cell-surface
isotypes, designated HLA-DR, HLA-DQ, and HLA-DP. Each functional HLA class
molecule is a heterodimer formed by an alpha and a beta subunit [4]. Molecular studies of
the DR sub-region show one DRA gene, encoding the alpha chain, and multiple DRB genes,
encoding the beta chains, on different haplotypes, which display, in addition, copy number
variation. The DRA gene in humans is highly conserved while nine different HLA-DRB
genes have been described. HLA-DRB1, -B3, -B4 and -B5 encode functional gene products,
whereas -B2, -B6, -B7, -B8, and -B9 represent pseudogenes as manifested by various
insertions/deletions (indels) and deleterious mutations [5]. Among the expressed HLA-DRB
genes, DRB1 is the most polymorphic locus while DRB3, -B4 and -B5 have significantly
less alleles as reported to the IMGT/HLA database [6]. The most common DRB?5 alleles
include DRB5*01:01:01, 01:02, 01:03, 01:08N and 02:02 [7-8]. Within the human
population, five major region haplotype configurations have been described associated to
serotypes DR1, DR51, DR52, DR8, and DR53, that are characterized by the presence of a
unique combinations of DRB genes/pseudogenes [9-10]. For the chimpanzee (Pan
troglodytes) and some macaque species 9 to more than 30 different DRB haplotypes have
been described [11-12].

In the human MHC, the DRBS5 locus is unique to the haplotypes bearing the DR51 serotype;
DRBS5 is adjacent to the DRB6 pseudogene. The DRB5 locus appears is likely to derive
from ancestral from DRBI alleles, and was generated more than 20 million yr; DRB5 is
present in chimpanzees and gorillas [13-14]. The DRB gene organization with duplications
and the extensive allelic polymorphism of expressed DR-beta molecules are striking
features. These findings suggest that the DRB genes and the corresponding functional
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molecules are under distinct selective pressures that resulted from episodic evolution
involving both, population expansions and contractions with functional adaptations [14].

The evolutionary history of the HLA-DRBL1 locus has been delineated thoroughly by the
analysis of genomic full-length alleles (10-15 kb) of human and non-human primates [15].
In contrast, the full evolutionary history of the second expressed DRB loci of different
haplotypes such as those bearing DRB5 has not been assessed because of incomplete intron
sequence information. Significant information about the evolution and biological functions
of DRB loci can be obtained through complete sequencing analysis in the second expressed
DRB genes. These should include evaluation of both coding and non-coding regions such as
the microsatellite (GT)y(GA)y repeats adjacent to exon 2 region [16]. This microsatellite in
the MHC- DRBL1 genes is interesting since not only in the exon/intron architecture is exactly
conserved among all studied vertebrates but also has revealed that the exceptional
polymorphism of exon 2 correlates with the variability of this microsatellite locus [17].

HLA matching for transplantation and mapping disease susceptibility and resistance factors,
accurate and highly informative HLA allele assignment is desired. The application of whole
gene next-generation sequencing (NGS) to the study of highly polymorphic and structurally
complex regions of the human genome increases the throughput, accuracy, and resolution of
genetic analysis by several orders of magnitude, presenting an opportunity to better
understand the biological mechanisms underlying HLA disease associations [18]. For the
evaluation of sequencing data, a comprehensive sequence reference database is needed in
order to obtain accurate HLA assignments. Genomic references for some HLA allele
lineages and loci are missing from the HLA sequences compiled by IMGT [6]. To address
these limitations, we embarked in the characterization of genomic sequences of less studied
or overlooked loci. In the present study we focused in the characterization of all common
alleles of HLA-DRBS.

2. Materials and methods

2.1 Samples and DNA preparation

Samples from the international workshop cell lines (Research Cell Bank, Fred Hutchinson
Cancer Research Center, Seattle, Washington) and from selected individuals previously
typed by NGS were selected for this study. Genomic DNA was obtained using the Ql1Aamp
96 DNA blood kit (Qiagen, Valencia, CA). Table 1 shows the samples and their HLA alleles.
With exception of PGF, a cell line that is consanguineous and homozygous at all HLA loci
[19], all the cell lines or subjects included in this study are heterozygous in DRB1 and
carried one copy of DRB5.

2.2 HLA Database Construction Strategy

2.2.1 PCR Amplification—DRB alleles were amplified by long-range PCR (Long AMP
polymerase, New England Biolabs) of genomic DNA. In order to determine the nucleotide
sequences, two fragments overlapping in the highly polymorphic exon 2 region were
amplified (Fig. 1). The primers were designed on the basis of examination of DRB
sequences available in the IMGT database [6] and Ensembl [20] with the aid of Integrated
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DNA Technologies OligoAnalyzer v3.1 software. 0.2 M Trehalose was introduced into PCR
reaction to obtain reliable and efficient amplification [21].

2.2.2 Molecular Cloning of PCR products—The two PCR products were gel
purified and cloned into the pCR-XL-TOPO vector using the TOPO® XL PCR Cloning Kit
(ThermoFisher Scientific). The positively identified clones confirmed via gel agarose
electrophoresis were further examined by Sanger sequencing (Elim Biopharmaceuticals,
Inc).

2.2.3 Nucleotide Sequencing by NGS—The library construction protocol of the
allelic clones for NGS was performed exactly as described by Wang et al. [22]. Sequencing
was performed in a MiSeq sequencer using 250 bp paired-end reads run according to the
manufacturer’s instructions (Illumina, San Diego).

2.2.4 Processing of the NGS data and de-novo Assembly—The
fastx_barcode_splitter.pl from Hannon/CSHL [23] was used to demultiplex of the raw fastq
data generated by NGS sequencer. Read trimming was performed with bwa -q 20 [24]. The
fastq file produced for each sample was converted to a corresponding fasta, which was
subsequently used as the input to a developed de novo assembly process. The developed
algorithm was a blast based assembler [25] and performed the sequence assembly for each
cloned amplicon. For the accurate determination of the STR and homopolymer lengths a
localized sequence assembly, micro- assembly, of the reads mapping around these locations
analyzed directly.

The exact HLA Database construction Strategy with evaluation and comparison with other
available algorithms is included in the Supplementary Materials and Methods.

2.3 Phylogenetic Analysis

The full-length generated DRB sequences were deposited into the NIH [6] and IMGT HLA
genetic database [26] (Table 1). The non-human primates DRB5 sequences of Pan
troglodytes part-DRB5*01:02 and Macaca mulattamamu-DRB5*03:01 were retrieved from
the IPD-MHC-NHP database [27,28].

Pairwise comparisons of the DRB sequences were performed with the EMBOSS needle
program using the Needleman-Wunsch algorithm [29]. Multiple sequence alignments
executed by the Clustal Omega program [29]. The software MEGA 6.0 [30] was employed
to calculate nucleotide diversity and to construct phylogenetic trees. The phylogenetic trees
were reconstructed using the maximum likelihood method with Jukes-Cantor model [31].
The phylograms were a consensus of 500 boostraps replicates.

3. Results

3.1

3.1.1 Description of HLA-DRBS5 alleles—This report provides additional information
regarding sequence variation at both, exons and introns of the most common DRBS5 alleles.
Out of the 87 samples genotyped, 18 samples harbored the DRB5 alleles (Table 1); the
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resulting consensus sequences were analyzed and compared between them and with other
alleles of the DRB gene families as well as DRB5 alleles of non-human primates.

In the present study we identified intron variants resulting from SNP or STR variation. We
developed a local naming convention where the e suffix indicated sequence extension, the
suffix v specified intron variants while the suffix _STR indicated differences in the STR
length (Table 1).

The sequence analyses showed that seven individuals carried DRB5*01:01:01, six
DRB5*02:02, two DRB5*01:02, and one of each, DRB5*01:03, DRB5*01:08N and
DRB5*02:03. The sequence of DRB5*01:01:01 was confirmed in two samples (JS and PGF,
Table 1). The CDS present in IMGT [6] for DRB5*01:02 and DRB5*02:02 was confirmed
and extended from the 5’UTR up to the end of intron 5 including all intervening introns and
exons with the total length of 12,681 and 12,638 bp respectively (Supplementary Tables 1
and 2). For DRB5*02:03, DRB5*01:03 and DRB5*01:08N alleles the cloning data extended
the previously known sequence from the beginning of exon 2 to the end of intron 5 with
lengths of 4,658, 4,693 and 4,672 bp respectively (Supplementary Table 2).

3.1.2 5’ UTR sequences (PCR Fragment 1)—A segment of 173 bp upstream of exon
1 was identical for DRB5*01:01:01, 01:02 and 02:02. Examination of sequences from three
alleles in which fragment 1 (5’UTR to exon 2) was analyzed showed that exon 1 of
DRB5*01:02 is identical to that of DRB5*01:01:01; these alleles differ from DRB5*02:02
by two nucleotide substitutions resulting in a one amino acid change in codon —16 (K to V
substitution) (Table 2). There is higher sequence divergence between DRB5*01 and
DRB5*02 alleles in intron 1 (Fig. 2A,B, Supplementary Tables 1,2). The nucleotide
differences between DRB5*01:01:01, DRB5*01:02 and DRB5*02:02 are shown in Figure
2A,B and Supplementary Tables 1,2. The location of two intron 1 homopolymers in
reference to the first nucleotide of DRB5*01:01:01 in intron 1 is shown in Figures 2A,B.
length variation (Table 2) and the sequences of these (T)y (Fig. 2A) and (A)y (Fig. 2B)
homopolymers are distinctive among the described alleles. An estimation example of the
length of the (A)y and (T)y intron 1 homopolymers is be shown in Figures 3A and 3B.

3.1.3 Extended sequence coverage (PCR Fragment 2)—Fragment 2 (exon 2 to
intron 5) was cloned and analyzed for all 18 samples bearing DRB5. In these samples, the
length of this fragment ranged from 4,657 bp (DRB5*01:01:01v1) to 4,693 bp
(DRB5*01:02_STR1) (Fig. 1). Interestingly, almost all the length variation between these
alleles resulted from differences in the number of two dinucleotide STRs, (GT)y and (GA)y
of intron 2 (50bp after exon 2) (Table 2).

As previously described [32-33], additional length variation results from the deletion of 2
and 19 nucleotides in exon 2 and exon 3, respectively of DRB5*01:10N and DRB5*01:08N
(Supplementary Tables 1,2).

Three additional intron variants were identified among 7 subjects carrying DRB5*01:01:01;
these are defined by differences in STR length in intron 2 (DRB5*01:01:01_STR1,
DRB5*01:01:01v1, DRB5*01:01:01v1_STR1) and an intron 2 SNP variation (9990A/G)
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(DRB5*01:01:01v1, DRB5*01:01:01v1_STR1) (Table 2). Figure 1 shows the location of
two contiguous STRs located at the beginning of intron 2 in reference to DRB5*01:01:01.
The sequences of both STRs of all DRBS5 alleles described in the present study are shown in
Figure 4; their length variation is shown in Table 2. Based on the analyses of SNPs in introns
2 and 3 (Table 2) three DRB5 lineages have been identified, namely DRB5*01:01:01,
DRB5*01:02 (including also 01:03 and 01:08N) and DRB5*02. Table 1 shows the cell lines
or subjects that carry the four variants of DRB5*01:01:01 also carry DRB1*15:01:01; these
DRB5*01:01:01 intron variants are found in distinct haplotypes defined either by variations
in the non-coding regions of the DRB1*15:01:01, in HLA-B or by distinguished by ethnic
differences.

Two intron 2 STR variants of DRB5*01:02 were described in the present study
(DRB5*01:02el and DRB5*01:02_STR1). These alleles were found in cells carrying
DRB1*15:02:02 for DRB5*01:02e1 and DRB1*15:02:01 for DRB5*01:02e1_STR1 and
they differ also in DQAL, DQBL1 or at both DQ loci (Table 1).

The DRB5*01:02_STR1 and DRB5*01:03 alleles differ only by one nucleotide substitution
in exon 2 and were identical in the gene segment spanning exon 2 to 5 (Table 2). The
estimation of the STR lengths in DRB5*01:03 found in cell 119990 are shown in Figures 3C
(GA), and 3D (GT)y. The alleles DRB5*01:02_STR1 and DRB5*01:03 had high similarity
with DRB5*01:08N in the assembled genomic region.

In this report two STR variants of DRB5*02:02 were identified (DRB5*02:02¢e1 and
DRB5*02:02e1_STR1) (Fig. 4 and Table 2) and the genomic sequence of DRB5*02:03el
was extended. The variants of DRB5*02:02 were found in haplotypes carrying different
subtypes of DRB1*16. DRB5*02:02e1 and DRB5*02:03e1 were found in cells carrying
DRB1*16:02:01 and DRB1*16:04 while the allele DRB5*02:02e1_STR1 was found in the
cell line CHA, AJ that carries DRB1*16:01:01(Table 1).

3.2.1 Comparison with other DRB genes—A global alignment (EMBOSS Needle)
[29] and a phylogenetic tree was employed to determine fragment 2 homologies and
phylogenetic relationships between DRB5*01:01:01 with other DRB5 alleles and DRB
genes (DRB1/3/4/6/7). DRB5 alleles had very high similarity scores with distinctive
differences with other DRB loci (Fig. 5A). The intra pairwise alignment displayed lower
similarity scores between DRB5*01:01:01 and other DRB genes; the DRB5 gene had higher
similarity with DRB4 followed by DRB3 and DRB1*15:01. The alignments between
DRB5*01:01:01 and DRB pseudogenes (DRB6 and DRB7) showed the highest genetic
dissimilarity (Supplementary Table 3). The pairwise comparisons between DRB5 alleles
indicated that DRB5*01:02, DRB5*01:03 and DRB5*01:08N are highly homologous and as
a group present the lowest distances with DRB5*01:01:01, DRB5*02:02 and DRB5*02:03
alleles (Supplementary Table 4). The phylogenetic analysis identified three clusters of alleles
with the DRB5*01:02 group being in the middle and closer to the DRB5*01:01 group than
to the DRB5*02 group (Fig. 5B).
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3.2.2 Comparison with Non-Human primates DRB5 alleles—Phylogenetic
analysis of exon 2 to intron 5 sequences and intron 2 only for human and non-human
primate DRB genes and DRB5 alleles were performed. The results indicated that the
hominid DRB5 alleles (Homo sapiens and Pan troglodytes) and the old world monkey
mamu-DRB5*03:01 allele of Macaca mulattaform a separate clade in comparison to the
other DRB genes (Fig. 5A, Supplementary Figure 1 ). In addition, a global alignment was
conducted, using the Needleman-Wunsch algorithm [29], among HLA-DRBS alleles, the
common chimpanzee patr-DRB5*01:02 and Rhesus macaque mamu-DRB5*03:01. The
results showed high homology of 92.6% between HLA-DRB5*01:01:01 and patr-
DRB5*01:02 but lower with the other human DRB5 alleles. The mamu-DRB5*03:01 and
HLADRB5*01:01:01 sequences had 91.5% similarity which was higher than the alignment
among other DRB genes (Supplementary Table 3). Further global pairwise alignment
analysis was performed for separate introns between human and non-human primates of
DRBS5 alleles and can be found in Supplementary Table 5. Interestingly, SNPs that are
informative and separate the human DRB5 families can be found also in non-human species
(Table 2).

3.3 STR/Homopolymer Analysis of DRB5 alleles

In this study, the variations of simple repeat stretches with the basic structures poly(A),
poly(T) and (GT)x(GA)y in the different intronic areas of the HLA-DRBS alleles were
extensively investigated (Table 2, Fig. 3A-D). The NGS data showed an inverse correlation
between the accuracy in the determination of STR length and the length of the repeats which
is concordant with previous studies [34-37]. The short repeats Tg gy in intron 1 of
DRB5*01:01:01 were determined with high confidence because more than 90% of the reads
in this area for each clone indicated the same poly(T) length. On the contrary, for longer
homopolymers (T)14, (A)2o in intron 1 of DRB5*01:01:01 and STRs GA(g), GT(2y) in intron
2 of DRB5*01:03¢e1, the reads showed a broader Gaussian like distribution; the highest
frequency of the most representative reads for this area per clone were ranging from 22% to
60% (Fig. 3A-D). This broader distribution results in more difficult determination of the
length of these STRs; more than 3 clones were required to be sequenced separately (instead
of pooling them) for achieving accurate analysis.

The length variation and the basic structure of intron 2 STRs for all the DRB alleles for
human and primates that has been examined in this report are be shown in Table 2.

The (GT)y variations associate with specific haplotypes and ethnic background as shown in
Table 1 while the intron (GA) variants correlate with the three DRB5 lineages namely
DRB5*01:01:01, DRB5*01:02 (including also 01:03 and 01:08N) and DRB5*02 (Table 2).

Comparing the human DRBS5 intron 2 microsatellite structures with other DRB genes shows
only similarity with DRB1*15/16 and DRB1*09 alleles (Table 2). The intron data indicates
that DRB1*16:01:01 was generated through a gene conversion event involving
DRB1*15:01:01:01 (recipient allele) and DRB5*01:01:01v1 (donor allele) alleles that are
found on the same haplotype (Table 1); the exchange segment is shown in Figure 6.
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Only three DRBS alleles were examined in the first segment spanning intron 1; The poly(A)
and poly(T) exhibited high variation in the number of repeats in both human and other
primates DRBS5 alleles (Table 2). More sequencing data is required to further characterize
and determine the diversity and possible evolution of this region.

4. Discussion

In the present study, robust and improved methodological approaches were applied to
characterize the gene structure and diversity of the second DRB locus expressed in
haplotypes bearing DRB1*15 and DRB1*16 alleles. The novel strategy for full coverage and
cost-effective allele sequencing took advantage of a modified long range PCR, highly
efficient molecular cloning, clonal pooling, IHlumina’s NGS platform and a novel assembly
algorithm specific to HLA genes [Supplementary Materials and Methods] [21, 38-39]. Long
read sequencing technologies were not used in this study since may present major
drawbacks such as PCR-chimera formation and biased reference alignment, which need to
be considered when attempting to phase variants [38].

Because of the noise inherent to NGS protocols, cloning errors and sequence complexity in
the HLA alleles, de-novo assemblers such as Velvet (v1.2.1) and SSAKE (v3.8.2) [40-41]
could not generate the full length and error-free sequence of each selected allele. These
limitations led us to design an in-house assembly algorithm [Supplementary Materials and
Methods]. The addition of a local de novo assembly and the evaluation of isolated clones
was able to resolve the low complexity and high error areas such as homopolymers and STR
regions (Fig. 3A-D) [42—-44]. This approach provided significant and valuable information
that could have not been obtained otherwise. The novel variants reported here were not
deemed to receive an official name by WHO Nomenclature Committee for Factors of the
HLA System. Nevertheless, the information and publication of these sequences provides
significant value for the application of NGS based methods to HLA typing and further
delineate evolutionary relations of HLA alleles and haplotypes [45,46].

The SNP analysis of the most common DRB alleles shows that all the variation in DRB5
locus resides in the 5’ side of the gene including exon 1 up to intron 3, whereas the region
comprises exon 4 to intron 5 is completely conserved. Virtually all SNPs observed in introns
2 and 3 and the intron 2 (GA)y correlate exactly with three DRB5 lineages (Fig 5B) also
defined previously by exon analyses only (Table 2). The intron 2 (GT) appears to define
recently generated variants in specific haplotypes and ethnic background as shown in Table
1. At the DRBS locus, the intron 2 (GT)y appears to evolve more rapidly in comparison to
the intron 2 (GA) x; the evolution rate of these STR is not similar at other DRB genes. This
observation may be explained by: 1) different mutation rates among the DRB allele families
and loci; and/or 2) different selective pressures in each DRB families. In the present study all
alleles of the same DRB5 subfamily contain the same length (GA)y in intron 2 while they
may differ in the length of the (GT)y. Both STRs are long; therefore, the mutation rate
observed for these STRs indicates that the variation does not necessarily results from the
repeat length. Interruptions in the perfect (GA)y repeats may decrease the mutation rate; in
addition differentially acting selective pressures such convergent evolution may decrease the
exon variability to that of the intron microsatellites [47,48].
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The observed intron variability of the DRB5 STRs could result in possible biological and
functional effects that need to be further evaluated. Permanent coevolution with exons
suggests a possible biological role of these composite intron microsatellites [49-53]. Despite
the repeat length variations of the STRs, the basic structure of (GT)x(GA)y is highly
conserved between different families of DRB5 gene (Table 2). Interestingly, similar
structures can be seen in DRB1*09/15/16 alleles (Table 2) which led us to confirm a
previous hypothesis regarding a reciprocal intergenic exchange between DRB loci [54]. This
report shows that the DRB1*16:01:01 allele may have arisen by reciprocal intergenic
exchange between DRB1*15:01:01:01 (recipient allele) and DRB5*01:01:01v1 (donor
allele) in the DR51 haplotype and the postulated recombination sites are shown in Figure 6.

The phylogenetic analysis showed that the hominid DRBS5 alleles (Homo sapiens and Pan
troglodytes) and the old world monkey (OWM) mamu-DRB5*03:01 allele of Macaca
mulatta form a separate clade in comparison to the other DRB genes (Fig. 5A). There were
two major diversification events in the evolution of the HLA-DRB genes approximately 50
million years (my) ago. A DRB1*04 and an ancestor of the DRBI*03 cluster (DRBI*03,
DRBI*15, and DRB3) diverged from each other approximately 50 million years (my) ago,
and DRB5, DRB7, DRBS, and an ancestor of the DRB2 cluster (DRB2, DRB4, and DRB6)
emerged by gene duplication [55]. These data confirm that the DRB5 locus is common to
the Catarrhini’s DRB region and the DRB5 gene originated before the OWM-HOM
deviation (~25 My ago) as has been reported in other studies [27, 56].

The second expressed DRB loci (DRB3, DRB4, and DRB5) exhibit only limited allelic
polymorphism in humans [57]. HLA typing of DRB5 alleles examining exon sequences
shows only a few common alleles [6]. The structural protein sequence conservation in
different ethnic groups is remarkable in spite of the rich haplotype variation identified when
examining DRB1-DQA1-DQBL1 haplotype blocks containing DRB5 (Table 1) [58,59]. The
present study identifies additional non-coding variation that is haplotype specific and
appears to indicate that there may be constraints for further diversification at the protein
level compared to variations in the non-coding regions. It is proposed that DRB5 alleles may
exert specific functions and may complement with molecules present in DRB1*15/16 and in
the corresponding DQA1-DQB1 heterodimers [60-62]. Further work is needed to examine
what immune responses are principally determined or restricted by the DRB5 alleles.

In all world populations that include haplotypes bearing in cis the genes encoding for
DQA1*01:01 and DQB1*05:01, it has been observed that the DRBS5 locus is absent in spite
of the presence of the DRB6 pseudogene. These haplotypes include predominantly
DRB1*01 alleles [59,63]. In addition to these haplotypes, Asian populations present
frequently non-DRB1*01 haplotypes that include the DQ genes for the same DQ
heterodimer (DQA1*01:01:01:01-DQB1*05:01:24); these haplotypes include the allele
DRB1*15:02:01:03 and carry either DRB5*01:02 or DRB5*01:08N [32,64]. We speculate
that the non-expressed DRB5*01:08N allele may have arisen recently in haplotypes bearing
the latter DRB1-DQ alleles that also include DRB5*01:02. The putative mutational event
with a deletion of 19 nucleotides in exon 3 of DRB5*01:02e1_STR1 may have resulted in
the generation of DRB5*01:08N. This deletion produces a truncated non-membrane bound
protein [32]. Given the high frequency of the allele DRB5*01:08N, it can be speculated that
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the haplotypes bearing this allele may have been positively selected in Asian populations. A
plausible explanation is that because the DRB expressed alleles may determine negative
selection of some T cells in the thymus, the non-expression of a specific allele may allow for
the generation of some T-cell clones that could be effective in responding pathogen antigens
via presentation by other HLA class Il molecules. The various haplotypes (bearing
DRB1*01:01, DRB1*01:02, DRB1*15:02) that include genes in cis encoding DQA1*01:01
and DQB1*05:01 include alleles with identical protein sequences that differ by exon silent
substitutions or intron variations; these observations suggest more distant origins with
positive pressure for structural DQ conservation that may be related to absence of DRB5
expression.

The molecules encoded by the second expressed DRB genes DRB3, DRB4 and DRB5
appear to have lower expression than DRB1 [65-70]. It should be noted that
DRB4*01:03:01:02N is another common null allele that is found frequently in subjects with
European and Asian ancestry [59]. In Africans, approximately 8 percent of the haplotypes
bearing DRB1*15:03 lack DRB5 gene [59]. Therefore, DRB5 alleles, as other DRB low
expression alleles may play a role in both providing specific responses to pathogens as well
as determining the size of T-cell repertoire of an individual.

The present study provides a novel strategy for generating extended allele sequences of high
quality that are reliable sources for HLA genomic references. Additionally, the
characterization of the most common DRBS5 alleles may improve the NGS based HLA
typing by providing valuable phasing information that can subsequently lead to greater
precision in matching donor organs to transplant recipients.
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Figure 1:
Schematic illustration of amplified fragments of DRB5. The DRB5*01:01:01 is used as a

reference for sequence annotation. Exons are represented by black boxes. E1-E6 denotes
exons 1-6. 11-15 denotes introns 1-5, 5’3’UTR, homopolymer (Poly Ts/As) and STRs
locations. The numbers represent the exon length in base pairs. The two amplified fragments
are showed at the bottom; they overlap in Exon 2 and flanking sequences. Primers DRB_1 F
and DRB_1_R were used to amplify fragment 1 and primers DRB_2_F and DRB_2_R were
utilized to amplify fragment 2.
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A
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DRB5%01:
DRB5*0Q1:

B

DRB5%02:
DRB5%01:
DRB5%01:

02el
01:01
02el

02el
01:01
02el

Figure 2.
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++ + « GAGATATAGTCTTGCTCTGTCACCAGGCTGGAGTG
I..GAGATATAGTCTTGCTCTGTCACCAGGCTGGAGTG
TTTGAGATATAGTCTTGCTCTGTCACCAGGCTGGAGTG

GGGTGACAGAGCAAGACTCCGTCTCAAAAAAAAAAAAAAAA. . . . GAGACTCATGGTGAG
GGGTGACAGAGCAAGACTCCGTCTCAAAAAAAAAAAAAAAAAAAAGAGACTCATGGTGAG
GGGTGACAGAGCAAGACTCCGTCTCAAAAAAAAAAAAAAAAAAA. GAGACTCATGGTGAG

A: CLUSTALW partial alignment of three de novo assembled DRB5 alleles within intron 1
shows the length variation of the poly(T) repeats. Numbering on the right indicates the
relative nucleotide position at this intron for the corresponding allele. B: CLUSTALW
partial alignment of three de novo assembled DRB5 alleles within intron 1 exhibits the
length variation of the poly(A) repeats. Numbering on the right indicates the relative
nucleotide position at this intron for the corresponding allele
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Figure 3.
A: Estimation of the length of intron 1 poly(A) in DRB5*01:01:01 from three clones

isolated from cell line JS. The most representative STR length was selected for each clone
according to percentages of reads; the length found in more clones was assigned as the final
length for the tandem repeat. B: Estimation of the length of intron 1 poly(T) in
DRB5*01:01:01 from three clones isolated from the cell line JS. The most representative
STR length was selected for each clone according to percentages of reads; the length found
in more clones was assigned as the final length for the tandem repeat. C: Estimation of the
length of intron 2 (GA)yx STR in DRB5*01:03 found in cell 119990 from five clones of cell
119990. The most representative STR length was selected for each clone according to
percentages of reads; the length found in more clones was assigned as the final length for the
tandem repeat. D: Estimation of the length of intron 2 (GT), STR in DRB5*01:03 found in
cell 119990 from five clones of cell 119990. The most representative STR length was
selected for each clone according to percentages of reads; the length found in more clones
was assigned as the final length for the tandem repeat.
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TCCTTGTGAGCTGGGAATCTGAGTGTGTGTGTGTGTGTGTGTGTGTGT e « ¢ ¢ e e e e 0 v o«
TCCTTGTGAGCTGGGAATCTGAGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT. ..« o o v &«
TCCTTGTGAGCTGGGAATCTGAGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT . e ¢ e o v v «
TCCTTGTGAGCTGGGAATCTGAGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT
TCCTTGTGAGCTGGGAATCTGAGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT
TCCTTGTGAGCTGGGAATCTGAGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT. .
TCCTTGTGAGCTGGGAATCTGAGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT
TCCTTGTGAGCTGGGAATCTGAGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT
TCCTTGTGAGCTGGGAATCTGAGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT
TCCTTGTGAGCTGGGAATCTGAGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT
TCCTTGTGAGCTGGGAATCTGAGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT

............................ GAGAGAGAGAGAGAGAGAGAGAGGAAGAGAGA
............................ GAGAGAGAGAGAGAGAGAGAGAGGAAGAGAGA
ceeecccccccccccccccccccsssss GAGAGAGAGAGAGAGAGAGAGAGGAAGAGAGA
GlGT e et eeeeeeeeecccossascccconnscaasnsssss. GAGAGAGAGAGGAAGAGAGA
........................................ GAGAGAGAGAGGAAGAGAGA
.................................. GAGAGAGAGAGAGAGAGGAAGAGAGA
Gl eceeeeeceecasccsoscscccccccsoscncccacns GAGAGAGAGAGAGAGAGGAAGAGAGA
GT . .GAGAGAGAGAGAGAGAGAGGAAGAGAGAGACAGAGAGAGAGAGAGAGGAAGAGAGA
GTGTGAGAGAGAGAGAGAGAGAGGAAGAGAGAGACAGAGAGAGAGAGAGAGGAAGAGAGA
GTGTGTGAGAGAGAGAGAGAGAGGAAGAGAGAGACAGAGAGAGAGAGAGAGGAAGAGAGA
GTGTGAGAGAGAGAGAGAGAGAGGAAGAGAGAGACAGAGAGAGAGAGAGAGGAAGAGAGA

GACAGAGAGGGAGCGCGCCATCTGTGAGCATTTAGAATCCTCTCAATCTTGAGCAAGGAC
GACAGAGAGGGAGCGCGCCATCTGTGAGCATTTAGAATCCTCTCAATCTTGAGCAAGGAC
GACAGAGAGGGAGCGCGCCATCTGTGAGCATTTAGAATCCTCTCAATCTTGAGCAAGGAC
GACAGAGAGGGAGCGCGCCATCTGTGAGCATTTAGAATCCTCTCAATCTTGAGCAAGGAC
GACAGAGAGGGAGCGCGCCATCTGTGAGCATTTAGAATCCTCTCAATCTTGAGCAAGGAC
GACAGAGAGGGAGCGCGCCATCTGTGAGCATTTAGAATCCTCTCAATCTTGAGCAAGGAC
GACAGAGAGGGAGCGCGCCATCTGTGAGCATTTAGAATCCTCTCAATCTTGAGCAAGGAC
GACAGAGAGGGAGCGCGCCATCTGTGAGCATTTAGAATCCTCTCAATCTTGAGCAAGGAC
GACAGAGAGGGAGCGCGCCATCTGTGAGCATTTAGAATCCTCTCAATCTTGAGCAAGGAC
GACAGAGAGGGAGCGCGCCATCTGTGAGCATTTAGAATCCTCTCAATCTTGAGCAAGGAC
GACAGAGAGGGAGCGCGCCATCTGTGAGCATTTAGAATCCTCTCAATCTTGAGCAAGGAC

CLUSTALW partial alignment of 11 de novo assembled DRB5 alleles within the intron 2
region depicts the length variation of (GA)y and (GT)y repeats. Numbering on the right
indicates the relative nucleotide position at this intron for the corresponding allele.
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Figure 5.
A: Phylogenetic tree of DRB sequences spanning from exon 2 to exon 5 obtained by the

Maximum Likelihood method based on the Jukes-Cantor model. Numbers on the branches
indicate the bootstrap values for 500 repeats. B: Phylogenetic tree of DRB5 sequences
spanning from exon 2 to exon 5 obtained by the Maximum Likelihood method based on the
Jukes-Cantor model. Numbers on the branches indicate the bootstrap values for 500 repeats.
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Figure 6:
Nucleotide sequences of a putative segmental exchange involved in the generation of

DRB1*16:01:01. Boxes show the segments shared by DRB1*15:01 and DRB5*01:01
defining the boundaries of the segmental exchange.

Numbering on the right indicates the relative nucleotide position from the beginning of exon
2 for the corresponding allele.
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CACGTTTCCTGTGGCAGCCTAAGAGGGAGTGTCATTTCTTCAATGGGACGGAGCGGGTGC
CACGTTTCCTGTGGCAGCCTAAGAGGGAGTGTCATTTCTTCAATGGGACGGAGCGGGTGC
CACGTTTCTTGCAGCAGGATAAGTATGAGTGTCATTTCTTCAACGGGACGGAGCGGGTGC
CACGTTTCCTGTGGCAGCCTAAGAGGGAGTGTCATTTCTTCAATGGGACGGAGCGGGTGC

recombination site

GGTTCCTGGACAGATACTTCTATAACCAGGAGGAGTCCGTGCGCTTCGACAGCGACGTGG
GGTTCCTGGACAGATACTTCTATAACCAGGAGGAGTCCGTGCGCTTCGACAGCGACGTGG
GGTTCCTGCACAGAGACATCTATAACCAAGAGGAGGACTITGCGCTTCGACAGCGACGTGG
GGTTCCTGGACAGATACTTCTATAACCAGGAGGAGTCCGTGCGCTTCGACAGCGACGTGG

GGGAGTACCGGGCGGTGACGGAGCTGGGGCGGCCTGACGCTGAGTACTGGAACAGCCAGA
GGGAGT[TCCGGGCGGTGACGGAGCTGGGGCGGCCTGACGCTGAGTACTGGAACAGCCAGA
GGGAGTACCGGGCGGTGACGGAGCTGGGGCGGCCTGACGCTGAGTACTGGAACAGCCAGA
GGGAGTACCGGGCGGTGACGGAGCTGGGGCGGCCTGACGCTGAGTACTGGAACAGCCAGA

AGGACTTCCTGGAAGACAGGCGCGCCGCGGTGGACACCTACTGCAGACACAACTACGGGG
AGGACATCCTGGAGCAGGCGCGGGCCGCGGTGGACACCTACTGCAGACACAACTACGGGG
AGGACTTCCTGGAAGACAGGCGCGCCGCGGTGGACACCTACTGCAGACACAACTACGGGG

end of exon2

TTGGTGAGAGCTTCACAGTGCAGCGGCGAG | GTGAGCATGGTGGGGGGCGGGGCCTGGGT
TTGTGGAGAGCTTCACAGTGCAGCGGCGAG | GTGAGCATGGCCGCGGGCGGGGCCTGAGT
TTGGTGAGAGCTTCACAGTGCAGCGGCGAG | GTGAGCATGGTGGGGGGCGGGGCCTGGGT
TTGGTGAGAGCTTCACAGTGCAGCGGCGAG | GTGAGCATGGTGGGGGGCGGGGCCTGGGT

recombination site

CCTTIGTGAGCTGGGAATCTGAGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT. . .
CCCCGTGAGCTGGGAATCTGAGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTG
CCTTIGTGAGCTGGGAATCTGAGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT. ..
CCTTIGTGAGCTGGGAATCTGAGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT. . .

..... GAGAGAGAGAGAGAGA. . .. ... .[GGAAGAGAGAGAGAGAGCGCCATCTGTGAGC
TGAGAGAGAGACAGAGAGAGACAGAGAGAGGAAGAGAGAGAGAGAGCGCCATCTGTGAGC
..... GAGAGAGAGAGAGAGAGGAAGAGAIGAGACAGAGAGGGAGCGCGCCATCTGTGAGC
..... GAGAGAGAGAGAGAGA. . .. ... .[GGAAGAGAGAGAGAGAGCGCCATCTGTGAGC

ATTTAGAATCCTCTCAGTCCGGAGCAAGCAGTTCTGAGAGCACAGGTGTGTGTGTAAAGT
ATTTAGAATCCTCTCAGTCCGGAGCAAGCAGTTCTGAGAGCACAGGTGTGTGTGTAAAGT
ATTTAGAATCCTCTCAATCTTGAGCAAGGACTTCTGAGGACACAGGTGTGTGTGTAGAGT
ATTTAGAATCCTCTCAGTCCGGAGCAAGCAGTTCTGAGAGCACAGGTGTGTGTGTAAAGT

Hum Immunol. Author manuscript; available in PMC 2020 July 01.

60
60
60
60

120
120
120
120

180
180
180
180

240
240
240
240

299
299
299
299

356
359
356
356

403
419
411
403

463
479
471
463



Page 23

Barsakis et al.

2010704684
£0:4TAO T0:20Th»8 | TOTO:T0:20Y T0:40T+T8dA | Z0TO:E0TOIVAD | T0:T0:T0:€0+T80A | T0:70:50:50+TOQ £0:€T,TEYA To2020.0aMa TT85200TSMH 245865031 uesdoing 9TOTVLS
10:20:20:20x0 TO:S0b+8 | TOTOZ0WZY | 20:T0:20:%0<T8dA | SOTO:E0:TOTVAA | €0:TO:TO:E0.TEOA 20:20:T0+TVOQ 10:20:9T-TYA y
20:T0:T10-£94
TO:€0:€0+0 TO:0:STd TOTT 204V £0:50,TVOQ ETHTATaYA To020.0a4a TI85200TSMH 245865031 l1zeig - veipu) ueouswy | BET-0¥9 5986 OMHI
20 T0H0:€05D E00r<8 | TOTOTOZ0Y | 20:T0720:70+T8dA | SO-TOE0TOTVAA | TOTOTO:E0-TEOA T0:50:50+TvOQ 10:20:9T.T8YA y
£0:T0:60:T0xb A
TO:€0:€0x0 TO:T0-T0:ST~9 TO:T0:C0 VeV T0:90«79dA 10:20:€0x1900 T0:T0:€0xTVOA TO'¥0'v0x19HA 1920:20x594a LTE60MHI‘TT8SZ00TSMH £82/89XM'2LGE68NM 89Ukl - uesdoing 3404 LTE€6 OMHI
T0209T+0 | TOTOTOTSE | TOTO:T0:20Y TO:TO'E0-TEAA | £O-TOE0:T0TVAA 10:20:50+T80A 20:20:T0+TVOQ 0:9T.TEYA y
T0:20:7T+T8YA 20:T0:10+6840 eoLay
20°T0:70:€0xD 10:20:0v=8 10:10:50«T9dA 20:20:20TVda | 20:20:€0:€0%190A £0:50+Tv0A IAT0'Z0'9L.T9YA T820:20.5940 TT85Z00TSMH 28289X4'229865M | 10, - tipu) Loty £ 2INVa 8526 OMHI
T0:20:T0+0 T0:8055T+8 | T0:20:TOTERY T0:T0:7T+T8dA 10:10:20+TVda | TOTOT00.TE0A | €0:T0:50:50-TvOa | / y ! !
20:60:80+TYA
T0:€0:80x0 T0:T0:8vx8 | T0:T0:Z0:VC+V 10:70:901900 10:€0:10+1v0Q ZAT0:20:9T+T9HA 1820:20~594A TT85200TSMH G9Z/89XM'CLSEBSNN ueder - ueisy L9SH 1126 OMHI
T0:10:20:20-0 T0°T0:29+8 | TOTOTOTTY T0:T0:50+T8dA 20:20:20-TVda 10:20:50-T80 20:20:T0,Tv0a | ¥ y
20:50,5T+D T0:50:20+8 | TOTOTO:62V T0:T0:50+T8dA 20720:20-TVda | 20:T0:T0:50.190Q T0:50:T0TVOA T0:T0:0T,184A TONBO:T0-6ENA
T0:70:20:20x0 020868 | TOTOTOTTAY T0:T2A19da | €0:T0:£0:T0+TVdA V2:T0:50,1800 TO:T0:T0+TVOQ T0:20:ST-T8YA 6 * ST85C00TSMH 5458650 LBIsY 0T0TvLS
£0:T0:€0+684
T0:T0:80+0 T020.ST+8 | 1002002V T0T218d0 | €OTOEOTONIVAA | TOTO:TO:E0-TEOA T0:T0:90+TVOQ 10:20:2T+T8YA To0T0.0aMa £T85200TSMH 15266 veIsy J00TVLS
TOTOP0:E0xD T0:20:07+8 TO:0:20xY 10:T0:50+T8d 20:20:20+TVd 10:20:50+T80A TO:T0:T0TYOQ 10:20:ST-T8YA 4
T0:70:20:20xD T0:50:20+8 | TOTOT0:62Y T0:T0:€T+T8dA 20720:20+TVda | Z0:T0°T0:50,190Q T0:50:T0+TVOA T0:T0:0T+T8YA THLS T920:T0-68MA
20505140 1020888 | TOTOTOTTY 201020784 | TOTOE0T0TVAA VZT0:50.1900 TO:T0-T0-TVOQ T0:20.ST-TYA F] * £085200TSMH £45865M LBISY S00TVLS
10:20:20-6840
TO:0:20+0 TO8TST+E | TOTOTO:E0-Y Z0:T0:80:T0.TVdA T0:£0:50+T80A TO:V0T0-TVOA 80ETATEYA T520-T0.0840 S085Z00TSMH 145665031 e15v “e1pu] - ueadoing WHL 1266 OMHI
TO:TOTO:H0x0 TOE0'SEE | TO:Z0:TOTERY TO:T000+T8dA | YO-TO:E0:T0xTVAA T0:T0:00T80A | TO-TO:E0:T0XTVOA 20:20:STAT8YA p
£0:T066+8 092V 10:T0:50+T8dA 20720:20+TVda | 20:20:€0:€0,190Q 20:60,TV00 2005601840 | Tu1STTATOTOIT0XSENA ]
T0:T0:20:20x0 T0:20:86<8 | TOTO:20:HTxY 20:T0:20<T8dA | TOTO:E0:T0xTVAA 10:20:90.1900 | T0:T0:20:T0-TvOQ T0.T0:STTada | 9 6185200TSMH 9L3863MI umoWAUN - UBISY 8986 OMHI
NZO:TO:E0:T0xvEYA
TOTOE0:2TA0 00568 | TOTOTOE0NY T0:20:€0:€0, 780 T0:201%0 T0:T0:£0+T8YA TATO-TO-ToLea0a /T85Z00TSMH 085€65N] veIsy 620TVLS
TOE0°60:0 | 20TOTO'SEE | TOT0:00:20-V T0:T0:ET+T8dA T0:T0:20+TVda T0:20:90T80A | £0:T0:20:T0xTVOA T0:T0:5TATEYA q
2020210 | 20:10:T0:25+8 TOT0ZERY 20:20:20+TVd T0:T0:90+T80A TO:60:T0+TVOQ 20:£0:80+T8YA TATO-T0T055EHA
T0:20:T0+0 T0T0SE | TOTOT0:20Y T0:T0:0+T8dA | TOTO:E0:T0xTVAQ 10:20:90-T80A | €0:T0:20:T0<TVOQA T0:T0:ST-T8YA q LT85Z00TSMH 085865N LeIsY T00TVLS
TOE0E0xD | TOTOTOISTAE TO:E0:90,TE0A | 20:T0:60:T04TVOQ T0:TOETT8YA THLS T0TO T0-6aMA
TO:TOV0:E0x0 £0:2048 | TOTOT0Z0V | T0:T0:TOWOLTEAG | vO:TO:E0:TONTVAG 10:20:90T80A | TO:T0:20:T0xTVOA T0T0ST.TaNa | 2 * 6085200TSMH £45865M 1048 V6E6 0MHI
20:10:20:20<£90A euiBLioqy
T0:T0:20°T0 T0:20:07+8 T0:T0:50+T8dA 20720:20+TVda | TOTO:£0:50,19OQ T0:70-T0-TVOA 10:0:7T+T8YA LS T0'T0T0.0aNa 6085200TSMH 1158650 elosmy a8 ‘AvH €276 OMHI
£0:10:20:20x0 T0:20:20+8 | 101022002V | TO:T0T0:%0418dA | 20:T0:60:T0+TVdQ 10:20:90-T80A | T0:T0:20:T0<TVOA T0:T0:5T-T8YA e 1
adoing
£0:T0:20:£04D 1020:20+8 | T0T0T0:80-v | T0:TO:T000<TEdA | 20:T0:60:704Tvd@ 10:20:90-T80A T0:20:T0-TVOQ T0:T0,ST-TYA T0:T0:10-584a 996ETLTY “pueiBuz - ueadoing 49d 8TE6 OMHI
T0TOTOS0-0 | TO-TOTO8TE £0:084Y 20:20<19da | TO:T0:£0:70.TVdQ TOTOTOS0.IVOA | TO-TOTO:E0+TEYA 10:T0:20:20-E90A .
£0:10:20:20x0 T0:20:20+8 | TOTOTOE0-Y | 20:T0:20:704T8dA | SO:TO:60:T0xTVdQ 10:20:00+T80A | TO:T0:20:T0«TVOA T0:T0:STAT8YA T0:10:10+584Q 996ETLIV BOBLIY YION - LEadoIng St 826 0MHI
#auyy
OVIH gvIH V-V IH 19da vda 1900 vda 184a saya # UoISSIuigNS # UOISS300Y ) Qraidwes {0 doyssaom
1O aup3 eao]
JeuoneulaU|
STV 1SSV STV 11 SSV1O

available in PMC 2020 July 01.

Hum Immunol. Author manuscript

‘6@ BuilAired saul| 1199 pue s193lgns 8T Jo saouanbas aaualayas pue Bulouanbas uonrIaUAD) IXaN Aq paulelqo sadAiousb w1H

‘T algeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



Page 24

Barsakis et al.

T0:20:9T«T9HQ 40 JUELIBA d1UOIIUI UE SI ._”>._”onmo”©._¥._”m_w_n_\

T0:20'9T«T9Hd 40 JUeLIBA d1UOLUI UE SI N>._”onmo_m._”*._”m_w_n_v\

£0:20x594 QA J0 aouanbas d1wouab papusixa ue sl Hmmonmo*mmmo\
20:20x594Q 40 80uaNbas d1woual papusixa ue si HEmﬁNo”N?mmmo\

20:20x594a Jo aouanbas o1woush papusixs ue si Homo_No*mmmoe

N80:T0x584Q J0 9duanbas 1Woual papualXs Ue s ._”wao“._”o*mm_mn_Q

£0:T0x594a J0 souanbas o1wouah papuaixa ue si Hmmo”ﬁo*mmmn_x

UoIBa1 ¥ 1S Z U0AUL U} Ul Suoterien Jaduinu Adod UM Z0:TOXGEH JO 1UBLIEA UOUL UE S| TH1S™ T920°T0+584A,,

20:T0x59HQA 40 9ouanbas o1wouab papusixa ue sl Hmmo”ﬁ?mm_w_n_\Q
uo1Ba) Y 1S g uosul ayp Ut suoneLieA Jaquinu Adod yum T0:T0:T0xGAHQ 40 JUBLIBA DIUOLUI UE S E.rmlﬂio;onﬁo*mm_w_ou
TO:TO:T0«SEXA JO JUBLIEA DlUOAUL UE SI H>S_S_Ho*mmmoa

UOIB31 ¥ 1S Z UOAUI 3U} I SUONELIEA JaguInu Ad0d UM T0:T0:T0xGEHA 4O UELIEA O1UONUI UE SI TH1S™ T0:T0:T0+5830,,

20:T0:T0xE9YA
10:20:20:€0«0 | TO:T0:T0:85x8 T0:€0:€€xV 10:T0:50xT9dA 10:€0:90xT90A | 20:T0:€0:T0xTVOA TAT0:20:9T~194A Emo_NOHmmmo €285200TSMH 282289XM'6.5665NM ueIsy 0Z0TVLS
T0:7T0:20:L0xO 10:20:8€x9 T0:€0:20xV 20:20«79dd 20:20:20xTvda 10:20:50x790Q 20:20:T0+TVOa | / !
70:70:20:20~£94A 189920

TO-¥0:STxO T0:T0:0Sx49 T0:€0:v2xV 10:10:20x7900 T0:T0:50xTVOA ¢0:T0:T0:€0+19HA TH1S 1920:20x594a OTSMH'TZ 852 00TSMH $92/89XM'8LGE65NM ueadoin3 [V ‘VHO 2TT6 OMHI

T0:T0:€0:2TxO 20:90:6€x9 | TO0:T0:T0:€0xV T0:T0:70xT9dA | ¥0:T0:€0:T0xTVdA 10:20:50x7904 20:20:T0xTVOA T970:70:9T~T94A /
# uolssiwgns ublIo ai adwes #aull
O-VIH g-vIH V-VH 184d Tvdd 1900 voa T840 sgda # UOISS300Y 1180 doysxa0Mm
191 ouylg 12207
|euoneudsiu]
SIITIV I SSV1D SIITIV I SSV1D

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Hum Immunol. Author manuscript; available in PMC 2020 July 01.



Page 25

Barsakis et al.

£0:T0x594a J0 souanbas o1wouah papuaixa ue si Hmmoﬁoﬁmm_w_n_k

uolfial Y1S ¢ uonul auy ut suonelsen Jadwinu Adod Yim 20:T0xGGHA JO JUBLIEA dJUOAUI LE SI Hm._.ml._”wmo”.ﬁo*mm_mn_m

20:T0x594a 10 ouanbas o1woush papuaixa ue si meoéo,pmﬂm_w_n_\N

UoIBa1 ¥ 1S Z UOAUL U} Ut SUOIELIEA JaguInu Adod yim T0:T0:T0xGE JO IUBLIEA 1L UE S| TH1S™ TATO:T0-T0x584A,

T0:T0:T0«G9HA 40 JUBLIBA JlUOLUI UE SI H>Houaoua9pmm_w_m_Q

uo1fias Y1'S g uodiul ayj ui suoneLeA Jaquinu Adod yum T0:T0:T0xS9HA 10 JUBLIBA J1UCLIUI UE SI Hw_._.mlﬁo_ﬂonﬂo*mmw_om

VOOOVOVVYVO Vo  ¥vo) (vv99) 6(v9) 0(19) 20:10:60+T94¥A
Y(vo) (Yv99) E(v9) VO o ¥(v9) v S(v9o) (19) TO:TO:TO:STTEHA
S(vo) (Vv99) 8(vo) 81(19) T0:70:20:9T+194A
(vo) (Vv99) 8(vo) 81(19) T0:T0:T0:9T+T94A
2 o) o} o] 1 9 9 o} v o} 9 1 7(09) "(v9) VVVOVY UAVO)VVVOVY UV9) 19) ot 19p T0:€0.594Q-NWew
o 2 Vv o] 2 o 9 2 v o5 9 1 &vo) VO  ¥(vo) (VvI9) Lv9) L(L9)VD 7(19) 81 €T (N9o19 20:T0xG94Q-ved
2 L1 O 1 2 o ) 2 v O Vv 9 VO fv9) (vv99) M(vo) S1(19) [1PE0:¢0.58HA
2 L O 1 2 o ) 2 v O Vv 9 Vo fv9) (vv99) M(vo) s1(19) /115 1920:20+5840
5 L 2 1 o) 9 9 5 Vv 2 Vv 9 vo  ¥vo) (vvoD) T(v9) (L9) 9T zT (N919 /19e0-20+584d
27 o v o) o) 9 9 9 1L L 9 L V2 ¥yo) (Wv99) Lv9) VO yo) (vvo9) 6(vo) 02(1 9) F1eN8010+5840
5 9 v 5 9 9 9 9 1 L 9 L VO "vo) (W99) Xvo) VO ¥(vo) (Vv99) §(vo) %(19) 4 1oE0T0-58uA
2 o v o) o) 9 9 9 1L L 9 L V) ¥yo) (Ww99) Lv9) VO yo) (vvo9) 6(vo) 12(19) 5 78LS T920°70+5840
2 o9 v 5 2 9 9 9 1 L 9 1 VO ¥y9) (VW99) Lv9) VO "vo) (VV99) 8(v9) Z(19) 6T 91 ovy p1oe0-T0+58¥0
L 2 v o) L 9 L 5 1 1L 9 1 Vo Y(vo) (vv99) 8(vo) 02(1 9) o THLS TAT0-T0T0+5840
L o2 v 5> 1 9 L 9 1 1L 9 1 vo  ¥(v9) (vv99) 8(vo) 81(19) g0 T0-58uA
L 2 v o) L v L 5 1 1L 9 1 Vo Y(vo) (vv99) S(vo) 61(19) 1815 T0.T0:10-5840
1 2 v 2 1 v 1 9 L L 9 1 v  (v9) (vv99) 5(v9) 2(19) 0z T ONovy T0:T0:T0-G9HA

769 Iy  T6€ 068T ¥08T 09T O0SST 08YT /€8 G9S 8YS 86Y (v)Ajod (LAjod  (ee)9TuUOpPOD PRIV

SANS € uoaju| SANS g uoJju| 34N10N11S H1S guoau| si1awAjodowoH Tuoau| T uox3
‘paulwexs ssl9|je GgHA |e Ul SUOIeLIeA SH 1S pUe ¢ UOX3 JO 3pISIN0 SdNS
-¢ 9lqel

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Hum Immunol. Author manuscript; available in PMC 2020 July 01.



Page 26

Barsakis et al.

T0:20:9T«T9HA 40 JUBLIBA JlUOLUI UE SI H>Ho“No”©HLm_w_n_\

T0:20:9T«T9HA 40 JUeLIBA J1UOLUI UE SI N>Honmo”©?ﬂm_w_o«

£0:20x594Q J0 92uanbas 21WouUah PapuaIxe ue s| 1980205840,
20:20«594Q 40 39uanbas d1wiousl papusxa e si ._”w_._.ml._”mmoumo*mm_mo\
20:20x594@ 40 ouanbas ojwouah papusixs ue si Hmmonmo*mm_mot
N80:T0«Sa¥d J0 8ouanbas d1woush papuslxs ue si TONBO:T0~5EMd,;

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Hum Immunol. Author manuscript; available in PMC 2020 July 01.



	Abstract
	Introduction
	Materials and methods
	Samples and DNA preparation
	HLA Database Construction Strategy
	PCR Amplification
	Molecular Cloning of PCR products
	Nucleotide Sequencing by NGS
	Processing of the NGS data and de-novo Assembly

	Phylogenetic Analysis

	Results
	3.1 3.1.1 Description of HLA-DRB5 alleles—This report provides additional information regarding sequence variation at both, exons and introns of the most common DRB5 alleles. Out of the 87 samples genotyped, 18 samples harbored the DRB5 alleles (Table 1); the resulting consensus sequences were analyzed and compared between them and with other alleles of the DRB gene families as well as DRB5 alleles of non-human primates.In the present study we identified intron variants resulting from SNP or STR variation. We developed a local naming convention where the e suffix indicated sequence extension, the suffix v specified intron variants while the suffix _STR indicated differences in the STR length (Table 1).The sequence analyses showed that seven individuals carried DRB5*01:01:01, six DRB5*02:02, two DRB5*01:02, and one of each, DRB5*01:03, DRB5*01:08N and DRB5*02:03. The sequence of DRB5*01:01:01 was confirmed in two samples (JS and PGF, Table 1). The CDS present in IMGT [6] for DRB5*01:02 and DRB5*02:02 was confirmed and extended from the 5’UTR up to the end of intron 5 including all intervening introns and exons with the total length of 12,681 and 12,638 bp respectively (Supplementary Tables 1 and 2). For DRB5*02:03, DRB5*01:03 and DRB5*01:08N alleles the cloning data extended the previously known sequence from the beginning of exon 2 to the end of intron 5 with lengths of 4,658, 4,693 and 4,672 bp respectively (Supplementary Table 2).3.1.2 5’ UTR sequences (PCR Fragment 1)—A segment of 173 bp upstream of exon 1 was identical for DRB5*01:01:01, 01:02 and 02:02. Examination of sequences from
three alleles in which fragment 1 (5’UTR to exon 2) was analyzed showed that exon 1 of DRB5*01:02 is identical to that
of DRB5*01:01:01; these alleles differ from DRB5*02:02 by two nucleotide substitutions resulting in a one amino acid change in
codon −16 (K to V substitution) (Table 2). There is higher sequence divergence
between DRB5*01 and DRB5*02 alleles in intron 1 (Fig. 2A,B, Supplementary Tables 1,2). The nucleotide differences between DRB5*01:01:01, DRB5*01:02 and DRB5*02:02
are shown in Figure 2A,B and Supplementary Tables 1,2. The location of two intron 1 homopolymers in reference to the first nucleotide of DRB5*01:01:01 in intron 1 is
shown in Figures 2A,B. length variation (Table 2) and the sequences of these (T)x (Fig.
2A) and (A)x (Fig. 2B) homopolymers are distinctive among the
described alleles. An estimation example of the length of the (A)x and (T)x intron 1 homopolymers is be
shown in Figures 3A and 3B.3.1.3 Extended sequence coverage (PCR Fragment 2)—Fragment 2 (exon 2 to intron 5) was cloned and analyzed for all 18 samples bearing DRB5. In these samples, the length
of this fragment ranged from 4,657 bp (DRB5*01:01:01v1) to 4,693 bp (DRB5*01:02_STR1) (Fig.
1). Interestingly, almost all the length variation between these alleles resulted from differences in the number of
two dinucleotide STRs, (GT)x and (GA)x of intron 2 (50bp after exon 2) (Table 2).As previously described [32–33],
additional length variation results from the deletion of 2 and 19 nucleotides in exon 2 and exon 3, respectively of
DRB5*01:10N and DRB5*01:08N (Supplementary Tables 1,2).Three additional intron variants were identified among 7 subjects carrying DRB5*01:01:01; these are defined by
differences in STR length in intron 2 (DRB5*01:01:01_STR1, DRB5*01:01:01v1, DRB5*01:01:01v1_STR1) and an intron 2 SNP
variation (9990A/G) (DRB5*01:01:01v1, DRB5*01:01:01v1_STR1) (Table 2). Figure 1 shows the location of two contiguous STRs located at the beginning of intron 2 in reference
to DRB5*01:01:01. The sequences of both STRs of all DRB5 alleles described in the present study are shown in Figure 4; their length variation is shown in Table 2. Based
on the analyses of SNPs in introns 2 and 3 (Table 2) three DRB5 lineages have been
identified, namely DRB5*01:01:01, DRB5*01:02 (including also 01:03 and 01:08N) and DRB5*02. Table 1 shows the cell lines or subjects that carry the four variants of DRB5*01:01:01 also carry DRB1*15:01:01;
these DRB5*01:01:01 intron variants are found in distinct haplotypes defined either by variations in the non-coding regions of
the DRB1*15:01:01, in HLA-B or by distinguished by ethnic differences.Two intron 2 STR variants of DRB5*01:02 were described in the present study (DRB5*01:02e1 and DRB5*01:02_STR1). These
alleles were found in cells carrying DRB1*15:02:02 for DRB5*01:02e1 and DRB1*15:02:01 for DRB5*01:02e1_STR1 and they differ
also in DQA1, DQB1 or at both DQ loci (Table 1).The DRB5*01:02_STR1 and DRB5*01:03 alleles differ only by one nucleotide substitution in exon 2 and were identical in
the gene segment spanning exon 2 to 5 (Table 2). The estimation of the STR lengths in
DRB5*01:03 found in cell 119990 are shown in Figures 3C (GA)x and 3D
(GT)x. The alleles DRB5*01:02_STR1 and DRB5*01:03 had high similarity with DRB5*01:08N in the assembled genomic
region.In this report two STR variants of DRB5*02:02 were identified (DRB5*02:02e1 and DRB5*02:02e1_STR1) (Fig. 4 and Table 2) and the genomic sequence of DRB5*02:03e1
was extended. The variants of DRB5*02:02 were found in haplotypes carrying different subtypes of DRB1*16. DRB5*02:02e1 and
DRB5*02:03e1 were found in cells carrying DRB1*16:02:01 and DRB1*16:04 while the allele DRB5*02:02e1_STR1 was found in the
cell line CHA, AJ that carries DRB1*16:01:01(Table 1).
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	3.2 3.2.1 Comparison with other DRB genes—A global alignment (EMBOSS Needle) [29] and a phylogenetic tree was employed to determine fragment 2 homologies and phylogenetic relationships between DRB5*01:01:01 with other DRB5 alleles and DRB genes (DRB1/3/4/6/7). DRB5 alleles had very high similarity scores with distinctive differences with other DRB loci (Fig. 5A). The intra pairwise alignment displayed lower similarity scores between DRB5*01:01:01 and other DRB genes; the DRB5 gene had higher similarity with DRB4 followed by DRB3 and DRB1*15:01. The alignments between DRB5*01:01:01 and DRB pseudogenes (DRB6 and DRB7) showed the highest genetic dissimilarity (Supplementary Table 3). The pairwise comparisons between DRB5 alleles indicated that DRB5*01:02, DRB5*01:03 and DRB5*01:08N are highly homologous and as a group present the lowest distances with DRB5*01:01:01, DRB5*02:02 and DRB5*02:03 alleles (Supplementary Table 4). The phylogenetic analysis identified three clusters of alleles with the DRB5*01:02 group being in the middle and closer to the DRB5*01:01 group than to the DRB5*02 group (Fig. 5B).3.2.2 Comparison with Non-Human primates DRB5 alleles—Phylogenetic analysis of exon 2 to intron 5 sequences and intron 2 only for human and non-human primate DRB genes and DRB5 alleles were performed. The results indicated that the hominid DRB5 alleles (Homo sapiens and Pan troglodytes) and the old world monkey mamu-DRB5*03:01 allele of Macaca mulatta form a separate clade in comparison to the other DRB genes (Fig. 5A, Supplementary Figure 1 ). In addition, a global alignment was conducted, using the Needleman-Wunsch algorithm [29], among HLA-DRB5 alleles, the common chimpanzee patr-DRB5*01:02 and Rhesus macaque mamu-DRB5*03:01. The results showed high homology of 92.6% between HLA-DRB5*01:01:01 and patr-DRB5*01:02 but lower with the other human DRB5 alleles. The mamu-DRB5*03:01 and HLADRB5*01:01:01 sequences had 91.5% similarity which was higher than the alignment among other DRB genes (Supplementary Table 3). Further global pairwise alignment analysis was performed for separate introns between human and non-human primates of DRB5 alleles and can be found in Supplementary Table 5. Interestingly, SNPs that are informative and separate the human DRB5 families can be found also in non-human species (Table 2).
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