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ACCURATE TYPING OF HLA THROUGH EXOME SEQUENCING

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH & DEVELOPMENT

[0001] Inventions disclosed herein were made with government support under NIH Grant No.
HHSN272200900018C, awarded by the National Institute of Health. The U.S. Government

has certain rights in the inventions.

FIELD OF THE DISCLOSURE

[0002] Embodiments of the present disclosure are directed to Human leukocyte antigen

(HLA) detection at the allelic level using sequencing data.

BACKGROUND

[0003] Allelic HLA typing refers to sequencing-based typing to determine variations in
coding DNA sequences that alter the protein sequences. This is also commonly referred to as
high resolution typing or four-digit typing. There are also alleles that bear synonymous
mutations and mutations within noncoding DNA, but resolution of these alleles is rarely
necessary in clinical practice. In the IMGT/HLA database (1), the majority of HLA alleles are
represented by full-length or partial complementary DNA (¢cDNA) sequences. Some HLA
alleles have both cDNA and genomic DNA (gDNA) sequences deposited in the database. For
simplicity, we also term a cDNA and/or gDNA sequence of an HLA gene an allele.

[0004] HLA typing at the allelic level is typically performed by Sanger sequencing of
selected exons of Class I genes (HLA-A, -B and -C) and Class II genes (HLA-DRBI1 and -
DQBI). HLA typing using exome sequencing (exome-seq) data is in its infancy. Currently,
there is no methodology available to perform HLA typing at the allelic level with the
necessary accuracy given the typical read length of Illumina and the level of polymorphism
within the region. Indeed, a recent report(2) demonstrated that allelic HLA typing is

challenging to obtain from [llumina exome-seq data even at high coverage.
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[0005] The nomenclature of HLA alleles follows the guidelines from the WHO
Nomenclature Committee for Factors of the HLA System

(http://hla.alleles.org/nomenclature/naming.html).

SUMMARY OF THE EMBODIMENTS

[0006] Embodiments of the present disclosure present bioinformatic systems, methods, for
allelic HLA typing (as well as and computer readable media having instructions for
performing methods of HLA typing) using, for example, [llumina exome-sequencing data

(e.g., 101 basepair, paired-end reads).

[0007] Embodiments of the present disclosure overcome a major bioinformatic hurdle in
applying targeted Illumina sequencing to allelic HLA typing. For example, qualified exome-
seq datasets from research projects can be analyzed to revisit HLA-disease associations with
allelic resolution. In addition, some embodiments provide a way to deep sequencing of
captured HLA genes alone rather than the whole exome, which enables multiplexing samples
for high-throughput typing of bone marrow donors at reduced cost. In some embodiments,
the HLA genes can also be bundled with existing oncogene panels(3) for targeted Illumina
sequencing in order to prepare leukemic patients for transplantation while characterizing the

molecular profiles of their diseases.

[0008] Previous methods have relied on the assumption that more reads align to the correct
alleles(4) (2). However, this assumption does not wholly apply to exome-sequencing data, as
there are often large differences in the coverage of different exons (Figure 2a, Figure 7). In
some embodiments of the present disclosure, a set of contigs may be assembled from target
(e.g. HLA-A) specific reads to substantially represent haplotype exons of the target gene (in
some embodiments, fully represent haplotype exons of the target gene). In some
embodiments, the target specific reads may be obtained using two stages of filtering. For
example, exome-sequencing data may be first filtered against alleles of HLA genes obtained

from the, for example, IMGT/HLA database (Figure 11), to narrow the searching space.

[0009] In some embodiments, due to homology between alleles of different HLA genes,
reads that concurrently align to target and off-target genes may be filtered, as these reads may
introduce ambiguities to an assembly. It has been observed that up to 9% of reads are multi-
mapped, where HLA-A and -DRBI1 have higher percentages of multi-mapped reads
compared with HLA-B, -C, and -DQB1 genes.
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[0010] Unlike existing short read assemblers (5) (6), in some embodiments, distinct strategies
to facilitate sequence assembly in the highly polymorphic HLA region are adopted. For
example, in some embodiments, a read pair is first converted to a haplotype sequence when
both ends are aligned to the same reference allele. This is accomplished in order to
effectively elongate the input reads. Furthermore, because many fragments may have
sequencing gaps between both ends, in some embodiments, degenerate bases are used as
placeholders at uncertain positions in the contig. These gaps may be resolved based on
information from reads merged into the contig at a later point, for example (Figure 3). In
some embodiments, degencrate bases can also serve as an indicator of insufficient read
support, which can be factored in during allelic pair inference (for example). Additionally,
assembly of contigs sharing longer substrings with higher frequencies may be prioritized in

some embodiments.

{¢011] In some embodiments, identification of relevant alleles whose exons should match the
contigs assembled at a previous step may be accomplished. In such embodiments, the quality
of an allele may be measured by, for example, summation of Hamming distances between
individual exons and their best match in the contigs. During a matching process, for example,
sequence similarity over the length of matching substrings (Figure 4) roay be prioritized.
This may be done for at least one of two considerations. First, in some embodiments, alleles
with nearly identical sequences require differentiation. Second, exons may be only partially
sequenced which results in degenerate bases in the contig. Accordingly, in some
embodiments, candidate alleles are qualified within a hamming distance of, for example, 2,

which allows inclusion of potential novel alleles closely related to existing alieles.

[B812] In some embodiments, an additional step for an HLA typing process includes, for
example, inferring homozygous and/or heterozygous allelic pairs by considering all possible
allclic pairs and checking if the allelic pairs are consistont with the data as represented by
contigs. To achieve this, in some embodiments, the principle of parsimony is utilized which
ensures allelic pairs, fully supported by the data, may be prioritized over pairs consisient with
but not fully supported by the data (Figure 3a). The final allelic pairs, in some embodiments,
should also explain as much of the information present in the data as possible (Figure 5b).
Meanwhile, phasing information among discrete exons may be inforred, in some

embodiments (Figure 8b) since exome-seq may not fully capture introus.

[0013] Accordingly, in some embodiments of the present disclosure, a computer-

implemented method for HLA typing is provided, with the method comprising one or more
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of the following steps (and in some embodiments, a plurality of the steps, and in some
embodiments, all of the following steps): accessing sequencing data that contains HLA
information stored in one or more databases, accessing HLA sequences of alleles of one or
more HLA genes and the multiple sequence alignment of these HLA sequences stored in one
or more databases, and searching for target-specific reads/read-pairs from the sequencing data.
Searching may comprise first filtering the sequencing data against HLA sequences to obtain a
first set of reads/read-pairs aligned to these sequences, and second filtering the first set to
eliminate reads/read-pairs concurrently aligned to both sequences of the target HLA gene and
off-target HLA genes to obtain a second set of target HLA reads/read-pairs. The method may
further include assembling a plurality of reads/read-pairs uniquely aligned to a target HLA
gene into one or more contigs. Assembling may comprise merging read-pairs having both
ends aligned to the same reference allele to form single-reads/haplotype sequences, and
assembling one or more contigs from the haplotype sequences. The assembly of contigs
having longer substrings with higher frequencies may be prioritized. The method may also
include identifying relevant target alleles having exons matching the assembled contigs,
where identifying may comprise decomposing target alleles into exons, calculating the
Hamming distance (HD) between individual target allele exons and corresponding best
matches from the assembled contigs, and prioritizing sequence similarity over the length of

matching substrings between the contigs and the target allele exons.

[0014] In some embodiments, relevant alleles within a first predetermined HD are selected as

candidate alleles.

[0015] In some embodiments, the HLA typing method may also include inferring at least one
of homozygous or heterozygous allelic pairs from the candidate alleles, where inferring may
comprise selecting alleles from the candidate alleles having a HD less than a second

predetermined distance.
[0016] In some embodiments, first filtering may include soft-clipping during alignment.

[0017] In some embodiments, a read/read-pair may be included in the first set upon the
read/read-pair having a high quality suffix-prefix alignment with the HLA sequences of

known alleles.

{6018} In some embodiments, HLA typing method may further include dividing paired-end
reads that align to the same known allele into substrings, where upon the prefix and suffix of

the paired-end reads overlapping, and the substrings are substantially equal in length and not
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empty, the read-pairs are merged to form single-reads/haplotype sequences. Additionally,
upon one read of a read-pair merging at a position including a sequencing error, degenerate
bases may be encoded in the merged haplotype sequence, as well as upon the overlap being
empty, the gap between the read-pair is encoded with degenerative bases. In some
embodiments, upon degencrate bases being present and their intersection being not empty,

the base at the intersection is used to assernble the contig,

[0019] Assembly of the contigs trom the haplotype sequences, in some cmbodiments, ray
comprise merging haplotype sequences upon the haplotype sequences sharing common /-
mers. / may be initially set to the value of the maximum read length and then tteratively

decreased by a fixed amount until a minimum threshold is reached.

{60261 Haplotype scquences containing sequencing errors may comprise reads/read-pairs
having low frequency 4-mers, and, in some embodiments, such read/read-pairs may be
ehiminated from assembly into contigs.

[B021] In some embodiments, assembly includes decorposing haplotype sequences mto a set
of /-mers and sorting the results in a decrcasing order of frequency. For example, for each /-
mer in the sorted list, contigs which share a specific /-mer are assembled.

[8622] Other embodiments may inchude one or more of the following features, at least one or
more of which can stand on ther own as separate embodirments, or combined with any
nurber of the above embodiments:

s relative positions of any two contigs may be determined in constant time by matching
the 7-mer;

e insertion/deletion errors may be disaliowed during contig assembly;

s reads/read-pairs may be merged upon being concordant at each alignment position;

* the frequency of bases of cach contig for each position is accrued for identitying
msufficient exon capture or sequencing errors during assermbly, where base regions of
any contig having low base support may be replaced with a degenerative base, and
where upon a prefix or suffix of a contig is 3 string of degenerative bases, assembly

further comprises triaming the string;

* contig assembly may be carried out iteratively;
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e tracking at least one of the removal of previously assembied contigs and the creation

of new contigs, where tracking may comprise a union-find algorithm;

s an allele may be excluded from the candidate fist upon the allele including an exon

with no alignment found in the contigs;

+ candidate alleles may comprise alleles with HD of §, upon such alleles corresponding

1o two or more types of protein coding sequences;

e candidate allcles may comprise alieles with a HID of less than or equal to a

predetermined threshold; and/or

s sclecting two alleles with replacement from the candidate list and scoring a distance
between the selected allelic pair and the remaining alleles, where the score of each
allelic pair may be inifialized at 0, and the HLA typing rocthod may further comprise
mspecting multiple sequence alignment (MSA) of the allcles obtained from the
database. In such embodiments, for alleles having the same protein coding sequence,
only one allele 18 included in the MSA, and the method may further then comprise

dividing the MSA into different exons.

{6623} Some embodiments of the present disclosure are directed to a computer-implemented
method for HLA typing which may include one or more of the following steps (and in some
embodiments, a plurality of such steps, and in some embodiments, all such steps): accessing
sequencing data that contains HLA information, filtering the sequencing data against known
allelles of one or more HLA genes to obtain a first set of reads/read-pairs aligned with known
HIA allcles, and asscrobling contigs froma the fivst set of rcads/read-pairs.  Assembly may
comprise filtering out reads/read-pairs aligning to known, non-target HLA alleles, merging
paired-end reads, and generating contigs from merged paired-end reads. The method may
further comprise identifying alleles from the contigs, where identifying may comprise
dividing cach allele into exons, identifving a best match for cach exon in the contigs, and
calculating and summing Hamming distance {(HD) between contigs and known target alleles.
The method may further include inforring allelic pairs, where inferring may comprise pairing
candidate alleles, scoring all aliclic paus based on candidate alleles, and reporting allelic

pairs with best scores.

[0024] In some embodiments, an HLA typing system is provided and comprises at least one

computer having at least one processor, the at least one processor configured with computer
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instructions operating thereon to perform a method of HLA typing according to any such

embodiments disclosed above or otherwise herein.

[0025] In some embodiments, a non-transitory computer readable medium is provided which
comprises computer-executable instructions recorded thereon for causing a computer to

perform one or more of the HLA typing methods disclosed above or otherwise herein.

BRIEF DESCRIPTION OF THE DRAWINGS
[0026] This application file contains at least one drawing executed in color.

[0027] Figure 1 is a workflow of allelic HLA typing using exome-seq data according to

some embodiments of the present disclosure.

[0028] Figure 2a-c are comparisons of HLA typing results among conventional methods
(Sanger sequencing), an existing method using exome-seq data (HLAminer) and some
embodiments of the present disclosure, using 15 exome-seq datasets from Illumina platforms.
Specifically, Figure 2a illustrates fold coverage at exons of each of the five target HLA
genes where coverage data from all 15 samples are pooled. Median coverage (shaded lines)
and range (shaded areas) are plotted over alignment positions for individual HLA genes.
Dotted lines represent exon boundaries. Figure 2b illustrate comparison of HLA typing
results between an embodiment of the present disclosure and the conventional Sanger method
(e.g., after only the first round of sequencing). The numbers of allelic pairs in five categories
indicated are plotted for different genes of each sample. Most ambiguities encountered by
Sanger sequencing are resolved only after subsequent sequencing or PCRs with sequence
specific primers. For the full typing results, see Figure 13. Figure 2¢ illustrates concordance
rates of HLA typing results by an embodiment of the present disclosure and HLAminer as

compared with conventional Sanger-based method.

[0029] Figures 3a-b illustratc ambiguities resulting upon merging paired-end reads (ry, #;).
(a) rpand r; align to alleley, where the aligned regions partly overlap. The bases 300 indicate
disagreement, which is denoted by a degenerate base S = {G, C} in the merged read »’. With
r, aligning to the same region, base C is selected in the newly merged read »”’. (b) ryand 7;
align to both allele; and allele, Allele; contains an additional base C 300 compared to allele,

s 3

within the gap between rpand r;, resulting in two legitimate merging results »” and »’”. r”" is

s

supported upon the identification of an additional read », that is consistent with » .
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[0030] Figures 4a-b illustrate examples of preferring similarity to length when identifying a
best match of an exon and the consideration of non-zero distance alleles. Specifically,
Figure 4a illustrates the alignment of the second exons of the heterogenecous alleles
A*02:01:01:01 and A*02:11:01 of sample HG01953 and the two contigs ¢; and ¢; identified
by methods according to some embodiments of the disclosure. Contig ¢; is identical to exon 2
of A*02:01:01:01 and contig ¢; is a proper prefix of exon 2 of A*02:11:01. Because exon 2 of
the two alleles differ only by the two bases highlighted, ¢; naturally serves as a candidate hit
for exon 2 of A*02:11:01 that has a length identical to exon 2 and a similarity over 99%.
Nevertheless, ¢; is shorter but has a 100% similarity. A*02:11:01 would have been missed
without tolerating missing bases. Figure 4b illustrates the alignment of the seventh exons of
candidate alleles C*04:01:01:01 and C*04:30 and contig c¢; identified by methods according
to some embodiments of the disclosure. ¢; is identical to exon 7 of C*04:01:01:01 and it is
the only contig that can serve as a candidate hit for exon 7 of C*04:30. Without tolerating

non-zero distance alleles, C*04:30 would have been missed.

[0031] Figures Sa-b illustrate an example of the determination of allelic pairs. Specifically,
Figure 5a illustrates the principle of parsimony. Assuming two contigs, Contig, and Contigp,
have been assembled and two candidate alleles, allele; and allele;,have been identified.
Alleley differs from allele; by one base, highlighted in red. In some embodiments, three
allelic pairs may be checked: (alleley, allele;), (alleleo, alleley) and (allele;, allele;). However,
in some embodiments, it cannot be ruled out the possibility of (alleleg, allele;) or (allele,
allele;) being the correct answer as Contig, may have supported allele; if the missing bases
were TGG. However, the homozygous pair (alleley, alleleg), in some embodiments, is
preferred as it is based on the fewest assumptions and sufficient to represent both contigs.
Figure 5b illustrates that the allelic pair may capture as much information as presented in the
data. For example, assuming four potential alleles (B*55:02:01, B*56:11, B*35:03:01,
B*35:60) have been identified for HLA-B of sample HG01873, for each exon of exons 1-4,
two different haplotypes are present, and may be assigned with label A or B. A plurality of
the alleles (e.g., all) may be supported as their individual exons are present in contigs. To
that end, there are a total of 10 possible allelic combinations (4 homozygous and 6
heterozygous) of these four alleles. However, data indicates that all four exons are
heterozygous, and only the pair B*55:02:01 and B*35:03:01 result in heterozygosity (both A

and B alleles) at all four exons.
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[0032] Figure 6 illustrates the diversity of the HLA genotypes of included samples. The
HLA genotypes of 13 samples included in a study are mapped onto the phylogenetic trees of
known alleles of HLA-A, -B, -C, -DRBI1 and -DQBI genes generated using RAXML
(v.7.3.3). The alleles at the four-digit resolution are highlighted in color corresponding to

cach gene.

[0033] Figure 7 illustrates variations in fold coverage among different target HLA genes and
their exons. The median fold coverage is plotted for individual exons of each HLA gene.

Error bars show 95% confidence intervals.

[0034] Figure 8 illustrates an example of exom-seq data of the individual NA18526,
according to some embodiments, that has inadequate coverage over target HLA genes. The
five target HLA genes of this individual were typed previously. In some embodiments, no
typing result may be reported for any of the target gene as the assembled contigs may not
unambiguously support any candidate allele due to insufficient exon coverage. The alignment,
in some embodiments, is generated using BLAST between contigs of a target gene and one of
the known cDNA sequences of this gene. In certain experiments, for DQBI1 gene, no contig
was produced. HLAminer, on the other hand, reported typing results for HLA-A, B, C and
DRBI1 genes, all of which are discordant with the known type except HLA-B, where the
known type is among one of the seven equally supported candidates. 4 other samples with

inadequate coverage are HGO1515, HG01049, HG00731 and NA18605.

[0035] Figures 9a-e illustrate differential fold coverage at variant positions between
validated allelic pairs for each individual. The fold coverage is plotted for each allele of a
heterozygous allelic pair at positions where they differ. In case of homozygosity, the

coverage is plotted for all alignment positions. Dotted lines are exon boundaries.

[0036] Figure 10 illustrates a size of allelic bias in discrete exons. Differences in fold
coverage between two heterozygous alleles at cach variant position are plotted as the
percentage of total coverage at the same variant position. Results are shown for different

exons and genes of each sample; involved allelic pairs are shown to the right of each panel.

[0037] Figure 11 is a table illustrating sequences of typed HLA genes included in the

reference.

[0038] Figure 12 is a table illustrating characteristics of exome-seq data used

for in silico HLA typing.
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[0039] Figures 13a-g illustrates HLA typing results using exome-seq data and the laboratory

validation.

[0040] Figure 14 illustrates a sample report generated by an embodiment of the present

disclosure.
[0041] Figures 15a-b illustrate a statistical analysis of allelic bias within individual exons.

[0042] Figures 16 and 17 represent example systems for at least one of conducting HLA
typing analysis, analyzing data from such analysis, such analysis including at least one of
qualifying, quantifying sequencing data, as well as including, in some embodiments,

collecting and/or storing data for the analysis and/or produced as a result of such analysis.

DETAILED DESCRIPTION OF SOME OF THE EMBODIMENTS

[0043] Embodiments of the present disclosure overcome a major bioinformatics hurdle in
applying targeted Illumina sequencing to allelic HLA typing. Previous methods for HLA
typing from traditional and next generation sequencing methods have relied on the
assumption that more reads align results to the correct alleles (4) (2). However, this
assumption does not wholly apply to exome-sequencing data, as there are often large

differences in the coverage of different exons (Figure 2a, Figure 7).

[0044] Described herein are systems and methods where datasets from newly generated
sequencing reads as well as datasets containing pre-existing sequence may be analyzed to
captured HLA genes. In various embodiments, sequencing data may be obtained from one or
more sources including, but not limited to, e.g., whole genome sequencing datasets, whole
exome sequencing datasets, qualified exome-sequencing datasets, datasets obtained from
deep sequencing of captured HLA genes alone rather than the whole exome, one or more sets
of contigs assembled from target (e.g. HLA-A, HLA-B, HLA-C, etc.) specific reads to
substantially represent haplotype exons of the target gene (in some embodiments, fully
represent haplotype exons of the target gene), and/or datasets with inclusion of gDNA
sequences to enhance the ability to capture reads spanning intron-exon boundaries, and,
alternatively, wherein gDNA sequences may include additional sequences where capture
probes for HLA introns are included In some embodiments, the sequencing datasets may
comprise HLA genes bundled, e.g., with existing oncogene panels (3) for targeted [llumina
sequencing, e.g., in order to prepare leukemic patients for transplantation while

characterizing the molecular profiles of their diseases.

10
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[0045] A high-level overview of a process for HLA typing according to some of the
embodiments of the present disclosure is provided in Figure 1. Accordingly, some
embodiments of the present disclosure were utilized in (and will be illustrated with respect to)
an example experiment to derive allelic HLA types, and will be disclosed with specific
details provided below. In the example, the HLA types were derived from 15 Hivmina
exome-sequencing datascts: 13 subjects of five ethnicitics, with two datasets are duplicates
(obtained from multiple sources, jochuding the 1000 Genomes Project (7). The
characteristics of the datasets and diversity of included HLA types are summarized in Figure
12 and Figure 6, respectively. Briefly, after read filtering, the median coverage of different
exouns of individual genes ranged from approximately ten to a thousand fold (Figure 2a). The
coverage decayed towards exon boundaries and varied significantly among exons (Figure 7),
which may be likely due to bias toward certain exons during exome capturing. In the
embodiment utilized in the example, datasets lacking coverage at informative exons (Figure

8) were rejected with no alleles or allelic pairs reported.

[0046] For the datasets, the HLA typing method (according to some embodiments of the
disclosure) efficiently identified allelic pairs. Specifically, at a resolution that tolerates
synonymous mutations in coding sequences, 74 out of 75 allelic pairs were correctly reported
at an overall concordance rate of 99% compared with conventional typing (Figure 13). In the
example, the only case of discordance occurred to HLA-A of HG01872, where in addition to
the correct allelic pair, one more pair with one base difference was reported. Interestingly,

reads support for both exist in the exome-seq data.

[0047] In the example, the advantage of clonal sequencing was also harnessed to distinguish
cis/trans ambiguities encountered during Sanger sequencing (which are traditionally resolved
by additional sequencing or PCR with sequence specific primers). Moreover, polymorphisms
were detected in exons not covered by conventional methods, and the system/method was
able to exclude additional allelic pairs (Figure 2b and Figure 13). A report was produced
providing results of the example (Figure 14).

[0048] As noted above, for the illustrative example, the exome-seq data comprised fifteen (15)
exome-seq datasets from 13 subjects were analyzed, including two duplicate sequencing
datasets for two subjects (NA19240 and NA20313). The sources of these data are the 1000
Genomes Project (11 datasets; available at ftp:/ftp-trace.ncbi.nih.gov/1000genomes/ftp/data/)

and an internal validation project at Genome Technology Access Center (GTAC) at

Washington University (four datasets; available upon request). The ethnicities of the subjects

11
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and Run ID of the datasets are listed in Figure 12. The protocols for library preparation and
exome capture were described previously (8). The protocols for the internal validation project
at GTAC were similar, except that 3ug of DNA was used as input, 6 cycles of PCR were
performed to enrich for proper adaptor ligated fragments, and the Agilent SureSelect Human
All Exon v.2 kit was upgraded to v.3 kit. Sequencing was performed on Illumina platforms as
2 x 101 bp pair-end reads, and the read count and coverage data for all samples are listed in

Figure 12.

[0049] As sequencing of captured exons is susceptible to allelic bias (9), the coverage of
heterozygous alleles at positions where they differ from each other was compared (Figure 9
and Figure 15). Statistically significant allelic biases are most frequently observed at exons 2
through 4 of Class I genes and exon 2 of Class II genes, and neighboring exons can also
exhibit preference to different haplotypes. The patterns of allelic bias are highly reproducible
in the two replicates examined. Almost all the bias at individual variant positions (99%) are
within 80% of the total coverage (Figure 10). In some embodiments, this does not affect the

HLA typing.

[0050] It is worth noting that exome-seq data do not cover polymorphisms within introns
(Figure 2b); while this information is rarely necessary in current practice, in some

embodiments it can be obtained if capture probes for HLA introns are included.

[0051] In some embodiments, where no allelic pairs are reported from datasets with adequate
coverage, clues from reported relevant alleles can be further investigated by Sanger

sequencing (for example).

[0052] Accordingly, provided below are additional details for a method of HLA typing,

according to some embodiments, which was used for the noted example.

[00583] Scouting for target-specific reads/read-pairs. Toitially, exome sequencing data may
be aligned against a multi-FASTA file that contains all known alleles of HLA genes available
from the IMGT/HLA database (Figure 11). The inclusion of gDNA sequences enhances the
ability to capture reads spanning intron-exon boundaries, although they are available for only
a fraction of allicles in the database. To account for this, soft-clipping is done during
alignment. Specifically, in some embodiments, it is sufficient to retain a read when it has a
high quality suffix-prefix alignment with c¢DNA sequences. In the present cxample,

Movoalign (hitp/www.novocraft.com/main/index.php) was used as the aligner, where no
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more than one edit distance was allowed. Information is kept when a read or read pair i

aligned to multiple HLA genes.

[3054] The alignment result is recorded in a compressed BAM format, from which
reads/read-pairs aligned to a target HLA gene {eg. HLA-A) with a custonuzed BED file
registering all alleles of this gene are extracted. Likewise, reads/read-pairs that aligned fo
non-target genes (e.g. all non-HLA-A genes in the reference) are extracted in the same
MABHCE,

[B055] Assembly. Reads/read-pairs uniguely aligned to the target gene may be used in the
assembly step. They are first oriented to be consistent with the alignment so that their reverse
complementary strands need not be considered. Paired-end reads aligned to the same
reference allele are merged to form single reads based on the following method (for example):

let a paired-end reads (r,7) that aligned to the same allele be divided into substrings
(r§,00,7,0,), where rfand r] denote the prefix and suffix of 7, and 7, that do not overlap in
the alignments, whereas 0, and 0, denote the overlapping substrings. Note that in some
embodiments, 0, and 0, should be equal in length. When 0, and 0, are not empty, they may
be merged to form stringo, , where the IUPAC (International Union of Pure and Applied

Chemistry) characters, or degenerate bases, may be used to encode two different nucleotides

merging at a position with one of them being a possible sequencing error. When o, and 0,are

empty, the sequencing gap between r{and »] may be encoded with degenerate bases ‘N’
Due to the existence of alleles that contain length polymorphisms (fe. indels), the fragment
length for certain read pairs may not uniquely be determined. The uncertainties regarding the
degenerate bases and fragment length may be resolved by identifying additional fragments

that are likely to be obtained from the same genowmic location during assembly (Figure 3).

[0056] Reads countaining sequencing errors may contain low frequency A-mers (substrings
with length & set to be half of the read length) that occur only once or twice in the data(6).
Since such reads may also belong to non-target genes in exome sequencing, they may be
exchuded from assembly rather than being corrected.

{3357] Fach read may then be inttialized to be a contig, and the base frequency may be
recorded at cach position. Assuming that contigs sharing longer substrings are more likely to
be from the same haplotype, the comparison of contigs sharing longer substrings, in some

embodiments, is prioritized. High-frequency substrings may also, in some embodiments, be
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inspected first, as haplotype sequences, such as exons with a higher read support, can be
recovered more reliably. Specifically, contigs may be merged if they share common /mers,
where [ may be inttially set to the value of the maxinmum read length and then may be
iteratively decreased by a fixed amount until a minimum threshold (e.g., default of 40) is
reached. For each / value, contigs may be decomposed into a set of /-mers, and may be sorted
in a decreasing order of frequency. For each /-mer in the sorted list, contigs sharing this /-mer
through alignment may be assembled, in which the relative positions of any two contigs can
be determined in constant time by matching the /-mer. Because insertion/deletion errors arg
rare in Hhimina sequencing, when generating the full alignment, they may be disallowed. To
some embodiments, two contigs ruay be merged ounly if they are concordant at each
alignment position. In some embodiments, if degenerate bases in IUPAC code are present,
their intersection should not be emipty and the base present in this intersection may be used in

the asserabled contig.

[B058] Meanwhile, in some embodiments, the base frequency for each position is accrued.
This may be used later to identify regions of a contig with low base support (< 2) that may
result from insufficient exon capture or sequencing errors. As such regions do not provide
reliable haplotype sequence information and may prevent further contig merging, they may
be replaced with degenerate base ‘N’. The prefix or suffix of a contig that consists of a string
of Ns may then be trimmed, whereas internal and intermittent Ns may be retained. Further
contig mocrging 8 sought, when possible, by repeating the above steps. To track the removal

of existing contigs and the creation of new ones, a union-find algorithm may be used.

10059 Idensification of refevant aliefes. With adequate coverage, target exons, in some
embodiments, are expected to be well represented by assembled contigs. Next, each allele of
a target gene may be decorposed into exons, for which the best hit may be wdentified (e a
matching substring) among the contigs. The quality of a hit may be determined by at least
one of the length and similarity (and in some embodiments, both} of matched substrings. A
shorter it with a higher similarity, in some embodiments, may be considered to have a
higher quality (Figure 4) Hamming distance may be used to quantify the differcnces
between an exon and its hit. In some embodiments, hits covering a minimum percentage of
an exon (default 85%) and within a maximum Hamming distance of 2 are considered (for
example). Then, an overall distance may be calculated for cach allele by summation of
Hamming distances between all its exons and their best hits in the contigs. An ideal candidate

allele, in some embodiments for example, should have a Hamming distance of zero. However,
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a true allele may have a non-zero distance for several reasons (for example): (1) small exons
and part of long exons may not be effectively captured in exome sequencing (Figure 4),
and/or (2) the subject may have a novel allele with a sroall nuraber of mutations compared o
a known allele. Therefore, in some embodiments, it is reasonable to consider all alleles within
a distance threshold (default 23 Although the threshold is an adjustable parameter {e.g., by
the user), a higher threshold is unlikely to be meaningfol as many known alleles have almost
wlentical protein coding sequences. Note, the following situations may be excluded from
calculation of the overall Hamming distance: (1) incompletely documented short exons (<
25bp) and/or {2) exons with no hits in the contigs. These exclosions may prevent anjustified
penaltics on partially sequenced alleles in the database, or loss of novel alleles bearing
inserted or deleted bases that inflate the Hamaming distance dramatically when compared to a
known allele. For each candidate allele identified, the following information may be reported:
{1} exonic positions of mismatch compared to the best hit, termed U (stands for unsupported)
positions, (2} exonic positions not fully covered by the best hit, toermed M (stands for missing)
positions, {3} total length of the covered region, and/or (4} the short exons exchluded from

distance caleulation.

[0060] Inferving allelic paivs. Although all alleles conforming to the distance constraint may
be reported, in some embodiments, a subset may be chosen as the candidare [ist to represent
the input data: an allele may be excluded from the candidate st if it contains any exon with
10 hit; the candidare list roay comprise alleles only with distance zero ou condition that they
correspond to more than one type of protein coding sequences; otherwise, all alleles with
distances less than or equal to one may be included in the candidate list.

38611 Next, a plurality of alleles, for example a pair, may be chosen with replacement from
the candidate list and a scoring scheroe may be utilized to measure the distance between the
selected allelic pair and the remaining alleles. More specifically, and for example, let the
candidate list inchide » alleles be (q,ay,...,a,). The score of each allelic pair may be
witialized to be zero. Next, roultiple sequence alignmoent (MSA) of these alleles may be
obtained. For alleles having the same protein coding sequence, only one of them may be
included 1n the MSA. Then the MSA may be divided into different exons. Within cach exon,
a set of variable positions may be wdentified, /e, alignrent positions with roore than one type
of nucleotides. Then, subsequences specified by the variable positions may be obtained from
all sequences in the MSA, which results in a list of strings L=(5,,5,,...,5,) where m<n. L

captures non-redundant haplotype information of the exonic region. For cach allelic pauwr
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m
(a,a;) with 1<i<j<n, its score may be incremented by Y min(h(s,,s)), k(s )+, where §
=1

s initialized to be zero, and function returns the Hamooing distance between two strings
except that, in some embodiments (1} any U position in s, may be skipped for comparison,
and/or (2) for any M posttion in S, or s, when differs frora §5;, 6 may be increased by one.
The former is to account for the fact that any unsupported base in the data preferably should
not be penalized, and the Jatter is to penalize the bases in §; or s, lacking read coverage when
differing from bases having read support in §;. In addition, & may be increased by the number
of U positions i §; and s, such that a correct homozygous allele pair may have a higher
score compared to an alternative. Note that when allele ¢, is not included in the MSA, 5, may
be obtained from the allele in the MSA that shares the same coding sequence witha,. After
the exons have been examined, the pairs with the same minimum score may be reporied as
the typing result.

[0062] Evaiuation Measure. o some erobodiments, to measure the accuracy and to quantify

the effort required to resolve ambiguities of the typing results, concordance rate may be
measured.  For example, let the number of inferred allelic pairs for m HLA genes be
(n,n,,...,n, ), among them (c,c,,...,c,) allelic pairs are consistent with the conventional
typing results at four-digit level (same protein sequences from typed exons). Accordingly,
the concordance rate is given by X7 (c;/n)/ X n,. Any ambiguity or wrong prediction
decreases this score. While the calculation of concordance rate for some erbodiments s
straightforward, since HLAminer does not infer allelic pairs but only assigns a likelihood
score to each candidate allele, alleles with top two highest scores to be the predicted allelic
pair are chosen (according to some embodiments). If more than two alleles share the same
highest score, all of the possible pairing among them may be considered. When only one

allele is reported, a homozygous allelic pair may be considered.

[0063] Laboratory validation of HLA typing. Allelic HLA typing was performed using
SeCore HLA Sequencing Reagents (Life Technologies, Brown Deer, WI) per the
manufacturer’s instructions. Briefly, exon 2-4 of HLA-A, -B and -C, exon 2 of HLA-DRBI,
and exon 2 and 3 of HLA-DQBI1 were amplified in five PCR reactions followed by Sanger
sequencing from both the 5° and 3’ ends. Next, some cis/trans ambiguities from the first

round of sequencing were resolved by sequencing one haplotype of a heterozygous allelic
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pair with allele specific primers, called Z primers. For HLA-DRBI1 gene, a variation at codon
86 (GGT/GTG) shows dichotomy among most HLA-DRBI alleles, and a Z primer specific
for this variation was used preemptively during the first round of sequencing to reduce
cis/trans ambiguities. Data analysis was performed with uTYPE 6.0 (Life Technologies,
Brown Deer, WI). Equivalent allele pairs were reported with letter strings specified by the
National Marrow Donor Program
(http://bioinformatics.nmdp.org/HLA/Allele Codes/Allele_Code Lists/Allele Code Lists.as
px) and the IMGT/HLA Database(1). Cases with unresolved ambiguities were further
examined by the sequence specific primer (SSP) method. This was performed using the
Olerup-SSP kit (Olerup SSP AB, Stockholm, Sweden). Panels of allele specific primers were
selected for genes with ambiguous typing results, and the patterns of positive PCR
amplifications were correlated with specific alleles using worksheets provided by the
manufacturer. In addition, sequence specific oligonucleotide probe (SSOP) hybridization was
performed for all samples using the LabType SSO kit (One Lambda, Canoga Park, CA) on a

Luminex platform (Luminex, Austin, TX).

[0064] Accordingly, some embodiments of the present disclosure significantly outperform
HLAminer(2), the only other available program capable of HLA typing using exome-seq data.
However, without read filtering, HLAminer cannot finish computation even after 10 days of
running (3 datasets tested). Using filtered reads as input, HLAminer reported candidate
alleles ranked by likelihood without inferring the final allelic pair(s). After testing all datasets,
the estimated overall concordance rate for HLAminer was 46% compared with conventional
typing results, consistent with the previous report. The performance comparison between
some embodiments of the present disclosure and HLAminer for individual genes is shown in

Figure 2c.

[0065] The example experiment was executed at a workstation having a six-core 880 MHz
and 2400 MHz AMD processors with 250 GB RAM running GNU/Linux x86 64. The
method according to embodiments of the present disclosure finished within 2 minutes, while
the experiment with HLAminer required 10 minutes to complete. Moreover, the example

was performed (according to some embodiments), using the following:

- HLAminer (v.1.0.5) may be used, with the script HPTASRwgs classI-II.sh having a

parameter “-i 17;
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- Novoalign (v.2.07.07) run on 9 cores with parameters “-t 30 -r all -1 80 -e¢ 1 -1 230
140”; and/or

- RAxML (v.7.3.3) to generate phylogenetic trees with parameters “-p 78960 -f a -x
12345 -# 1000 -m GTRGAMMA”.

[0066] Various implementations of the embodiments disclosed above, in particular at least
some of the methods/processes disclosed, may be realized in digital electronic circuitry,
integrated circuitry, specially designed ASICs (application specific integrated circuits),
computer hardware, firmware, software, and/or combinations thereof. These various
implementations may include implementation in one or more computer programs that are
executable and/or interpretable on a programmable system including at least one
programmable processor, which may be special or general purpose, coupled to receive data
and instructions from, and to transmit data and instructions to, a storage system, at least one

input device, and at least one output device.

[0067] Such computer programs (also known as programs, software, software applications
or code) include machine instructions for a programmable processor, for example, and may
be implemented in a high-level procedural and/or object-oriented programming language,
and/or in assembly/machine language. As used herein, the term “machine-readable medium”
refers to any computer program product, apparatus and/or device (e.g., magnetic discs,
optical disks, memory, Programmable Logic Devices (PLDs)) used to provide machine
instructions and/or data to a programmable processor, including a machine-readable medium
that receives machine instructions as a machine-readable signal. The term “machine-readable
signal” refers to any signal used to provide machine instructions and/or data to a

programmable processor.

[0068] To provide for interaction with a user, the subject matter described herein may be
implemented on a computer having a display device (e.g., a CRT (cathode ray tube) or LCD
(liquid crystal display) monitor and the like) for displaying information to the user and a
keyboard and/or a pointing device (e.g., a mouse or a trackball) by which the user may
provide input to the computer. For example, this program can be stored, executed and
operated by the dispensing unit, remote control, PC, laptop, smart-phone, media player or
personal data assistant ("PDA"). Other kinds of devices may be used to provide for

interaction with a user as well; for example, feedback provided to the user may be any form
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of sensory feedback (e.g., visual feedback, auditory feedback, or tactile feedback); and input

from the user may be received in any form, including acoustic, speech, or tactile input.

[0069] Certain embodiments of the subject matter described herein may be implemented in a
computing system and/or devices that includes a back-end component (e.g., as a data server),
or that includes a middleware component (e.g., an application server), or that includes a front-
end component (e.g., a client computer having a graphical user interface or a Web browser
through which a user may interact with an implementation of the subject matter described
herein), or any combination of such back-end, middleware, or front-end components. The
components of the system may be interconnected by any form or medium of digital data
communication (e.g., a communication network). Examples of communication networks

include a local area network (“LAN”), a wide area network (“WAN”), and the Internet.

[0070] The computing system according to some such embodiments described above may
include clients and servers. A client and server are generally remote from each other and
typically interact through a communication network. The relationship of client and server
arises by virtue of computer programs running on the respective computers and having a

client-server relationship to each other.

[0071] For example, as shown in Figure 16, a processor which may include instructions
operating thereon for carrying out one and/or another disclosed method, which may
communicate with one or more databases — of which, may store the sequencing data required
for different embodiments of the disclosure. As noted, the processor may include computer
instructions operating thercon for accomplishing any and all of the methods and processes
disclosed in the present disclosure. Input/output means may also be included, and can be any
such input/output means known in the art (e.g., display, printer, keyboard, microphone,
speaker, transceiver, and the like). Moreover, in some embodiments, the processor and at
least the database can be contained in a personal computer or client computer which may
operate and/or collect data from the sequencer. The processor also may communicate with

other computers via a network (e.g., intranet, internet, VPN).

[0072] Similarly, Figure 17 illustrates a system according to some embodiments which may
be established as a server-client based system, in which the client computers are in
communication with databases, and the like. The client computers may communicate with the

server via a network (e.g., intranet, internet, VPN).
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[0073] Any and all references to publications or other documents, including but not limited
to, patents, patent applications, articles, webpages, books, etc., presented in the present

application, are herein incorporated by reference in their entirety.

[0074] Although a few variations have been described in detail above, other modifications
are possible. For example, any logic flow depicted in the accompanying figures and
described herein does not require the particular order shown, or sequential order, to achieve
desirable results. Other implementations may be within the scope of at least some of the

following exemplary claims.

[0075] Example embodiments of the devices, systems and methods have been described
herein. As noted elsewhere, these embodiments have been described for illustrative purposes
only and are not limiting. Other embodiments are possible and are covered by the disclosure,
which will be apparent from the teachings contained herein. Thus, the breadth and scope of
the disclosure should not be limited by any of the above-described embodiments but should
be defined only in accordance with claims supported by the present disclosure and their
equivalents. Moreover, embodiments of the subject disclosure may include methods, systems
and devices which may further include any and all elements from any other disclosed
methods, systems, and devices, including any and all elements corresponding to HLA typing.
In other words, elements from one or another disclosed embodiments may be interchangeable
with elements from other disclosed embodiments. In addition, one or more features/elements
of disclosed embodiments may be removed and still result in patentable subject matter (and

thus, resulting in yet more embodiments of the subject disclosure).
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What is currently claimed:
1. A computer-implemented method for HLA typing, the method comprising:

accessing sequencing data that contains HLA information stored in one or more

databases;

accessing HLA sequences of alleles of one or more HLA genes and the multiple

sequence alignment of these HLA sequences stored in one or more databases;

searching for target-specific reads/read-pairs from the sequencing data, wherein

searching comprises:

first filtering the sequencing data against HLA sequences to obtain a first set

of reads/read-pairs aligned to these sequences; and

second filtering the first set to eliminate reads/read-pairs concurrently aligned
to both sequences of the target HLA gene and off-target HLA genes to

obtain a second set of target HLA reads/read-pairs;

assembling a plurality of reads/read-pairs uniquely aligned to a target HLA gene into

one or more contigs, wherein assembling comprises:

merging read-pairs having both ends aligned to the same reference allele to

form single-reads/haplotype sequences; and

assembling one or more contigs from the haplotype sequences, wherein
assembly of contigs having longer substrings with higher frequencies
is prioritized;
and

identifying relevant target alleles having exons matching the assembled contigs,

wherein identifying comprises:
decomposing target alleles into exons;

calculating the Hamming distance (HD) between individual target allele exons

and corresponding best matches from the assembled contigs; and

prioritizing sequence similarity over the length of matching substrings

between the contigs and the target allele exons.
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2. The method according to claim 1, wherein relevant alleles within a first

predetermined HD are selected as candidate alleles.

3. The method of claim 1, further comprising inferring at least one of homozygous or
heterozygous allelic pairs from the candidate alleles, wherein inferring comprises
selecting alleles from the candidate alleles having a HD less than a second

predetermined distance.

4. The method of claim 1, wherein first filtering includes soft-clipping during alignment.

5. The method of claim 4, wherein a read/read-pair is included in the first set upon the
read/read-pair having a high quality suffix-prefix alignment with the HLA sequences

of known alleles.

6. The method of any of claim 1-5, further comprising dividing paired-end reads that
align to the same known allele into substrings, wherein upon the prefix and suffix of
the paired-end reads overlapping, and the substrings being substantially equal in
length and not empty, the read-pairs are merged to form single-reads/haplotype

sequences.

7. The method of claim 6, wherein upon one read of a read-pair merging at a position
including a sequencing error, degenerate bases are encoded in the merged haplotype

sequence.

3. The method of claim 7, wherein upon the overlap being empty, the gap between the

read-pair is encoded with degenerative bases.
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16.

The method of any of claim 1-8, whercin assembly of the contigs from the haplotype
sequences comprises merging haplotype sequences upon the haplotype sequences

sharing common {-mers,

The method of claim 9, wherein / is initially set to the value of the maximum read
length and then iteratively decreased by a fixed amount until a minimuom threshold s

reached.

The method of any of claims 1-10, wherein haplotype sequences containing
sequencing errors comprise reads/read-pairs having low frequency #-mers, and

wherein such read/read-pairs are eliminated from assembly into contigs.

The method of any of claims 1-11, wherecin assembly includes decomposing
haplotype sequences into a set of /-mers and sorting the results in a decreasing order

of frequency.

The method of claim 12, wherein for each {-mer in the sorted list, contigs which share

a specific {~mer are assembled.

The method of any of clairns 1-13, wherein the relative positions of any two contigs

are determined in constant time by matching the /-mer.

The method of any of claims 1-14, wherein during assembly, insertion/deletion errors

are disallowed.

The method of any of claims 1-15, wherein reads/read-pairs are merged upon being

concordant at cach alignment position.

24



WO 2014/150924 PCT/US2014/024555

8.

9.

21,

22,

The method of any of claims 7 or 4, wherein upon degenerate bases being present and
their intersection being not empty, the base at the intersection is vsed to assemble the

CORfig.

The method of any of claims 1-17, wherein during assermbly, the frequency of bases
of each contig for each position is accrued for wdentifying insufficient exon capture or

SeGUenCing CIrots.

The method of claim 1%, wherein base regions of any contig having low base support

are replaced with a degenerative base.

The method of claim 19, wherein upon a prefix or suffix of a contig is a string of

degencrative bases, assembly further comprises trimming the string.

The method of any of claims [-20, wherein assembly is carried out iteratively.

The method of any of claims 1-21, further comprising tracking at least one of the

removal of previously assembled contigs and the creation of new contigs.

The method of claim 22, wherein tracking comprises a union-find algorithm.

The method of any of claims 1-23, wherein an allele & excluded from the candidate

fist upon the allele including an exon with no alignment found in the contigs.

The method of any of claims [-24, wherein candidate alleles comprise alleles with
HD of 0, upon such alieles corresponding to two or more types of protein coding

SCquences.
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The method of any of claims [-24, wherein candidate alleles comprise alleles with a

HD of less than or equal to 8 predetermined threshold.

The method of any of claims 1-26, further comprising selecting two alleles with
replacement from the candidate list and scoring a distance between the selected allelic

pair and the remaining alleles.

The method of claim 27, wherein the score of cach allelic pair is initiahized at 0, and
wherein the method further comprises inspecting multipie sequence alignment (MSA)

of the alleles obtained from the database.

The method of claim 2§, wherein for alleles having the saroe protein coding sequence,

only one allele is included in the MSA.

The method of claim 29, further comprising dividing the MSA uto different exons.

A computer-implemented method for HLA typing, the method comprising:
accessing sequencing data that contains HLA information;

filtering the sequencing data against known allelles of one or more HLA genes to

obtain a first set of reads/read-pairs aligned with known HLA alleles;
assembling contigs from the first set of reads/read-pairs, wherein asserbly coraprises:
filtering out reads/read-pairs aligning to known, non-target HLA alleles;
merging paired-end reads; and
generating contigs from merged paired-end reads;
identitying alleles from the contigs, wherein identifving comprises:
dividing each allele into exons;

identifving a best match for each exon in the contigs; and
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32.

33.

34.

35.

36.

37.

calculating and summing Hamming distance (HD) between contigs and known

target alleles;
and
mierring allelic pairs, wherein inferring comprises:
pairing candidate alleles;
scoring all allelic pairs based on candidate alleles; and

reporting allelic pairs with best scores.

An HLA typing system comprising a computer having a processor, the processor
configured with computer instructions operating thereon to perform a method of HLA

typing according to any of claims 1-31 and 37-41.

The system of claim 32, wherein the method also includes the step of accessing

sequencing data that contains HLA information stored in one or more databases.

The system of claim 32 or 33, wherein the method also includes the step of accessing
HLA sequences of alleles of one or more HLA genes and the multiple sequence

alignment of these HLA sequences stored in one or more databases.

A non-transitory computer readable medium comprising computer-executable
instructions recorded thereon for causing a computer to perform the method according

to any of claims 1-31 and 37-41.

A method for HLA typing according to any one or more of the embodiments

disclosed herein.

A computer-implemented method for HLA typing, the method comprising:
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searching for target-specific reads/read-pairs from sequencing data, wherein searching

comprises:

first filtering the sequencing data against HLA sequences to obtain a first set

of reads/read-pairs aligned to these sequences; and

second filtering the first set to eliminate reads/read-pairs concurrently aligned
to both sequences of the target HLA gene and off-target HLA genes to

obtain a second set of target HLA reads/read-pairs.

38. The method of claim 37, further comprising assembling a plurality of reads/read-pairs

uniquely aligned to a target HLA gene into one or more contigs.

39. The method of claim 38, wherein assembling comprises:

merging read-pairs having both ends aligned to the same reference allele to

form single-reads/haplotype sequences; and

assembling one or more contigs from the haplotype sequences, wherein
assembly of contigs having longer substrings with higher frequencies
is prioritized.
40. The method of any of claims 37-39, further comprising identifying relevant target

alleles having exons matching the assembled contigs.

41. The method of any of claims 37-40, wherein identifying comprises:
decomposing target alleles into exons;

calculating the Hamming distance (HD) between individual target allele exons

and corresponding best matches from the assembled contigs; and

prioritizing sequence similarity over the length of matching substrings

between the contigs and the target allele exons.

42, The method of any of claims 1-31 and 37-41, wherein the sequencing data is obtained

from one or more datasets selected from: whole genome sequencing datasets, whole
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exome sequencing datasets, qualified exome-sequencing datasets, datasets obtained
from deep sequencing of captured HLA genes alone, one or more sets of contigs
assembled from target specific reads to substantially or fully represent haplotype
exons of the target gene, datasets with inclusion of gDNA sequences to enhance the
ability to capture reads spanning intron-exon boundaries, and gDNA sequences that

include additional sequences where capture probes for HLA introns are included.
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