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BACKGROUND: Routine, high-resolution human leukocyte antigen (HLA) genotyping by next generation sequencing within clinical immunogenetics laboratories
can now provide the full-length gene sequence characterization of fully phased HLA alleles. This powerful technique provides insights into HLA variation beyond the
traditionally characterized antigen recognition domain,
providing sequence annotation across the entire gene including untranslated and intronic regions and may be
used to characterize novel alleles from massively parallel
sequencing runs.

tion and characterization of novel HLA alleles, facilitates
the study of HLA polymorphism beyond the antigen
recognition domain in human health and disease.
© 2016 American Association for Clinical Chemistry

CONCLUSIONS: The demonstrated utility of the Omixon
Holotype HLA assay in combination with our downstream analytical framework to generate fully phased,
full-length gene consensus sequences for the identifica-

Human leukocyte antigen (HLA)4 molecules are potent regulators of the immune response, conferring
protection against foreign pathogens through the presentation of HLA class I and class II antigens to CD8⫹
T cells and CD4⫹ T cells, respectively, as well as killer
immunoglobulin-like receptors (1 ). As a result of their
essential immunological function, HLA genes are key
determinants in organ transplantation compatibility
(2, 3 ) and have been associated with a variety of autoimmune and infectious diseases (4 – 6 ).
The ubiquitously expressed transmembrane class I
HLA molecule is a heterodimer consisting of a highly
polymorphic heavy (␣) chain that is linked to the ␤2microglobulin light chain through noncovalent interaction with the ␣3 domain of the heavy chain. The class I
HLA genes (located on the short arm of chromosome 6)
each encode the ␣ chain of their respective heterodimer
(approximately 43 kDa), whereas ␤2-microglobulin is
transcribed as a separate gene from a locus on chromosome 15. Major histocompatibility complex, class I, A
(HLA-A)5 and HLA-C both contain 8 exons, and HLA-B
contains 7 exons. The ␣1 and ␣2 domains of the heavy
chain are encoded by exons 2 and 3 of the HLA gene
respectively and together form the peptide-binding cleft,
which defines the binding specificity of the antigen recognition domain (ARD). For each gene, exon 1 encodes
the leader peptide (also termed signal peptide), exon 4
encodes the ␣3 domain, exon 5 encodes the transmem-
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METHODS: We evaluated the utility of the Omixon Holotype HLA assay to generate credible, fully phased fulllength gene consensus sequences for 50 individuals at
major histocompatibility complex, class I, A (HLA-A),
HLA-B, and HLA-C loci (300 genotyped alleles in total)
to identify and characterize novel class I HLA alleles using our downstream analytical pipeline.
RESULTS: Our analysis revealed that 7.7% (23/300) of
genotyped class I HLA alleles contain novel polymorphisms. Interestingly, all of the novel alleles identified by
our analysis were found to harbor sequence variations
within intronic regions of the respective locus. In total
our analysis identified 17 unique novel class I HLA alleles
from 23 of the 300 genotyped alleles and generated fulllength gene sequence annotations for 9 previously incompletely annotated HLA class I allele sequences derived from 14 of the 300 genotyped alleles.
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also generate an accurate, fully phased HLA consensus
sequence for both genotyped alleles. In the work presented here, we utilize the NGS based Omixon Holotype
HLA kit in combination with the Omixon Twin software
to genotype 50 samples at class I HLA loci (HLA-A,
HLA-B, and HLA-C) and generate a fully phased consensus sequence for each genotyped allele (300 in total) to
characterize and annotate novel HLA alleles using a custom developed analytical pipeline.
Materials and Methods
SAMPLE PREPARATION

Fig. 1. The number of component entries [user submitted
EMBL (European Molecular Biology Laboratory)-Bank/GenBank/DDBJ (DNA Data Bank of Japan) entries] and named
alleles (expertly annotated database entries with an assigned WHO nomenclature allele name) within the IMGT/
HLA database (release 1.0–3.22.0).
It should be noted that there may be multiple user submitted
component entries for a single named allele.

brane region and exons 6 – 8 encode the cytoplasmic tail
of the peptide (7 ).
Given the need for routine HLA genotyping for histocompatibility testing, the Immunogenetics community has characterized over 14000 named HLA alleles
using a variety of techniques including traditional serological approaches and more recent DNA-based
methodologies including restriction fragment length
polymorphism (RFLP) analysis, PCR-sequence specific oligonucleotide probes (PCR-SSOP), sequence
specific primer PCR (SSP-PCR), Sanger sequence
based typing (SBT) and most recently next generation
sequencing (NGS) (8 –19 ). HLA genotyping by NGS
has facilitated the routine characterization of full-length
HLA alleles with unprecedented throughput, providing clinicians and researchers alike with sequence annotation beyond the traditionally characterized ARD.
With the advent and growing implementation of
routine HLA genotyping by NGS within clinical immunogenetics laboratories, the pace of discovery and annotation of novel HLA alleles continues to grow. The
International ImMunoGeneTics information system
(IMGT) database (20 –22 ) contains annotations for
14015 named HLA alleles (release 3.22), and the pace of
discovery continues to increase (22 ), with over 1600
novel alleles discovered within the last year alone (Fig. 1).
Consequently, there is a clear need for a NGS based HLA
genotyping method and analytical pipeline that not only
can generate accurate HLA genotyping information, but
2
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Genomic DNA for 50 individuals was extracted from
peripheral blood using the Qiagen EZ1® DNA extraction platform in conjunction with the Qiagen EZ1®
Blood 350 L Kit. In our experience, the quality of DNA
from this platform and kit is consistently appropriate for
long range PCR; therefore, the quality (A260/230,
A260/280) was not assessed. DNA was quantified with
Qubit BR assay and adjusted to a concentration of 30
ng/l.
Sample DNA was amplified at 3 loci (HLA-A,
HLA-B, and HLA-C) by long-range PCR using the
Omixon Holotype HLA genotyping kit, generating fulllength gene amplicons. Following PCR, amplicons were
cleaned with Exo-SAP (Affymetrix), quantified with
QuantiFluor dsDNA system (Promega), and normalized
to approximately 70 ng/l.
LIBRARY PREPARATION AND SEQUENCING

Sequencing libraries were generated for each sample using the Omixon Holotype HLA Genotyping Kit as previously described (18 ). In brief, libraries from individual
HLA amplicons were prepared by enzymatic fragmentation, end repair, adenylation, and ligation of indexed
adaptors. The indexed libraries were pooled and concentrated with Ampure XP beads (Beckman Coulter) before
fragment size selection using a PippinPrep™ (Sage Science), selecting a range of fragments between 650 and
1300 bp. The size-selected library pool was quantified by
quantitative PCR (qPCR; Kapa Biosystems) and adjusted to 2 nmol/L. The library was then denatured with
NaOH and diluted to a final concentration of 8 pmol/L
for optimal cluster density and 600 L was loaded into
the MiSeq reagent cartridge (v2 500 cycle kit). The reagent cartridge and flow cell were placed on the Illumina
MiSeq (Illumina) for cluster generation and 2 ⫻ 250 bp
paired-end sequencing. Samples were demultiplexed on
the instrument and the resulting FASTQ files were used
for further analysis.
COMPUTATIONAL ANALYSIS

All 50 samples were genotyped for the 3 class I loci using
TwinTM version 1.1.1 (Omixon, Inc.) and IMGT/HLA
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Table 1. Frequencies of observed alleles and novel alleles for each genotyped allele at the HLA-A locus.a
HLA-A

Allele

Total
a

Complete IMGT/HLA
allele

Allele
frequency

Novel allele
frequency

Polymorphism location

A*02:01:01:01

Yes

18

1

Intron 3; 1419 T>C

A*24:02:01:01

Yes

8

3

Intron 3; 1248 C>T intron 3; 1565 G>T
intron 5; 2410 C>G

A*11:01:01:01

Yes

7

0

A*03:01:01:01

Yes

6

2

A*32:01:01

Yes

6

0

A*02:06:01:01

Yes

5

0

A*31:01:02:01

Yes

5

0

A*01:01:01:01

Yes

4

1

A*23:01:01

Yes

4

0

A*33:03:01

Yes

4

0

A*68:02:01:01

Yes

4

0

A*02:05:01

Yes

3

0

A*26:01:01:01

Yes

3

0

A*74:01

Yes

3

0

A*25:01:01

Yes

2

0

A*29:02:01:01

Yes

2

0

A*33:01:01

Yes

2

0

A*02:02:01

Yes

1

0

A*02:04

No (complete CDS)

1

0

A*02:07:01

Yes

1

0

A*03:02:01

Yes

1

0

A*24:03:01

Yes

1

1

A*29:01:01:01

Yes

1

0

A*29:02:01:02

Yes

1

0

A*30:01:01

Yes

1

0

A*30:02:01:03

Yes

1

0

A*30:04:01

Yes

1

0

A*66:01:01

Yes

1

0

A*68:01:01:02

Yes

1

0

A*68:01:02:01

Yes

1

0

A*68:01:02:02

Yes

1

0

100

8

31

30

Intron 6; 2605 C>T intron 6; 2605 C>T

Intron 1; 161 C>G

Intron 6; 2627 C>T

Fifty samples were genotyped at the HLA-A locus, comprising 31 unique HLA-A alleles including one allele (A*02:04) with an incomplete full-length gene sequence annotation
(IMGT/HLA release 3.20.0). The absolute frequency of observed alleles and novel alleles of each genotyped allele is tabulated along with the base position of the observed
polymorphism within novel alleles (polymorphism location is calculated from the ﬁrst base of exon 1).

database version 3.20.0, using the default settings. In the
case that an allele could not be fully phased using the
default set of 4000 read-pairs, the number of read-pairs
was increased to 16000. Fully phased consensus sequences were generated for each allele and exported from
TwinTM in FASTA format. The consensus sequences for
each allele were aligned to their respective genotyped

IMGT/HLA reference alleles using the Needleman–
Wunsch semiglobal alignment algorithm, as implemented within MATLAB (R2014b). In cases in which
the full-length reference sequence is not annotated
within the IMGT/HLA database, consensus sequences
were aligned to the available annotated sequence for the
given genotyped allele [complete or partial CDS (coding
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Table 2. Frequencies of observed alleles and novel alleles for each genotyped allele at the HLA-B locus.a
HLA-B

Allele

B*07:02:01

Complete IMGT/HLA
allele

Allele
frequency

Novel allele
frequency

Yes

7

0
0

Polymorphism location

B*51:01:01:01

Yes

5

B*58:02

No (complete CDS)

5

0

B*14:02:01

Yes

4

0

B*15:10:01

Yes

4

0

B*45:01:01

Yes

4

0

B*53:01:01

Yes

4

0

B*15:03:01

Yes

3

3

Intron 3; 1467 C>T intron 3; 1467
C>T intron 3; 1467 C>T

B*44:03:01

Yes

3

1

Intron 3; 1259 G>C

B*48:01:01

Yes

3

0

B*50:01:01

Yes

3

0

B*14:01:01

Yes

2

0

B*14:03

No (annotated exons 2,
3, and 4)

2

0

B*15:16:01

Yes

2

2

B*15:18:01

Yes

2

0

B*27:05:02

Yes

2

0

B*38:01:01

Yes

2

0

B*39:05:01

Yes

2

0

B*40:01:02

Yes

2

0

B*40:02:01

Yes

2

0

B*44:02:01:01

Yes

2

0

B*55:01:01

Yes

2

0

B*57:01:01

Yes

2

0

B*58:01:01:01

Yes

2

0

B*07:05:01

Yes

1

0

B*08:01:01

Yes

1

0

B*13:02:01

Yes

2

0

B*15:01:01:01

Yes

1

0

B*15:02:01

Yes

1

0

B*15:07:01

Yes

1

0

B*15:08:01

No (complete CDS)

1

0

B*15:30

No (annotated exons
2,3, and 4)

1

0

B*18:01:01:01

Yes

1

0
0

B*27:02:01

Yes

1

B*35:01:01:01

Yes

1

0

B*35:02:01

Yes

1

0

B*35:03:01

Yes

1

0

B*35:04:01

No (complete CDS)

1

0

Intron 2; 666 CGGGG Intron 2;
666 CGGGG

Continued on page XXX
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Table 2. Frequencies of observed alleles and novel alleles for each genotyped allele at the HLA-B locus.a
(Continued from page XXX)
HLA-B
Complete IMGT/HLA
allele

Allele

Total
a

Allele
frequency

Novel allele
frequency

B*35:43:01

No (complete CDS)

1

0

B*37:01:01

Yes

1

0

B*39:01:01:02L

Yes

1

0

B*39:09:01

No (complete CDS)

1

0

B*40:06:01:01

Yes

1

0

B*41:01:01

Yes

1

0

B*44:02:01:03

Yes

1

0

B*46:01:01

Yes

1

0

B*47:01:01:01

Yes

1

1

B*49:01:01

Yes

1

0

B*52:01:01:01

Yes

1

0

B*56:01:01:02

Yes

1

0

B*51:08:01

No (Complete CDS)

1

0

B*57:03:01

Yes

1

1

100

8

52

44

Polymorphism location

Intron 6; 2542 C>T; intron 6;
2552 A>G

Intron 5; 2259 T>C

Fifty samples were genotyped at the HLA-B locus, comprising 52 unique HLA-B alleles including eight alleles (B*58:02, B*14:03, B*15:08:01, B*15:30, B*35:04:01, B*35:43:01,
B*39:09:01, B*51:08:01) with an incomplete full-length gene sequence annotation (IMGT/HLA release 3.20.0). The absolute frequency of observed alleles and novel alleles of each
genotyped allele is tabulated along with the base position of the observed polymorphism within novel alleles (polymorphism location is calculated from the ﬁrst base of exon 1).

sequences)]. A custom MATLAB program was developed to analyze the alignments, facilitating the detection
and annotation of novel alleles and alleles with incomplete reference sequences in the IMGT/HLA database.
Sequence variability across HLA genes was quantified by calculating the Shannon entropy (23, 24 ) at each
position of the multiple sequence alignment (MSA) of
HLA-A, HLA-B, and HLA-C alleles respectively. Annotated, full-length HLA gene sequences for each locus
were obtained from the IMGT/HLA database (release
3.22.0) and aligned using Clustal Omega (25 ). For each
respective locus, Shannon entropy was calculated at each
position of the MSA (Equation 1) using a 4 character
alphabet (ACGT) and plotted as a function of the position within each MSA using MATLAB (R2014b). Average Shannon entropy for each genomic feature [exon,
intron, or untranslated region (UTR)] of HLA-A,
HLA-B, and HLA-C was calculated by dividing the sum
of Shannon entropy over the feature divided by the total
length of the genomic feature.
H⫽⫺

冘

p log2 共 p i 兲

n
i⫽1 i

(1)

In information theory, the Shannon entropy (H) defines
the “randomness” or variability of a system by quantifying the information content within a given message,

where pi is the frequency of a random variable i, with n
states (n ⫽ 4, ATCG). Shannon entropy was calculated
at each position of the MSA such that if every base occurred with a frequency of 1⁄4, the Shannon entropy
would be maximal with a value of 2 bits, whereas if a
specific position of the MSA contained the same letter for
each allele (no variability), the Shannon entropy would
be equal to zero.
Results
HLA genotyping results and fully phased consensus sequences were successfully generated for all 50 participants using the Omixon Twin algorithm (300 total alleles) and were found to be concordant with SBT/SSP
genotyping results (2 field resolution, data not shown).
From the HLA genotyping results, our sample set was
found to contain 31 unique HLA-A (Table 1), 52 HLA-B
(Table 2), and 31 HLA-C alleles (Table 3). Our analysis
reveals that 7.7% (23/300) of our characterized class I
alleles contain a previously uncharacterized polymorphism, and another 4.7% (14/300) of the genotyped alleles contain incomplete sequence annotations within
IMGT (release 3.22.0). In total our analysis identified 17
novel class I HLA allele sequences (7 HLA-A, 5 HLA-B,
Clinical Chemistry 62:12 (2016) 5

Table 3. Frequencies of observed alleles and novel alleles for each genotyped allele at the HLA-C locus.a
HLA-C

Total
a

Allele

Complete
IMGT/HLA
allele

C*06:02:01:01

Yes

12

0

C*04:01:01:01

Yes

8

2

C*07:02:01:03

Yes

8

0

C*08:02:01:01

Yes

6

0

C*15:02:01:01

Yes

5

0

C*01:02:01

Yes

4

0

C*02:02:02:01

Yes

4

0

C*03:04:02

Yes

4

0

C*16:01:01

Yes

4

0

Allele
occurrences

C*02:10

Yes

3

1

C*03:03:01

Yes

3

0

C*03:04:01:01

Yes

3

0

C*06:02:01:02

Yes

3

0

C*07:01:01:01

Yes

3

1

C*07:02:01:01

Yes

3

0

C*07:04:01

Yes

3

0

C*08:01:01

Yes

3

0

C*12:03:01:01

Yes

3

0

C*05:01:01:02

Yes

2

0

C*06:02:01:03

Yes

2

0

C*08:02:01:02

Yes

2

0

C*08:03:01

Yes

2

0

C*14:02:01

Yes

2

2

C*03:02:02:01

Yes

1

0

C*03:05

Yes

1

0

C*07:01:02

Yes

1

0

C*07:18

Yes

1

0

C*12:02:02

Yes

1

0

C*15:05:02

Yes

1

0

C*16:02:01

Yes

1

0

C*17:01:01:02

Yes

1

1

31

31

100

7

Polymorphism location

Intron 5; 2206 A>G intron 5; 2206 A>G

Intron 1; 114 G>C

Intron 6; 2616 T>C intron 6; 2619 T>C

Intron 3; 1117 G>C intron 5; 2110 G>T

Intron 7; 2902 G>T

Fifty samples were genotyped at the HLA-C locus, comprising 31 unique HLA-C alleles. The absolute frequency of observed alleles and novel alleles of each genotyped allele is
tabulated along with the base position of the observed polymorphism within novel alleles (polymorphism location is calculated from the ﬁrst base of exon 1). Two individuals were
found to have an identical consensus sequence for the genotyped C*14:02:01 allele, which harbors 2 distinct polymorphisms, resulting in the reporting of only a single novel allele
sequence.

and 5 HLA-C). All identified novel alleles were found to
harbor intronic polymorphisms. Examining the set of 7
unique identified novel HLA-A alleles, polymorphisms
were found within intron 1 (n ⫽ 1), intron 3 (n ⫽ 3),
intron 5 (n ⫽ 1), and intron 6 (n ⫽ 2). For HLA-B, the
set of 5 unique identified novel alleles were found to
6

Novel allele
frequency
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harbor polymorphisms within intron 3 (n ⫽ 2), intron 5
(n ⫽ 1), and intron 6 (n ⫽ 2). For HLA-C, the set of 5
unique identified novel alleles were found to harbor polymorphisms within intron 1 (n ⫽ 1), intron 5 (n ⫽ 1),
intron 6 (n ⫽ 1), intron 7 (n ⫽ 1), and 1 novel allele with
polymorphisms within both intron 5 and intron 3 (n ⫽ 1).

NGS Characterization of Novel Class I HLA Alleles

Fig. 2. HLA variability across class I HLA genes.
Shannon entropy was calculated from the MSA of every annotated full-length HLA gene for HLA-A (n = 181), HLA-B (n = 303), and HLA-C
(n = 272) loci respectively (IMGT/HLA database release 3.22.0). All gene annotations are shown from 5’–>3’ with the 5’ UTR shown in blue
from the left end, followed by exon 1, intron 1, et al.

Additionally the set of 50 samples included 14 individuals with 9 incompletely characterized HLA allele sequences (1 HLA-A and 8 HLA-B, Table 1 and 2),
(IMGT/HLA release 3.22.0).
The sequence variability of class I HLA loci was
assessed to quantify the relative occurrence and location
of polymorphisms within fully characterized alleles
(IMGT/HLA release 3.22.0). An MSA for each HLA
locus was generated and the Shannon entropy (Equation
1) was calculated at each position of the MSA (Fig. 2).
The average Shannon entropy was calculated over each
genomic feature (UTRs, exons, and introns) for each
gene (Table 4) to better assess the average variability of
specific genomic features and make comparisons between
the different HLA genes. Our analysis revealed that the
highest average sequence variability was within exon 3 of
HLA-A and HLA-C genes, whereas exon 2 of HLA-B was
found to have the highest average sequence variability,
followed closely by exon 3. For HLA-A and HLA-C, intron 1 and 4 were found to have the second highest average sequence variability respectively. The region with
the lowest average variability was found to be exon 8 of
HLA-A and exon 6 for both HLA-B and HLA-C.
The complete, fully characterized sequence of each
identified novel HLA gene, stretching from the 5⬘ end of

exon 1 through the 3⬘ end of the last exon (exon 7 of
HLA-B and exon 8 of HLA-A and HLA-C) including all
encompassed introns were submitted to GenBank and
the WHO HLA Nomenclature Committee for factors of
the HLA system. The WHO Nomenclature Committee
officially assigned every allele name in April of 2016 following the policy outlined in the most recent Nomenclature Report (26 ). Assigned allele names (WHO nomenclature) and GenBank accession numbers for the 17
identified novel alleles (7 HLA-A, 5 HLA-B, and 5
HLA-C) and the 9 completed alleles as well as the race
and ethnicity information for each sample in which a
novel allele was identified is provided in Table 1 in the
Data Supplement that accompanies the online version of
this article at http://www.clinchem.org/content/vol62/
issue12.
Discussion
HLA genotyping by NGS facilitates high-resolution
HLA genotyping with unprecedented throughput. However, despite this important advancement within the field
of clinical immunogenetics, the ability to characterize
and set phase across the length of the gene using Illumina
sequencing technology has yet to be fully realized. The
Clinical Chemistry 62:12 (2016) 7

Table 4. Mean Shannon entropy (bits/base-pair) calculated
for each genomic feature of HLA-A, HLA-B, and HLA-C as
depicted in Figure 2.a
Genomic feature

a

HLA-A

HLA-B

HLA-C

5’ UTR

0.030

0.065

0.056

Exon 1

0.045

0.114

0.051

Intron 1

0.105

0.058

0.048

Exon 2

0.087

0.126

0.064

Intron 2

0.055

0.068

0.044

Exon 3

0.112

0.125

0.082

Intron 3

0.039

0.040

0.032

Exon 4

0.062

0.019

0.047

Intron 4

0.024

0.022

0.081

Exon 5

0.068

0.037

0.075

Intron 5

0.079

0.026

0.031

Exon 6

0.054

0.000

0.005

Inrtron 6

0.046

0.024

0.029

Exon 7

0.025

0.022

0.029

Intron 7

0.063

N/A

0.036

Exon 8

0.000

N/A

0.014

3’ UTR

0.025

0.068

0.017

Data values are shaded in with varying opacity to visualize those regions with the
highest mean sequence variation (shown in darker grey) from those of lower mean
sequence variation (shown in white).

Omixon Twin software as well as our implemented custom downstream analytical framework addresses this
growing gap, allowing full-length gene read phasing, consensus sequence generation and the characterization of
novel class I HLA alleles.
Because all novel alleles were found to exclusively
harbor intronic polymorphisms, we sought to characterize HLA variability by genomic feature (UTR, intron,
and exon) to determine whether or not intronic variations are more or less common than polymorphisms
within other regions of the HLA genes. Because the sample set used to calculate sequence variability only contains
completely characterized HLA alleles (IMGT/HLA release 3.22.0), we do not under or oversample for any
particular region relative to others, with each MSA containing equal numbers of alleles characterized at each
distinct genomic feature. However, the analyzed sequences are those reported in IMGT, which have been
generated as the Immunogenetics community identifies
new sequences primarily in the exons and only incidentally in the introns. Thus, the collection of data is driven
by the exonic differences and not the unbiased sequence
of every HLA allele. As a result, sequence variation within
different genomic features outside of the traditionally
8
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characterized exons is likely underrepresented in the current database.
Our results, using completely characterized allele sequences from IMGT, indicate differential sequence variability across various genomic features within and across
class I HLA alleles. Exon 3, which encodes the highly
variable ␣2 domain, was found to have the highest average sequence diversity across the set of fully characterized
HLA-A and HLA-C IMGT alleles (release 3.22.0) analyzed, whereas exon 2 was found to be the most variable
region of HLA-B alleles (Table 4). Exon 8 was found to
have the lowest sequence variability within HLA-A,
whereas exon 6 was found to have the lowest sequence
variability within HLA-B and HLA-C. Intronic sequences are also quite variable, whereby intron 1 of
HLA-A is the most variable. However, our results indicate that there may be a level of intronic variation that
corresponds to the same exonic sequences, which has not
been previously appreciated. Because we have been using
NGS technology for HLA genotyping we have discovered that intronic regions may also be significantly polymorphic. Considering that HLA typing by traditional
legacy methods provides sequencing information for
only a few of the exons, we were previously unaware of
the extent of polymorphisms within introns. As additional alleles are fully characterized by NGS, the number
of polymorphisms within each genomic feature, particularly within introns, may be substantially altered. Is it
possible that as we perform full gene sequence characterization we will find that alleles with the same exonic
sequences have different intronic sequences or otherwise
have genes coding the same protein but differ in their
intronic sequences? If so, what are the implications for
the physiology of the cell? Do intronic regions play any
role?
The Omixon Holotype HLA genotyping kit combined with the Omixon Twin software and our downstream analysis pipeline provides a robust framework for
detecting and characterizing novel, full-length HLA alleles and paves the way for elucidating the role of HLA
polymorphism in transplant medicine and autoimmune
disease. As the use of HLA genotyping by NGS continues
to increase within clinical immunogenetics laboratories,
the number of novel alleles will only continue to increase
at an expedited rate. Although there is currently little
research on the physiological implications of polymorphisms within noncoding regions and coding regions beyond the ARD, research indicates that intron 4 of HLA-B
harbors a miRNA, HSA-miR-6891, which is formed following exon splicing (27, 28 ). Furthermore, research
demonstrates that UTRs as well as coding and intronic
regions are targeted by miRNA for translational suppression of mRNA transcripts (29 –31 ). With a 7.7% novel
allele discovery rate for class I HLA genes, there are likely
to be numerous yet undiscovered alleles of unknown sig-
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nificance. Taken together, full-length gene characterization is paramount for unambiguous HLA genotyping
and facilitates a deeper understanding of HLA gene polymorphisms and the eventual role they may play in the
immune response and the overall physiology of the cell.
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