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Summary

The region encoding human leukocyte antigens (HLA) is
a 3.6-Mb segment at chromosome 6p21. A highly com-
plex HLA system comprises important molecules involved
in transplantation immunity, classical direct sequenc-
ing methods making it very complicating to resolve the
genomic specificities of HLA genes, due of the complex
nature of them. Current limitations of existing methods
and the increasing rate of new alleles, strongly demanding
for a new methodology approach for the HLA genotyping.
Next-Generation Sequencing (NGS) is a method that can
provide a complete solution to the HLA typing problem.
Last decade, the development of (NGS) has shown the
easy way for whole-genome analysis in individuals. HLA

Introduction

Allogeneic hematopoietic stem cell transplantation (al-
lo-HSCT) is a proven option for treatment of hematological
disorders, e.g., lymphoma, leukemia, and aplastic anemias.
Among other factors, the HSCT outcomes strongly depend
on aggressive reactions of donor lymphocytes against the
patient’s cells. This complication is known as a graft-versus-
host disease (GVHD) and represents a serious threat to the
patients, along with the risk of relapse and concomitant in-
fections [1]. Over last decades, a progress in the donor-re-
cipient matching lead to an imminent increase of patients’
survival post transplant, due to decreased rates of immune
complications [3,20]. These advances are made, mostly, due
to an improved technique of HLA gene typing [24]. E.g,
sufficiently increased survival rates and better outcomes
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typing has also benefited from NGS technologies. Several
high-throughput HLA- NGS-based typing methods were
developed using different technological platforms. In this
review, we summarize the possible applications and instru-
mentation developments of NGS in the in-depth HLA typ-
ing, with a focus on future clinical applications. However,
some issues of bioinformatics and data mining remain an
obstacle to more effective analysis of HLA analysis in the
context of donor/recipient compatibility assessment.
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were shown for the patient-donor pairs typed by means of
high-resolution allele typing for HLA-A, -B, -C and -DRB1
[27]. Analysis of HLA-DQBI1 and -DPBI loci is still under
development [10].

Hence, implementation of high-resolution techniques for the
classic HLA typing brings about higher clinical efficiency in
allo-HSCT from relatives and unrelated donors. The aspects
of optimal donor matching are connected with a sufficient
allelic diversity (polymorphism) of the gene loci, mainly, due
to gene recombination of the chromosome 6 regions, thus
producing repeats at distinct HLA gene segments and caus-
ing some difficulties with HLA typing, even at four-digit res-
olution level. Therefore, novel technological achievements in
immunogenetics are of special importance, and, first of all,
new approaches to DNA typing [6].
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Milestones of molecular HLA typing

Since the very beginning of molecular biology, individual
HLA matching was oriented for gene polymorphism anal-
ysis. Forty years ago, Fred Sanger has proposed a method of
DNA sequencing, by the generation of distinct DNA strands
based on a complementary matrix, using DNA polymerase
I Klenoff fragment, and then followed by analysis of radi-
oactively labeled DNA fragments in polyacrylamide gel. A
breakthrough in this technology and development of rou-
tine HLA typing methods occurred with the application of
fluorescent dideoxynucleotides in the course of the cyclic
process followed by microcapillary electrophoresis. Direct
sequencing of heterozygous DNA samples has its limitations
since, in the case of allelic polymorphism, the nucleic bas-
es may be located at the same or homologous chromosome,
thus precluding detection of subtle differences in the given
HLA gene sequence.

Over the last 20 years, the automated Sanger technique is a
prevalent approach to genome sequencing in humans, ani-
mals, bacteria, and viruses. However, a need for more rap-
id routine genome screening stimulated novel technologies
of multiplex DNA sequencing. These modern methods are
depicted as the second-generation approaches (Next-Gener-
ation Sequencing, NGS). These technological platforms are
based on different strategies, with respect to unique prepa-
rations of DNA templates, their sequencing, registration, re-
trieval and evaluation of the nucleotide sequences by means
of novel bioinformatic approaches [13]. A principal benefit
of the new-generation sequencing is an opportunity of get-
ting large databases of multiple defined gene sequences with-
in a short time period and at relatively low cost.

A known polymorphism of HLA genes presents a special
problem in search of optimal donors for hematopoietic stem
cell transplantation (HSCT). E.g., as for September 2016,
the International Nomenclature (HLA International ImMu-
noGeneTics (IMGT) [26, 29] included 15,813 HLA and re-
lated alleles, registered in the numerical nomenclature used
worldwide (Fig. 1).

Suffix used to denote
changes in expression

Hyphen used to separate
gene name from HLA prefix

HLA-A*02:101:01:02N

’ differences in a
Field 1; allele group non-coding region
Field 2; specific HLA protein

Field 3; used to show a synonymous DNA
substitution within the coding region

Figure 1. Current numerical indexing of HLA alleles.

In addition to the unique allele number, there are additional
optional suffixes that may be added to an allele to indicate
its expression status. Alleles that have been shown not to be
expressed — “Null” alleles — have been given the suffix ‘N’ Al-
leles that have been shown to be alternatively expressed may
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have the suffix “L, “S”, “C”, “A” or “Q”. The suffix “L” is used to
indicate an allele which has been shown to have “Low” cell
surface expression when compared to normal levels. The “S”
suffix is used to denote an allele specifying a protein which is
expressed as a soluble, “Secreted” molecule but is not present
on the cell surface. The “C” suffix is assigned to alleles that
produce proteins that are present in the “Cytoplasm” and not
on the cell surface. An “A” suffix indicates an “Aberrant” ex-
pression where there is some doubt as to whether a protein is
actually expressed. A “Q” suffix is used when the expression
of an allele is “Questionable’, given that the mutation seen in
the allele has been shown to affect normal expression levels
in other alleles.

No wonder that the general NGS approach adapted for HLA
typing proved to be a breakthrough in molecular biology ap-
plications being quite promising to the transplantation clin-
ics and bone marrow donor registries. However, to promote
the NGS implementation, we need specialized typing strat-
egies and digital program algorithms. The sequencing costs
per single run are sharply decreased with NGS approach
which may be quite accessible to the tissue typing laborato-
ries in sooner time.

Multiple NGS technological platforms are offered on the
market. At the present time, four types of NGS systems are
implemented in research and clinics. E.g., the 454 Junior
(Roche) was the first system equipped with commercial kits
for HLA-typing. Illumina platform is most widely applied
in fundamental and clinical research, however, not yet reg-
istered for HLA-typing. The Ion Torrent system was offered
something later, being, however, a growing point in the field.
Lately, the fourth generation of NGS appears — Single Mol-
ecule Sequencing. They can do long reads with very high
throughput. Advantages: Low Cost, Simultaneous sequenc-
ing of several samples (barcoding). Currently manufactured
by 2 companies, PacBio and Nanopore MiniON. They are
amplicon-based and “true” single molecule sequencing. It
has a very small footprint and even fits in the pocket.

At the present time, a four-digit resolution approach is used
for optimal matching in the donor-recipient pairs, i.e., test-
ing of HLA-A, -B, -C, (exons 2, 3); -DRBI1 (exon 2), and -
DQBI1 (exons 2, 3) by means of conventional PCR technique.

Pitfalls in NGS-based HLA typing

To perform high-resolution typing, one should exclude
non-coding alleles from HLA-A (exons 1, 4 and introns 2, 4),
HLA-B (exons 1, 4 and intron 1), and HLA-C (exons 1, 4, 7).

Phase determination of the sequence motifs becomes an in-
creasingly difficult task, due to new HLA polymorphisms
reported, thus causing an exponential increase in genotyping
ambiguity with every ongoing release of the HLA database
release [10]. Therefore, novel typing strategies have been ar-
ranged, e.g., group-specific PCR [15], or allelic discrimination
with distinct group-specific primers [18] before subsequent
sequencing. These discrimination techniques are used at HLA
laboratories for a long time. However, they are labor-consum-
ing, and appropriate commercial kits are largely lacking.
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The novel NGS-based HLA typing was developed over
2000s, having been characterized by increased resolution
ability and high throughput [22, 30]. In 2009, Gabriel et al.
[11] and Erlich et al. [1] have independently shown an op-
portunity of HLA typing by means of a 454 technological
platform. A double-blinded multicentric study based on
exon amplification by primers’ annealing was performed and
reported in 2011 [13]. This cooperative work has shown that
HLA sequencing with 454 system allows reliable identifica-
tion of the HLA genotypes. However, the analytic approach-
es proved to be quite diligent, labor-intensive and require
automation. Moreover, a systemic algorithm for the Class I
HLA typing was performed with different PCR-based bar-
coding methods [9]. Later on, Lank et al. [16, 19] proposed
a DNA processing protocol for HLA typing with a less com-
plicated DNA library preparation. Finally, it was shown that,
as unlike with amplicon sequencing, the shotgun sequencing
approach using long PCR products, fragmenting and liga-
tion of the multiplex identifiers (MID) is a realistic way for
the entire HLA gene sequencing. [20, 27, 32].

Meanwhile, the existing protocols provide additional proofs
of NGS complexity. This technology is still difficult to in-
troduce in laboratories working in the area of histocompat-
ibility and immunogenetics. There were some unresolved
technical issues concerning labor intensity of a gene library
preparation, and too long time required for processing of the
databases produced. Noteworthy, the bioinformatic tools in
NGS rarely generated a readable report of HLA typing.

Taking this into account, an automated approach to the
high-resolutionHLA typing was developed, being adapt-
ed for the 454 GS Junior, covering 17 exons of the follow-
ing genes: HLA-A, -B, -C, -DQBI, -DPB1, -DRBI, -DRB3,
-DRB4 n -DRB5 (DRB3 / 4/5). However, exact data on 5”-
and 3”- untranslated sequences (UTR) are not available for
all the alleles. Therefore, binding of primers in these regions
cannot be definitely predicted, thus missing some alleles
from analysis or nucleotide shifts due to suboptimal ampli-
fication primers. Another potential problem may be due to
simultaneous amplification of pseudogenes since their se-
quences are quite similar to those of target HLA genes.

Despite these issues, NGS has a great future in the area. An
opportunity of the whole-gene analysis should ultimately
lead to better understanding of HLA role for HSCT out-
comes and the course of the primary disease. Moreover, the
zero alleles could be better defined. So far, we cannot exploit
this benefit. However, some questions will be answered, e.g.,
assessing a “‘complete” HLA allele database and overcoming
existing hurdles when assembling a single complete allelic
sequence.

At the initial step, a maximal length of sequences readable
with Myseq was limited of 2x150 bp. However, the manu-
facturer (Illumina) improves its software, as well as chem-
ical equipment. Hence, their last version (version 3) allows
sequencing of ca.300 bp, in order to cover one exon within
each sequenced amplicon, thus diminishing potential error
rates and simplifying the work process.

Main steps of the NGS as
performed with Illumina platform

1. Template generation: the complete sequences of HLA
genes are amplified with complementary primers in a single
reaction, using Long-Range DNA polymerase.

2. Double-stranded DNA fragmentation by means of spe-
cific fragmentase optimized by its size for the given HLA
locus

3. Preparation of gene libraries: Appropriate reagents are
used for the end repair, 5 phosphorylation of poly-A and
poly-T ends for subsequent adaptors’ ligation.

4. Adapters’ ligation and their indexing.

5. Mixing of the samples and their loading to the NGS se-
quencer.

6. Analysis of results (Fig.1)

Following generation of a gene library, the DNA molecules
are bound to the solid phase carrier, the s.c. flow well, by
means of direct and reverse oligonucleotide adapters. Dur-
ing generation of the gene library, the complementary
(adapter) sequences are fixed to the templates at the 57- and
3”-ends, thus allowing them to bind the flow well surface
covered with adapter molecules. To enhance the sequencing
signal, molecular clusters are generated from one DNA mol-
ecule by means of solid-phase amplification bridge, resulting
in up to 1000 tightly packed copies of the initial template
in the flow well. Hence, each cluster corresponds to a single
read by the end of sequencing. The adapter oligonucleotides
are bound to the surface of flow well, both for the capture
of sequenced templates molecules, and primers for bridge
amplification. Sequencing is then carried out by means of
chemical reaction “reversible terminator™ All 4 fluorescently
labeled oligonucleotides are simultaneously driven through
the flow well. Their labels are intended for termination of the
chain synthesis. Therefore, only one nucleotide type is add-
ed for each polymerization cycle. The nonbound nucleotides
are washed off. The labels and terminator are removed fol-
lowing CCD-assisted conversion of the pictures, in order to
allow further elongation of the chain at the next sequencing
cycle. To facilitate the multiplexing procedure, the adapter
sequences are followed by the s.c. index sequences (DNA
barcoding). These DNA barcodes are attached to the target
fragments during the library design, with a unique code for
given sample. Double indexing is possible by differential
DNA barcoding from 5” to 3” end. In the course of four se-
quencing rounds, two indexing reads and two reads of target
sequences are initiated. The data are accumulated for each
single cluster and are used for generation of the output files
in two directions of sequencing.

HLA data analysis
with MiSeq platform

Miseq generates a working file in FASTQ format with two
corresponding files (resp., direct and reverse reads). All the
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files contain equal numbers of the read sequences presented
in the same order. Moreover, all the sequences read are of
equal length according to the chosen specifications. Homo-
geneous structure of initial data provides some benefits for
the pre-analytic data handling. Upon filtration and cutting,
some algorithms are required here which are more applica-
ble than with platforms generating variable reading length
(e.g., Roche 454, or Ion Torrent systems). Data quality ob-
tained with Miseq is high enough to perform HLA typing.

To assign the HLA alleles, software is required which allows
communicating with updated HLA databases (IMGT last
version, renewed 4 times a year). A number of such commer-
cial packages are currently available. To date, the solutions
with an open initial code are also offered, as follows:

HLAminer: http://genomemedicine.com/content/4/12/95
seq2HLA: http://genomemedicine.com/content/4/12/102

Athlates: http://nar.oxfordjournals.org/content/41/14/e142.
long

HLAforest: http://www.plosone.org/article/info%3Adoi%2F10.
1371%2Fjournal.pone.0067885

PHLAT: http://www.biomedcentral.com/1471-2164/15/325

-
0 MUV

Update Hemowe

Deskiop 55

[ I
Intro |[Exon 2 z
GA.E2.FL.65-2 GA.E
PGA.E2.FL.99-5 GA.E
g E2 .03 .
g2.R1.7

3* O Ex

EXPERIMENTAL STUDIES I

According to the guidelines of clinical trials and in order to
observe acting regulations (European Federation for Immu-
nogenetics (EFI), American Society for Histocompatibility and
Immunogenetics (ASHI) standards), extensive studies of QC
and QA are required for development of appropriate in-house
reagents, and their testing for HLA typing bases on the Miseq
platform. They should include both developments of the tests,
and methods of automated data mining, and their presentation.
Sufficient time is needed for design, feasibility evaluation, and
implementation of NGS working protocols. The optimal choice
of NGS platform and proper protocol is a difficult task for any
individual setting in this rapidly developing technology [14].

Modern protocols of sequencing and data retrieval/handling
differ, generally, in the aims of analysis, i.e., whole-genome eval-
uation (from 5’UTR to 3’UTR), or exome studies. So far, a limit
of 400 bp exists for the length of sequencing, independently of
the working protocol applied. This length of DNA fragment is
sufficient to reading of whole exons and providing unequivo-
cal clonal information for these exons. To sequence longer PCR
products, a series of overlapping fragments is required, followed
by their subsequent assembly (shotgun sequencing). The work-
ing processes under these two protocols significantly differ in
labor intensity and complexity.

The output data are collected for each molecular cluster and
used for generation of the output files containing results of
direct and reverse reads as displayed on Fig. 2 [5]
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Figure 2. Interface ATF 4.7. (Conexio Genomics, Fremantle, Australia) Interim results of HLA typing.

The detailed information concerns HLA-A genotype as-
signment, as show in the master layer. Direct and reverse
sequence reads are aligned to exons 2, 3, and 4, with par-
tial coverage of intronic regions [33]. Read numbers and se-
quence direction are shown in white cells. For example, exon
4 is represented by two (alleles 1 and 2) direct and reverse
sequences, with 90 coverages, and, respectively, 81 nucleo-
tides read, and two reverse sequences with 82 and 86 nucle-
otides read. Low case: exon map, consensus sequence, and
genotype assigned. Stepwise distribution of the sequences at
exon2/intron 2 border is also shown, and an HLA-A * 01: 01:
01: 01, 24: 02: 01: 01 combination is proposed with zero mis-
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match conditions (MM master layer) as compared with the
database. A non-expressed (A* 01: 01: 01: 02 N), and low-ex-
pressed (A * 24: 02: 01: 02 L) variants are discriminated by
means of exclusion of intron 2 variants, as shown in the non-
coding column (N-C). Discordances in phase layers 3 and
4 (MM3, MM4) demonstrate potential ambiguities which
could occur if the SNP phase in exons 3 and 2 could not be
revealed (with conventional Sanger sequencing). Other de-
tectable alleles, A * 24: 02: 01: 03 (change in intron 3), and A
* 24: 02: 40 (synonymous substitution in exon 5) cannot be
excluded, and therefore, are displayed in a similar way with
zero mismatches. [5]
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Factors to consider in cost
analysis of in-depth sequencing

Reagents for the entire process include those used for con-
ventional pre-analytic methods (e.g., DNA extraction, qual-
ity assessment, and initial low-resolution typing step. Addi-
tional expenditures are a subject to some ambiguities, due to
different prices reagents and equipment offered by distinct
manufacturers. Moreover, it should be stressed that all com-
mercial NGS systems are of closed type, thus causing broad
variations in prices for the entire NGS procedure per single
DNA sample, and depending on the per year capacity of the
given HLA typing laboratory.

However, even taking into account maintenance costs (esti-
mated 10% equipment cost), usage of core facilities or shared
equipment, the Sanger sequencing (220 K) proves to be twice
more expensive than NGS (variable, all less than Sanger), as
shown in Fig.3. Le., the sample preparation costs remain the
same however the sequencing cost decreases (Fig. 4).
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Figure 3. Total Reagent Cost per sample decreases with
increased HLA-typing activity. [19]
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Figure 4. The more samples running, the less sequenc-
ing cost of NGS procedures [19]
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Figure 5. The MiSeq desktop sequencer is suitable for
smaller volume labs, allowing access more focused ap-
plications such as targeted gene sequencing, metagen-
omics, amplicon sequencing etc. starting at 10 ng DNA,
and HLA typing. New MiSeq reagents enable up to 15 Gb
of output with 25M sequencing reads and 2x300 bp
read lengths. [19].

Current progress
and future directions

In 2005, Roche produced the first NGS instrument, the Ge-
nome Sequencer 20. By means of this device, 100-bp reads
are possible, and in future, up to 20 Mbp could be sequenced.
Opver last decade, rapid progress in NGS technologies has led
to revolutionary changes in general genomics and its appli-
cations for clinical sequencing or medical exomics (RNA
expression analysis). However, PCR-SSO and PCR-sequenc-
ing still remain the first-line methods in HLA typing. Mean-
hwile, commercial kits for NGS-assisted HLA typing have
been recently appeared [8]. Hence, elucidation of the whole
HLA gene sequence will bring a knowledge which will be
of value for medical science in sooner time. However, this
knowledge will be insufficient to the total understanding of
MHS and HLA interactions. One should assess the sequenc-
es and haplotypes of other HLA segments, including regu-
latory (non-coding) regions [12]. Further analysis should
determine transcriptional factors and events regulating the
entire HLA unit, including HLA genes and relevant gene
structures. They all should be carefully studied, in order to
get complete HLA description, i.e., HLA-omics [4]. These
efforts will bring real clinical benefits for the patients. Nov-
el methods of HLA typing will be helpful to more accurate
medical examination, assignment of biologically diverse
clinical groups and individualized treatment of the patients.

Conclusions

A routine tissue-typing laboratory should be flexible, pro-
viding valid and reproducible HLA data within short time
period. NGS-based HLA analysis is performed with 100%
reliability, and well fits the tasks of HLA typing in unrelat-
ed donors, in concordance with EFI and ASHI policies. This
work process well corresponds to the working schedules for
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medium- and high-capacity laboratories, thus being poten-
tially attractive to the donor registries.

Recently introduced next-generation sequencing techniques
have a facilitating potential for the high-resolution genotyp-
ing via decrease of general uncertainty, like as due to extend-
ed sequencing regions. The entire set of MHS genes could
be sequenced by means of these technologies, in order to
uncover the latent immune determinants relevant to auto-
aggresive reactions [7, 25]. In near future, the whole exome
sequencing may be considered a method of decoding some
genetic variants, influencing HSCT outcomes. The NGS
approaches will be a quite effective and cost-effective tech-
nology when evaluating histocompatibility parameters and
immunogenetic interactions.
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Pe3slome

O6macTh TeHOMa, KOIUPYIOLIas JTEMKOLUTH aHTUT€HOB
yenmoBeka (HLA) — 3T0 cerMeHT mauHOM 3,6 MUUIMOHA
Iap OCHOBaHMIT Ha XpomocoMe 6(p21). CrnokHas 1o
aHTUTeHHOMY cocTaBy cuctema HLA comep>xut Bax-
Hble MOJIEKY/IbI, Y4aCTBYIOIE B TPAHCIUIAHTAIYIOHHOM
nMmyHnTete. Crienuduyeckye TreHHbIe OC/Ie0BATeNb-
HocTy reHOB HLA 1oBO/IBHO C/IOKHO pacuindpoBats ¢
IIOMOIIIBI0 K/IACCUYECKUX METOJIOB IIPSAMOTO CeKBEHMN-
pOBaHMA B CBA3U C MX TE€XHUYECKUMM OTPaHMYEHNA-
MU, CIIOKHBIM cocTaBoM reHoB HLA, 1 Bo3pacTaromym
YMCIIOM HOBBIX aJUIeiel, YTO TpeOyeT HOBBIX METOHOB
reHOTUIMpoBaHKA. CeKBEeHUPOBaHNe C/IeNYIOLIeTo II0-
kormeHus (NGS) sBIAeTCs METOHOM, KOTOPBII MOXKET
obecrieunTh MONMHOE peleHye npo6mempr HLA-Tumu-
poBaHus. 3a IocrenHee fecATHIeTHe pa3paborka NGS
obecrieunia 6ormee JETKuil CIOCOO ITOTHOT€HOMHOTO
aHa/lM3a y 4eloBeKa, B TOM YMC/e /I TUIIMPOBAHMUA
reHoB HLA. Heckombko BapiiaHTOB BbICOKOIIPOU3BOAM-
Te/IbHBIX MeTOfIOB oljeHKu HLA, ocHOBaHHBIE Ha MY/Ib-
TUIUIEKCHBIX aHAINTUYeCKUX TexHomorusax NGS 6puim
pa3paboTaHbl Ha OCHOBE Pas/MYHBIX TEXHOIOTMYIECKIX
wiatdopm. B aToM 0630pe MBI 06CyKTaeM BO3MO>KHBIE
00671acTy TIPYMEHEHNS U MIPOTpecc B 060PyOBAHUN AL
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NGS B mrane rry6okoro tunupoBanus crucreMel HLA,
C 0COOBIM BHUMaHMEM K OYIYIIVM acIeKTaM ero Kiu-
HIMYECKOTO JICIonb3oBaHmsA. OOIer3BeCTHDIN ITOMN-
Mopduam reHoB HLA u MMHUMaIbHBIE MeXXa/lIe/IbHbIe
Pasmuys IPEACTABIIAIOT CO00iT 0cobyIo mpobiemy. ITo-
3TOMY HEKOTOpBIe BOIPOCHI, CBA3aHHbIE ¢ 61OMHMOP-
MATVKOI ¥ YITy0/IeHHOV 06paboTKOI FaHHBIX /L1 60-
nee a¢dexTuBHOrO aHami3a HLA B KOHTEKCTe OLleHKM
COBMECTVIMOCTH JJOHOpPA U pelumyeHTa. B aTom mmaHe
PasIMYHBIMU [TPOM3BOSUTEIAMMU TIPEJIOXKEHbI CIIeIy-
a/IM3MpPOBaHHbIe KOMIIbIOTE€PHbIE IPOTPAMMBI /I aHa-
nm3a 607bINX 6a3 JAHHBIX, MOTYYaeMBIX TOCPEICTBOM
texHonornii NGS. HakoHel, 3T¥ BBICOKOIPOU3BOIM-
Te/IbHBIE IIOAXOMBI ITO3BOJIAIOT MUHVMM3UPOBATh (u-
HaHCOBBIE 3aTpaThl Ha 1 06pasel], 0COOEHHO B KPYITHbIX
HLA-na6bopaTopusx, Ifge COOTBETCTBYIOLIVE PacXOfbl
Ha NGS-uccnefgoBanysA cTany Tenepb 3HAYUTEbHO 3a-
TpaT, BOSHMKAIOIMX IIPM JICIOIb30BAHMU KIaccuye-
CKMX TEXHOJIOTUII CeKBEeHMPOBaHN: 1o CaHTepy.

KnioyeBble J10Ba

CekBeHypoBaHye cregyontero moxonenysa (NGS), rexuo-
normdeckyue pemenns, HLA-tunpoBaHne, aioreHHast
TPaHCIUTAaHTALA TeMOIIO9TMYECKIX CTBOJIOBBIX K/IETOK.
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