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Summary: Sequencing gives the most reliable and ac-
curate information of the DNA sequence of a gene and
is therefore of particular interest for fully characterising
the genetic complexity and allelic diversity of the HLA
genes. The full complexity of allelic diversity in HLA
class I and class I genes, as well as recent improve-
ments in the convenience and quality of automated se-
quencing, makes sequencing the method of choice for
HLA low- and high-resolution typing. HLA typing by
means of sequencing should be done whenever the
HLA type of an individual is needed. The current devel-
opments with regard to HLA-sequencing systems, se-
quencing instruments and software solutions for data in-
terpretation have made sequencing equally simple and
robust, providing formats for each level of throughput
and automation in order to match each laboratory’s in-
dividual requirements. Modern sequencing is based on
direct sequencing of PCR products from genomic DNA
with the help of fluorescent-labelling methods using
dye terminator cycle sequencing chemistries with spe-
cialised DNA polymerases and automated capillary se-
quencers. The presently available HLA sequencing sys-
tems differ mainly in regard to their PCR amplification
strategies and software solutions for allele identifica-
tion.

As the diversity of all HLA loci developed through ex-
tensive sequence exchanges, resulting in chimeric struc-
tures of each HLA allele, the allele-specific sequencing
approach is the most successful for high-resolution typ-
ing (4 digits), as it is capable of determining the cis
linkage of sequence motifs. This is achieved by apply-
ing multiple group-specific amplifications in parallel,
thus splitting the alleles into individual groups. This ap-
proach increases the capacity for cis linkage definition
and in turn decreases the number of ambiguities. When
sequencing shall be established as the only method for
4-digit HLA typing, these group-specific approaches
must be used. When sequencing shall be used also for
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2-digit HLA typing, a gene-specific amplification
approach for sequencing of both alleles simultaneously
should be applied. Thus, the progress made in diagnos-
tic HLA sequencing now offers a real alternative to the
conventional molecular typing techniques, and will in-
creasingly replace them for the patients’ benefit.

Keywords: HLA analysis; sequencing; automation.

Zusammenfassung: Die Sequenzierung liefert die
zuverldssigste und genaueste Information {iiber die
DNA-Sequenz eines Gens und ist daher fiir die Charak-
terisierung der genetischen Komplexitit und allelischen
Vielfalt der HLA-Gene von besonderem Interesse. Die
hohe Komplexitit der allelischen Diversitidt der HLA
Klasse I und II Gene und die aktuellen Verbesserungen
in der Anwendung und Qualitdt der automatischen Se-
quenzierung machen die Sequenzierung zur Methode
der Wahl fiir niedrig- und hochauflosende HLA-Typi-
sierungen. Eine Sequenzierung sollte daher immer in
Betracht gezogen werden, wenn eine HLA-Typisierung
erforderlich ist. Die modernen Entwicklungen der HLA-
Sequenziersysteme, Sequenziergerite und Software-
l6sungen zur Dateninterpretation haben die Sequenzie-
rung gleichermafBien einfach und robust werden lassen,
bieten jede gewiinschte Stufe fiir Hochdurchsatz und
Automatisierung und konnen die individuellen Anfor-
derungen jedes einzelnen Labors erfiillen. Die moderne
Sequenzierung beruht auf der direkten Sequenzierung
von PCR-Produkten aus genomischer DNA unter Ver-
wendung von Fluoreszenzmarkierungen mit 4-Farben-
Terminatoren, Zyklus-Sequenzierungen mit speziali-
sierten DNA-Polymerasen und automatischen Kapillar-
sequenzierern. Die zur Zeit verfligbaren HLA-Se-
quenziersysteme unterscheiden sich hauptsédchlich
hinsichtlich ihrer PCR-Amplifikationsstrategien und
der Software-Losungen fiir die Allelidentifizierung. Da
die Diversitit aller HLA-Gene durch intensive segmen-
tale Rekombinationen entstanden ist, stellt jedes HLA-
Allel eine Chimire anderer HLA-Allele dar. Die Allel-
spezifische Sequenzierung ist daher fiir eine hochauflo-
sende (4-stellige) Typisierung am besten geeignet, da
sie die cis-Kopplung der Sequenzmotive erkennt. Eine
Allel-spezifische Sequenzierung wird erreicht, indem
multiple Gruppen-spezifische Amplifikationen parallel
durchgefiihrt werden und dadurch die beiden Allele
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einer Probe in zwei Gruppen getrennt werden. Dieser
Ansatz steigert die Fihigkeit eines Sequenziersystems
die cis-Kopplungen von Sequenzmotiven zu definieren
erheblich und minimiert auf diese Weise die Anzahl un-
eindeutiger Sequenzierergebnisse. Wenn die Sequenzie-
rung als alleinige Methode fiir 4-stellige HLA-Typisie-
rungen etabliert werden soll, miissen Gruppen-
spezifische Amplifikationen verwendet werden. Wenn
die Sequenzierung auch fiir 2-stellige HLA-Typisierun-
gen eingesetzt werden soll, konnen Genort-spezifische
Amplifikationen zur simultanen Sequenzierung beider
Allele verwendet werden. Die Fortschritte der diagno-
stischen Sequenzierung bieten daher bereits jetzt eine
wirkliche Alternative zu konventionellen molekularen
Typisierungstechniken und werden diese zum Wohle
des Patienten zunehmend ersetzen.

Schlisselwérter:
Automatisierung.

HLA-Analyse; Sequenzierung;

HLA-typing methods

With respect to the clinical relevance and the
extensive polymorphism of HLA antigens, ad-
equate typing methods are extremely important. Early
work on the definition of HLA antigens was aggravated
by the poor reproducibility of the leukocyte agglutina-
tion test. The replacement of leukocyte agglutination by
lymphocytotoxicity tests in 1964 [1] and the systematic
analysis of antibodies formed in pregnancy have
brought substantial progress in clinically applied HLA
typing. In the 1970s, homozygous typing cells were
used in the mixed lymphocyte culture (MLC) to define
the polymorphism at the HLA-D locus, which enabled
the discrimination of 26 antigens named HLA-Dwl1-
Dw26 [2]. In the late 1970s, sera obtained from multi-
parous women, containing HLA antibodies, showed
similar specificities as the MLC for HLA-D typing. The
use of these sera permitted the definition of HLA-DR
(D related) and later also the identification of a second
HLA class II locus, which was named HLA-DQ [3].
The third HLA class II locus, HLA-DP, was detected in
the late 1970s as a weak MLC locus, the polymorphism
of which was defined by a secondary MLC or primed
lymphocyte test (PLT). The application of the PLT
allowed the discrimination of further six antigens:
HLA-DPw1-DPw6 [4, 5]. Of note, HLA-DP could not
be defined by means of the serological lymphocytotox-
icity test.

In the course of the 1980s, the antibody-mediated
micro-lymphocytotoxicity test was the most widely
used assay for HLA-A, B, C, DR and DQ typing. In ad-
dition, for bone marrow transplant programmes, the
PLT was used to define the HLA-DP specificities and
the MLC to define serologically undefined variants of
the HLA-DR and DQ loci.

These conventional typing methods suffer from a
limited accuracy and reliability, especially when they
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are routinely used for clinical purposes [6—8]. With the
discovery of the polymerase chain reaction (PCR), the
polymorphism of the MHC genes could be studied di-
rectly on the nucleotide level. With the increasing avail-
ability of sequenced alleles, the development of PCR-
based typing techniques in the late 1980s and the 1990s
increasingly replaced conventional typing methods.
The PCR-based methods for HLA class II genes have
meanwhile completely superseded serological typing
and MLC. For HLA class I, a few laboratories are still
content with the continuing use of serology, but as the
beneficial effects of PCR-based typing approaches have
been clearly demonstrated, the latter are now also con-
sidered as the standard typing technique for HLA
class I.

Nature of HLA diversity

The PCR technology has made it possible to investigate
fragments of genes and has emerged as one of the most
important molecular techniques for HLA typing. As the
polymorphism of HLA genes is mainly restricted to
only a few exons, the PCR-based methods for HLA-
typing purposes focus on only small fragments of HLA
genes. These are mainly exon 2 in HLA class II genes
and exons 2 and 3 in HLA class I genes.

The PCR-based diagnostics of the polymorphic HLA
system requires the consideration of some general rules
concerning the polymorphic structure of HLA genes.
The diversity of HLA genes at the antigen-presenting
sites has evolved on the one hand by the gradual accu-
mulation of point mutations during successive ancestral
species, and on the other hand by gene conversion
events or recombinations [9, 10]. The last mechanism
appears to be the most important factor for the enor-
mous diversification of HLA genes. This has conse-
quences for their polymorphic structure. When scruti-
nising the sequences of the different alleles per locus, it
becomes apparent that the allelic diversity is not char-
acterised by allele-specific point mutations but by dif-
ferent combinations of sequence motifs from a common
pool of different motifs. This patchwork structure of al-
lelic sequences is reconciled with the polymorphism
being generated by segmental sequence exchanges.
Thus, most of the alleles can be considered as chimeras
formed from various segments of other alleles. In most
cases, newly identified alleles are characterised by a
new combination of already existing sequence motifs.
From these observations, it can be concluded that the
number of alleles at each locus is represented by all the-
oretically possible combinations of known sequence
motifs.

Principle of PCR-based typing methods

These chimerical features of the polymorphic HLA
gene structure have consequences with respect to PCR-
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Figure 1

lllustration of the problems related to undefined cis/trans linkages of sequence motifs. If a generic pair of primers is

used for amplification, the PCR product contains the alleles of both haplotypes. Direct sequencing of this PCR product generates
sequencing fragments of both alleles simultaneously, resulting in heterozygous peak patterns in the electropherogram at the indi-
cated positions. Since the cis/trans linkage is not defined, the number of possible linkages is 2", in which n is the number of hete-
rozygous positions. The HLA typing is done by comparing all theoretically possible linkages with the most relevant HLA sequence
database. This is the major reason for HLA typing ambiguities. In unambiguous typings, this bears the risk that the typing result

may become ambiguous over the years, in case new alleles are identified.

based HLA-typing strategies. More than 90 % of the in-
dividuals are heterozygous for each HLA locus. There-
fore, for HLA typing at the allelic level, it is generally
not sufficient to prove the presence of certain sequence
motifs, but to demonstrate their cis/trans linkage, i. e. to
demonstrate how the motifs are linked on each of the
two haplotypes (Fig. 1). Exclusively this approach is
capable of delivering unambiguous typing results. If the
cis/trans linkage of variable sites is not defined, mul-
tiple heterozygous allele combinations cannot be distin-
guished from each other. Additionally, new alleles may
be mistyped as a heterozygous combination of known
alleles.

In terms of PCR methodology, those techniques that
lead to the amplification of both alleles present on a
particular HLA locus are called a generic PCR. The re-

sulting PCR product contains the gene fragments of
both alleles, ideally in a more or less equal amount. In
practice, however, depending on the PCR conditions,
the quality of the amplification primers and the ana-
lysed locus, there is usually a preferential amplification
of one allele over the other. Preferential amplification
may cause problems if the generated PCR fragments
are used for direct sequencing. Those techniques that
lead to the amplification of a limited number of related
alleles are called a group-specific PCR. The group-spe-
cific PCR takes advantage of the closer sequence ho-
mology of a certain cluster of alleles. This sequence ho-
mology usually reflects the fact that these group-
specifically amplified alleles belong to the same sero-
logically defined group. Thus, the term ‘group specific’
normally indicates a PCR amplification that is, with re-
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gard to specificity, related to the serological variability
of a locus, e.g. specific for all alleles having the sero-
logical phenotype HLA-A1 or HLA-A2. At least one of
the primers used in group-specific PCR is located on a
sequence motif that is present only in a limited number
of alleles.

The group-specific amplification strategy is one of
the most important approaches to defining the cis/trans
linkage of sequence motifs. If the technique used for
PCR amplification is capable of amplifying the alleles
of a HLA locus according to the serological variability,
then the alleles of all serologically heterozygous indi-
viduals can be amplified separately. This way of ampli-
fication is therefore often called an allele- or haplotype-
specific PCR. However, the term ‘allele-specific’
should be reserved for those PCR amplifications that al-
low an allele assignment just from the information de-
livered by the presence or absence of a PCR fragment.

A group-specific PCR amplification is not in all
cases haplotype-specific. In those individuals who are
heterozygous for different alleles belonging to the same
amplification group, the PCR leads to the amplification
of both alleles simultaneously, a situation which is sim-
ilar to the generic PCR. However, due to the close se-
quence homologies, the quantitative relationship be-
tween the amplified fragments of the different alleles is
usually more homogeneous than in a generic PCR, fa-
cilitating the post-PCR specificity steps. In addition,
these closely related alleles sometimes differ only at a
single nucleotide, which allows the definition of the cis/
trans linkage even without haplotype-specific PCR.

Thus, the principle of modern DNA-based HLA-typ-
ing methods is the haplotype-specific PCR amplifica-
tion of the polymorphic exons of the HLA genes,
followed by postamplification specificity steps deter-
mining the hypervariable regions for allele assignment.

PCR-based approaches to HLA typing

In the course of the development of PCR-based meth-
ods for HLA typing, a large variety of techniques has
been described, which mainly differ in their postampli-
fication specificity strategy for determining the indi-
vidual sequence of the amplified fragment. The techni-
ques used to analyse the amplified fragments include
the restriction fragment length polymorphism (PCR-
RFLP) [11], the single-strand conformation polymor-
phism (PCR-SSCP) [12], the heteroduplex formation
(PCR-HDF) [13], the use of sequence-specific oligo-
nucleotide probing (PCR-SSOP) [14], the use of se-
quence-specific priming (PCR-SSP) [15], and the deter-
mination of the nucleotide sequence of the PCR-
amplified DNA by sequencing-based typing (PCR-
SBT) [16—18]. In the course of the 11th International
Histocompatibility Workshop IHWC), the PCR-SSOP
method for HLA class II genes had been standardised,
which allowed the introduction of PCR-based typing
methods to histocompatibility laboratories worldwide
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[19]. The routine use of PCR-based techniques in many
laboratories all over the world has brought deep insights
into the variability of HLA genes, which emerged to be
much more variable than could have been expected
from the conventional typing methods. This increasing
diversity has complicated more and more the PCR-
based typing methods, so that in the course of the last
years, only three methods (PCR-SSOP, PCR-SSP, and
PCR-SBT) have survived and are mainly used for HLA
typing on the nucleotide level.

Sequencing-based typing

Sequencing gives the most reliable and accurate infor-
mation of the DNA sequence of a gene and is therefore
of particular interest for the determination of the full
extent and complexity of the HLA polymorphism. In
contrast to other PCR-based typing approaches, se-
quencing is not limited to the detection of known se-
quence polymorphisms in the hypervariable regions.
This may also apply to conformation analysing methods
(single-strand conformation polymorphism and hetero-
duplex analysis) [20, 21]. However, the PCR design for
these techniques is rather complicated and they neither
provide 100 % sensitivity, nor reveal the nature of the
variabilities in terms of the DNA sequence. Moreover,
depending on the methodical set-up, sequencing may
offer the possibility of defining the cis/trans linkage of
sequence motifs.

Sequencing for HLA-typing purposes does not usu-
ally require the consideration of the complete gene, but
is restricted to those parts of the genes displaying the
polymorphic sites, i.e. exon 2 in HLA classII and
exons 2 and 3 in HLA class genes (Figs2 and 3).
Therefore, the method of sequencing exclusively the
typing-relevant regions as a post-PCR specificity step
has been designated sequencing-based typing (PCR-
SBT).

Over the last years, sequencing-based typing of HLA
genes has progressed considerably, allowing the imple-
mentation of PCR-SBT for routine HLA typing.
Although all sequencing proposals are based on the
dideoxynucleotide chain termination technique of enzy-
matically synthesised DNA fragments, first described
by Sanger etal. [22], the term PCR-SBT initially
covered a very heterogeneous field of methodical ap-
proaches with respect to the starting material, the am-
plification strategies, the template preparation, and the
sequencing chemistry [16—18, 23-25]. Currently, much
of this heterogeneity has now been overcome, and mod-
ern sequencing is based on direct sequencing of PCR
products from genomic DNA with the help of fluores-
cent-labelling methods using dye terminator cycle se-
quencing chemistry with specialised DNA polymerases
and automated capillary sequencers [26].

Among the PCR-based HLA-typing methods, PCR-
SBT requires the most expensive equipment. This is
due to the fact that sequencing for clinical purposes can
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Transcribed region Size (bp) Non-coding regions Size (bp) Amino acid position
(mRNA)
5'UT 23 Promoter 200
Exon 1 73 Intron 1 130 24 - -1
Exon 2 270 Intron 2 241 1 - 90
Exon 3 276 Intron 3 601 91 - 182
Exon 4 276 Intron 4 97 183 - 274
Exon 5 117 Intron 5 438 275 - 313
Exon 6 33 Intron 6 140 314 - 324
Exon 7 48 Intron 7 169 325 - 340
Exon 8 5 341
3'uT 405
Total size 1.5 kb 2.0 kb 341 AA
[ Total size of the gene | 3.5kb [ |
| Total size of the polypeptide | [ 341 AA |

Figure2 Structure of HLA class | genes. The polymorphism is nearly exclusively restricted to exons 2 and 3. a.1-a.3, o.1-03 do-
mains; CP, cytoplasmic part; FR, flanking region; UT, untranslated region; E, exon; |, intron; SP, signal peptide; TM, transmem-

brane part.

only be done reasonably with the help of an automated
sequencer. On the other hand, sequencing offers several
advantages over other methods (Table 1): (i) sequencing
gives the most accurate information because it provides
not only the nucleotide sequence but also has the high-
est potential for defining the cis-linkage of sequence
motifs, (ii) sequencing has a very high potential for
miniaturisation, and (iii) sequencing has a very high po-
tential for automation. In contrast to all other PCR-
based HLA-typing methods, sequencing is the only
method capable of fulfilling all HLA-typing require-
ments without the need of any additional typing meth-
od. This applies to low- (2-digits) as well as to high-
resolution (4-digits) typing, and to low- as well as to
high-throughput formats, making sequencing equally
attractive to small, intermediate, and large laboratories.

Amplification strategies in PCR-SBT

PCR amplification of polymorphic systems for direct
sequencing can be performed gene or haplotype specif-
ic. The latter approach has two distinct advantages.
First, the cis/trans linkage of sequence motifs can be de-
fined and, second, problems related to preferential am-
plification of one haplotype are avoided. In contrast,
PCR-SBT, after generic PCR amplification, is unable to
define the cis/trans linkage of sequence motifs, which
means, for typing uses, it is similar to oligotyping. The
rapidly growing number of newly identified alleles con-
firms that new alleles arise mainly from gene conver-
sion events that take place between different alleles of
the same locus. Newly identified alleles are not charac-
terised by new sequence motifs, but rather by new com-
binations of already existing sequence motifs. The con-
clusion from this observation is that the possible
number of alleles at each locus is the theoretical num-
ber of all recombinations of known sequence motifs.
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5'UT 62 Promoter >200
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Exon 2 270 Intron 2 2250 -2740 S - 94
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Exon 4 111 Intron 4 470 189 - 225

Exon S 24 Intron 5 300 - 840 226 - 233

Exon 6 14 234 - 238

3'UT >365

Total size 12 kb 124—135Kb 238 AA

[ Total size of the gene | 13.6 - 14.7kb [ |
[ Total size of the polypeptide | [ 238 AA |

Figure3 Structure of HLA class Il DRB genes. The polymorphism is nearly exclusively restricted to exon 2. 31, B2, f1 and 2
domains; CP, cytoplasmatic part; FR, flanking region; UT, untranslated region; E, exon; I, intron; SP, signal peptide; TM, trans-

membrane part.

This suggests that, although many of these theoretically
possible alleles will probably be subject to negative se-
lection, the number of as yet unidentified alleles is
enormous. If the cis/trans linkage of the analysed poly-
morphic regions is not defined, then some new alleles
may be mistyped as a heterozygous combination of
known alleles.

This has consequences with respect to SBT stra-
tegies, i.e. an unambiguous typing result of SBT after
generic PCR amplification is only unambiguous with
regard to the presently known HLA database. However,
as more and more new alleles will be detected and de-
fined in the course of the next few years, the unam-
biguous result obtained today can become ambiguous
in the future. Such tendencies were observed, in the
past, with PCR-based HLA-DRBI typing, and are
likely to reoccur with PCR-based class 1 typing. To
support the above, unambiguous typing results only
remain unambiguous if the cis/trans linkage is defined.
Since these results will remain unambiguous regardless
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of an ever-growing HLA sequence database, this typing
strategy is of great importance with regard to clinical
PCR typing.

If generic amplification is used and both alleles are
amplified simultaneously, it often occurs that one allele
is amplified more efficiently than the other [27-29].
This problem of preferential amplification can lead to
an allelic drop out during the sequencing reaction, lead-
ing to problems such as overlooking one haplotype or
falsely assigning homozygosity.

The currently available PCR-SBT systems (Abbott
Laboratories, Abbott Park, IL, USA; Forensic Analyti-
cal, Hayward, CA, USA; Protrans, Ketsch, Germany)
differ mainly with regard to their amplification strat-
egies. The most advanced product line for HLA se-
quencing is presently offered by Protrans, covering
gene-specific approaches for complete HLA genes up
to group-specific approaches for each HLA gene using
4, 8 or 16 group-specific primer mixes for maximal cis-
linkage definition.



R. Blasczyk: Diagnostic Sequencing — Conception, Application and Automation

Table1 Differences between the major PCR-based typing methods

PCR-SSOP
Complete exon sequences =
Definition of cis-linkages -
Automation +
Miniaturisation +

PCR-SSP PCR-SBT PCR-SBT
gene specific group specific
- + ++
+ = ++
= + ++
++ ++ ++

SBT = sequencing-based typing, SSOP = sequence specific oligonucleotide probing, SSP = sequence specific priming

Detection of PCR amplification

All approaches working with gene-specific amplifica-
tion do not require the application of a PCR product de-
tection method, as the PCR should always be positive.
All other approaches working with several group-spe-
cific primer mixes in parallel do require the application
of a PCR product detection method. Only when group-
specific primer mixes are selectively used based on an
already existing low-resolution typing PCR product
detection can be left out.

Usually the presence or absence of PCR products is
proven by an agarose gel-based read-out. When for ex-
ample eight group-specific primer mixes are used for
HLA-DRBI1 sequencing, 96 PCRs have to be checked
for 12 DNAs to be sequenced. With the help of micro-
plate-compatible gels and 8-channel pipettors, a reason-
able throughput is achievable. One has to keep in mind
that the time-consuming necessity of PCR product de-
tection in group-specific amplification approaches is
later compensated by the considerably facilitated allele
assignment and by the almost completely abrogated
ambiguities after sequencing.

However, the requirement of agarose gel-based read-
out prevents the implementation of a high-throughput
of samples, thus creating the demand for alternatives, in
particular when complete automation is desired. An al-
ternative way of PCR product detection is achieved by
fluorescence-based read-out using the 5’ nuclease tech-
nology. This has been evaluated for sequence-specific
primed PCR [30, 31] and is currently adapted to the
group-specific amplification approaches in PCR-SBT.
As soon as this will be available, the complete process
of sequencing from DNA isolation to allele assignment
will be automatable.

Sequencing chemistries and sequencing instruments

For automated Sanger-sequencing, different methods
were available, which in turn varied significantly with
respect to the effort required to carry them out and the
accuracy of the results obtained. Only a few years ago,
the dye primer technique, using fluorescent-labelled
primers and sequenase as a sequencing enzyme, gave
the highest reliability for the detection of heterozygous
positions [27, 28]. With the availability of the new en-
zymes AmpliTag™ FS (Applied Biosystems, Foster

City, CA, USA) or Thermo Sequenase™ (Amersham
Bioscience, Freiburg, Germany), almost identical re-
sults were obtained with less effort (cycle sequencing)
[17]. With the development of terminators with differ-
ent fluorescent labels (dye terminator technique) and
the use of one-lane sequencers, the workload was re-
duced further [32]. In particular, the recent develop-
ments of modern dye terminators and of multicapillary
sequencers with 4-384 capillaries (Amersham Bio-
science, Applied Biosystems, Beckman Coulter, Allen-
dale, NJ, USA) have made sequencing at the same time
simple and robust, making it attractive for clinical labo-
ratories and thus bringing automation of sequencing
closer to reality.

The currently available PCR-SBT systems for HLA
typing (Abbott Laboratories, Forensic Analytical, Pro-
trans) are exclusively working with modern dye termi-
nator cycle sequencing chemistry and can be run on
most (Abbott Laboratories, Forensic Analytical), pos-
sibly all (Protrans) capillary sequencing instruments
currently available.

The number of sequencing reactions to be carried out
per sample is identical in gene- and group-specific am-
plification approaches. In all gene-specific approaches,
both alleles are sequenced simultaneously, which re-
quires the reliable detection of heterozygous positions.
Here, very often peak shifts can be observed [33], mim-
icking insertions and making it difficult to accurately
assign heterozygous positions. In order to overcome
this problem, sequencing in both orientations has to be
performed to compensate for the deficiencies that may
have occurred in each direction. In hemizygote se-
quencing after PCR-based separation of the alleles,
peak shifts do not occur, therefore sequencing need
only be carried out in a single direction. Thus, the ne-
cessity of sequencing both haplotypes separately after
group-specific PCR is compensated by not needing to
sequence in both orientations.

Database and allele assignment

The nucleotide sequences of HLA alleles are accessible
via public nucleotide sequence databases such as
GenBank (http://www.ncbi.nlm.nih.gov/Web/Search/in-
dex.html), EMBL (European Molecular Biology Labo-
ratory; http://www.embl-heidelberg.de) or DDJB (DNA
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Data Bank of Japan; http://www.ddbj.nig.ac.jp), which
offer their services via the World Wide Web. The WHO
Nomenclature Committee reports and updates for fac-
tors of the HLA system list the database accession num-
bers for each specificity, so that their sequence can
easily be retrieved from the servers. The most relevant
alignment of HLA sequences is available through the
gopher of the ‘HLA Informatics Group’ (http://www.
anthonynolan.com/HIG/index.html). The sequences on
this server are compiled by experts in the field, are
available as static alignments or via interactive tools,
are updated quarterly and are accessible to everybody
free of charge.

The most important bottleneck of applying sequen-
cing for diagnostic purposes was the final allele assign-
ment due to the lack of convenient bioinformatics. For
clinical laboratories performing HLA sequencing, allele
assignment can be done reasonably only with the help
of specialised software. Currently, two software pack-
ages are available for automated allele assignment
(Matchmaker, Abbott Laboratories; Sequence Pilot,
Protrans). Both Matchmaker and Sequence Pilot work
with the sequence database provided by the HLA Infor-
matics Group, and both companies offer regular updates
of their sequence databases according to the quarterly
updates provided by the HLA Informatics Group. For
clinical laboratories with high sample throughput, Se-
quence Pilot offers advantageous features with regard
to heterozygous detection, sample management, inter-
face to laboratory information systems, client-server ap-
plications and integration in automated applications.

Ambiguities

The introduction of molecular typing methods for HLA
around 1990 has led to the elucidation of a continuously
increasing number of alleles. The recent release of the
International Immunogenetics Project IMGT)/HLA Se-
quence Database (July 2003) currently lists 1699 allele
sequences (Table 2). The allelic variability of HLA
class I genes is primarily located in exons 2 and 3, that
of HLA class II genes in exon 2. Molecular typing tech-
niques must at least take into account the polymorphic
sites of these exons. However, the large number of al-
leles and the polymorphisms outside the above-men-
tioned exons has led to an increasing number of ambi-
guities in all PCR-based typing techniques, including
sequencing. The database-related ambiguities are listed
under http://www.ebi.ac.uk/imgt/hla/ambig.html and
are updated with each new release of the database. The
document includes a list of all alleles that are identical
over exons 2 and 3 for HLA class I and exon 2 for HLA
class II; in addition, all ambiguous results obtained
when both alleles of a locus are analysed simultane-
ously are included.

The ambiguities in sequencing-based typing have
two reasons. (a) The probably less important reason is
the diversity located outside the region sequenced, if 2
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Table2 Number of alleles per locus as recognised by the
WHO Nomenclature Committee for factors of the HLA
system (www.anthonynolan.com/HIG/index.html; release
2.2.0, July 2003)

Locus Number of alleles
HLA-A 282

HLA-B 540

HLA-C 136

HLA-DRA 3

HLA-DRB 418

HLA-DQA1 24

HLA-DQB1 53

HLA-DPA1 20

HLA-DPB1 103

alleles have identical sequences over this region. These
ambiguities may be solved by extending the sequenced
region, but from a clinical point of view, these polymor-
phisms outside the functionally relevant exons are prob-
ably less important. (b) The major reason for ambi-
guities is the heterozygous nature of most sequencing
approaches, which leaves the cis linkage of sequence
motifs undefined due to simultaneous sequencing of
both alleles. Over 90 % of the ambiguities are caused
by undefined cis linkages and can be solved exclusively
by separating the alleles. Moreover, today’s unam-
biguous typing results obtained after simultaneous se-
quencing of both alleles may be an ambiguous result of
tomorrow. This is due to the increasing number of al-
leles, which denotes the requirement to include the date
of the sequence database used in the HLA-typing result
reports. As the sequence database will continuously in-
crease, it can be expected that unambiguous allele iden-
tifications will soon only be obtained by methods ap-
plying allele-separating sequencing strategies.

Thus, when simultaneous sequencing after gene-spe-
cific PCR is chosen in clinical laboratories for HLA-
typing purposes, additional methods, in particular se-
quence-specific primed PCR, are required to sort out
ambiguities. When sequencing shall be established as
the only method for HLA typing, the group-specific ap-
proaches must be used. However, if sequencing is used
as the sole typing technique, it might be reasonable to
use gene-specific amplification, i.e. simultaneous se-
quencing of both alleles, for 2-digit typing additionaly.
This 2-digit sequencing is the most important indication
for gene-specific amplification approaches in sequen-
cing-based typing.

Automation

Among the molecular typing techniques available, se-
quencing has the highest potential for being automated.
For each step of sample processing, including DNA iso-
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lation, PCR set-up, PCR product purification, sequen-
cing set-up, sequencing reaction purification, electro-
phoresis and allele assignment, automated solutions
have been developed. The growing number of known
HLA alleles requires a cis-linkage assessment of se-
quence motifs in order to get unambiguous typing re-
sults. This is best done by multiple PCRs in a sequence-
specific primed amplification format with subsequent
sequencing of selected amplicons. Besides the soft-
ware-based final allele assignment, these are the
greatest challenges in automating sequencing based on
PCR and sequencing set-up robots. This has been
achieved by establishing flexible pipetting workstations
equipped with a 4—8 channel pipettor for sample prepa-
ration and a 96-channel pipettor for high-throughput
sample distribution.

To lead the user through the different steps of se-
quencing and to integrate the robotic platforms, a bio-
informatic tool — Sequence Assistant (Protrans) — has
been developed. Sequence Assistant controls the com-
plete sample management following DNA isolation.
After assigning the processing profile to each DNA, the
software generates pipetting schemes, which can be
used for manual processing or which can be transferred
as a worktable to the PCR set-up robot. Following PCR,
the agarose gel-based or fluorescence-based read-outs
of the multiple primer mixes run in parallel are then fur-
ther processed by the software, which generates workt-
ables for further manual or robotic processing. The
electronic worktable is transferred to the sequencing
set-up robot, which then selectively picks the PCR
products for sequencing. This robot performs all steps
following the PCR reactions, including PCR product
purification, pipetting, running and clean-up of the se-
quencing reactions. The ready to run sequencing reac-
tions are simply transferred to the sequencer, which per-
forms electrophoretic separation according to the plate
record provided by Sequence Assistant. Thus, sequen-
cing can be carried out manually, fully automatically, or
at any level of automation depending on the labora-
tory’s individual requirements.

Taken together, the complete process of allele sepa-
rating sequencing can be subjected to automation. In-
deed, this also applies to gene-specific approaches.
However, the multiple ambiguities obtained after simul-
taneous analysis of both alleles prevent reasonable
automation, as resolving these ambiguities requires ex-
tensive manual intervention.

Clinical applications, 2-digit and 4-digit
typing

HLA typing by means of molecular techniques should
be done whenever the HLA type of an individual is
needed. Reasons for tissue typing include matching for
solid-organ and bone-marrow transplantation, trans-
fusion of platelets, disease association, forensic and
anthropological studies, and studies of T-cell-mediated

immunity. The need for HLA matching of donor and re-
cipient for solid-organ and stem-cell transplantation has
mainly driven the requirement for identification of spe-
cificities in the HLA system. In clinical circumstances,
HLA typing is primarily essential for transplantation
and transfusion purposes [34-38]. Depending on the
clinical demand — transfusion, solid-organ or stem-cell
transplantation — different levels of resolution are re-
quired. In solid-organ transplantation and platelet trans-
fusion, HLA typing is generally restricted to the ser-
ology equivalent or 2-digit level of resolution.

In allogeneic stem-cell transplantation, a high-resolu-
tion typing on the allelic or 4-digit level is required at
least for HLA-DRBI1 [37, 38]. Though high-resolution
typing of DRBI1 has been done in most cases by PCR-
SSOP and PCR-SSP, the rapidly growing number of
known alleles and the continuous methodical advance-
ments have made this a domain of PCR-SBT. Even
though the importance of individual basepair mis-
matches of HLA class I alleles for the clinical outcome
has yet to be established and is still a matter of discus-
sion, PCR-SBT may become the method of choice also
for routine high-resolution HLA class I typing.

It is noteworthy that sequencing is mostly considered
to be a high-resolution or 4-digit HLA-typing method.
However, in view of the expanding HLA database, also
low-resolution or 2-digit typing requires the considera-
tion of more and more sequence information. Together
with the improvements of convenience and quality in
automated sequencing, PCR-SBT is also the best choice
for 2-digit typing. Except for tissue-typing of cadaver
donors, which demands PCR-SSP due to time con-
straints, sequencing should always be considered if the
HLA type of an individual is needed, independent of
the level of resolution required.
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