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Does NGS typing highlight our understanding of HLA population diversity?
Some good reasons to say yes and a few to say be careful
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A B S T R A C T

This paper discusses the advantages provided by next generation sequencing (NGS) compared to traditional
typings or limited sequencing strategies for the characterization of HLA population diversity based on four
documented examples. We also comment the limitations of this approach by highlighting pitfalls in interpreting
NGS data.

1. Introduction

The fundamental role played by the HLA molecules both in our
natural immunity and in clinical transplantation drives the researchers
in immunogenetics and histocompatibility to constantly improve their
sequencing facilities for characterizing the HLA molecular diversity of
their samples. Several next-generation sequencing (NGS) technologies
with competing achievements and costs are currently proposed [1–3],
but a very precise HLA genotyping still remains particularly challenging
due to the never-ending identification of new HLA alleles (their last
census summing up to 18,995 according to IMGT/HLA release 3.33 in
July 2018), the complexity of their molecular variation which targets
different coding and non-coding regions (exons, introns and UTRs) and
their huge diversity observed both within and among different human
populations [4–6]. In this context, ambitious DNA sequencing projects
such as 1000 Genomes [7] have not yet constituted high-coverage se-
quencing HLA databases that could be used as references in population
and evolutionary genetics research, although important efforts are
being done at the international level [8–10]. Still, precise HLA se-
quencing is expected to bring relevant information on human genetic
variation compared to traditional typings [11] although we should be
careful not to over-emphasize its potential achievements. In this
manuscript, we would like to clarify to what extent NGS typing high-
lights our understanding of HLA population diversity first by presenting
four examples where our research group and co-workers successfully
used NGS data (as presented at the 17th International HLA and Im-
munogenetics Workshop held in Asilomar (USA), 6–10 September

2017, Symposium #S1c: JMN & ASM Population genetics of HLA: in the
era of NGS) and then by discussing some pitfalls of interpreting im-
petuously NGS results.

2. Four advantages of using NGS to assess HLA population diversity

1. Increased potential for the identification of HLA alleles associated to
diseases

It is widely admitted that genetic variation occurring within the
HLA region may be associated to susceptibility or resistance to auto-
immune and infectious diseases [12,13]. Recently, we investigated the
assumed protective effect [14] of allele HLA-B*53 to Plasmodium falci-
parum malaria at the population level by testing this association in
populations located in both malaria endemic and non-endemic areas in
Africa [15]. The first step of this study was to use a very large set of 40
African populations genotyped for the HLA-A and -B loci at the 1st field
level of resolution in a linear modelling approach taking into account
several genetic, geographic and environmental parameters, among
which P. falciparum prevalence data provided by the Malaria Atlas
project [16]. The results confirmed a highly significant association of
allele B*53 with malaria prevalence, but also of alleles B*78 and A*74.
In a second step, we used a NGS methodology to retype all B*53, B*78
and A*74 individuals for which DNA was available to us. In all B*53-
positive individuals (N=55), this allele was identified almost ex-
clusively as B*53:01:01 (homozygous in 3 samples), the only exception
being one rare B*53:19 allele found in a small semi-nomadic population
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(the Rashaayda) living in a non-endemic area of the Sahel Belt in
Sudan. By NGS typing locus HLA-C in the 55 positive individuals, we
also found that 34 of them (62%) carried the HLA-C*04:01:01:01 allele,
strongly suggesting that the haplotype B*53:01:01∼C*04:01:01:01
(homozygous in one sample) was associated to P. falciparum resistance
in Africa. Moreover, all B*78-positive individuals were B*78:01:01,
indicating that this allele was also a candidate to malaria protection.
Interestingly, peculiar allotypes showing functional similarities to HLA-
B*53 and -B*78 have recently been observed in pygmy chimpanzees
(bonobos) which are almost not affected by malaria parasites despite
living in a highly endemic area [17]. In contrast to B*53 and B*78, the
NGS-retyped A*74 alleles were found to be an amalgamation of two
different subtypes (A*74:01 and A*74:03) that share a functional affi-
nity with another HLA-A allele, A*33:01, which was proposed as a
susceptibility, rather than a protective factor to a severe form of ma-
laria. In addition, the frequency of A*74 was also correlated (therefore
in a confounding way with malaria prevalence) with a geographic
parameter (latitude). These latter results together contradicted the idea
that A*74 was also protective to this disease. In conclusion, this study is
a nice example where NGS typing added a real plus-value to a popula-
tion-based disease-association analysis by leading us not only to iden-
tify with precision two HLA-B alleles and one HLA-B∼C haplotype
putatively protective to malaria in Africa, but also by invalidating the
same hypothesis regarding one HLA-A allele that revealed preliminary
associations to malaria prevalence when typed with traditional tech-
niques. Other recent studies have also shown the great interest of NGS
to assess HLA associations to diseases through case-control analyses
(e.g. [18–22]). Clearly, the progress done in obtaining phased se-
quences as a result of clonal sequencing in NGS allows to substantially
reduce typing ambiguities compared to former sequencing techniques
such as Sanger and in turn, to improve statistical analyses by making
less assumptions and obtaining clear results for the putative associa-
tions of diseases’ prevalence with allele frequencies.

2. New ways of detecting demographic signatures on population var-
iation

Traditional HLA typings performed in hundreds of populations
worldwide and their resulting allele frequency distributions have been
most useful to describe HLA genetic variation within and across the
different continents and to confirm the major role of human migrations
in shaping the observed HLA genetic patterns [15,23–26]. In these
studies, however, only a limited part of the molecular information re-
lative to each population was taken into account, because HLA alleles
were defined nominally at either the 1st or the 2nd field level of re-
solution without considering their molecular differences in terms of
nucleotide substitutions. Now, HLA sequencing allows to use the
average number of nucleotide differences among pairs of sequences in a
given population, named the nucleotide diversity (π) in molecular po-
pulation genetics [27], as a very useful measure for detecting signatures
of demographic events and/or selective pressures, as those that affect
HLA genes on populations [see for example 28]. In a previous article
where we reviewed the relevance of HLA sequencing in population
genetics studies [11], we provided an example where the distributions
of the number of nucleotide differences between pairs of sequences at
the three HLA loci A, B and DRB1 (calculated by using the molecular
information of exons 2 and 3 stored in the IMGT/HLA database), named
mismatch distributions, were plotted for two populations that underwent
distinct demographic histories in the past, namely the Ami from Taiwan
(data from [29]) and the Uyghur from Central Asia (data from [30]).
The first population, which shows a very peculiar genetic profile
[31,32], is one of the 14 still living Taiwanese (Austronesian-speaking)
aboriginal tribes that diversified in the island after its colonization from
China by ancestral farmers about 5500 years before present [33] and
that mainly remained confined to isolated areas when Taiwan was
settled by European and Chinese people since the 17th Century. The

second population is a Turkic-speaking ethnic group that likely un-
derwent extensive gene flow from both European and Asian populations
[34,35]. Then, whereas the Uyghur exhibit a likely unimodal shape of
their mismatch distributions at the three loci, suggesting demographic
expansion, the Ami distributions are very irregular and reveal high
proportions of identical sequences likely due to the presence of many
homozygote individuals, reflecting population contraction. Although
natural selection may create confounding effects when interpreting
mismatch distributions based on coding regions, as is the case in this
example, the results described above were obtained on three HLA genes
that likely underwent similar selective pressures in two populations
that followed very distinct demographic histories, which clearly con-
firms that demographic signals are easily detectable when using precise
molecular information (i.e. DNA sequences) rather than nominal defi-
nitions for HLA alleles. However, as molecular variation is also found
outside exons 2 and 3 (which is illustrated in the next example given
below), a more detailed determination of nucleotide variation across
the entire HLA genes by using NGS technologies would allow refining
the results provided by this kind of approach. Indeed, the effects of
either demography or natural selection on HLA diversity patterns would
be easier to disentangle by comparing the nucleotide diversity of dif-
ferent coding regions to that of non-coding regions that would not be
direct targets of selection or that would be submitted to distinct kinds of
selective pressures. The generation of new NGS data for the huge set of
population samples that were already HLA-typed with traditional
techniques or limited sequencing strategies so far (e.g. data submitted
to the IHIWs) would thus clearly be an excellent strategy to improve our
knowledge on populations’ history, and we strongly encourage la-
boratories to follow this direction.

3. Powerful tool to decipher the evolutionary processes that shaped the
HLA diversity patterns

The greatest proportion of HLA molecular variation has been reported
by Hughes and co-workers to lie within the exons encoding the peptide-
binding region (or antigen recognition domain, hereafter ARD) of the HLA
molecules, i.e. exons 2 and 3, for class I, and exon 2, for class II genes
[36–38]. This is the reason why HLA typings have been predominantly
applied to these exons during several decades. However, the works pub-
lished by these authors more than 20 years ago used only a few samples that
are unable to cover the huge diversity of the HLA region described today
within and across different populations worldwide; as we have shown for
supertypes [39], using only a few samples rather than extensive population
data may yield substantially different results. The “high level of diversity of
the ARD”, which is widely recognized, therefore needs more evidence. To
our knowledge, the work that we recently performed to decipher the fine
nucleotide diversity across seven HLA genes in a well-documented popu-
lation from sub-Saharan Africa, the Mandenka from Eastern Senegal [40], is
among the first studies that compared the molecular diversity between
different HLA regions at the population level by using NGS sequencing. This
study first allowed us to observe a greater nucleotide diversity at the an-
tigen-recognition-site (ARS) codons of exons 2 and 3 (for class I genes) and
of exon 2 (for class II genes) compared to both the non-ARS codons and the
other exons, this variation being even more pronounced when considering
only non-synonymous (i.e. changing the amino-acid) substitutions. Al-
though limited to a single population, our work thus confirms the results of
Hughes and co-workers and supports the advantage of diversity for peptide
presentation. Interestingly, we also found pronounced differences (although
less noticeable at locus B) between HLA class I exons 2 and 3, the greatest
diversity lying at exon 3, but a lesser variability of both ARS and non-ARS
codons at HLA-C compared to HLA-A and –B. HLA-A exon 2 also appeared
as an outlier regarding several molecular diversity indexes, most particu-
larly Tajima’s D that compares two estimates of the population parameter Θ
to discriminate between the effects of, on one side, positive selection or
demographic expansion and, on the other side, balancing selection or de-
mographic contraction. In addition, the nucleotide diversity of exon 2
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differed markedly between the different HLA class II genes, being the
highest at DRB1 and DQB1, the lowest at DPB1 and DPA1 and intermediate
at DQA1 (DRA was not considered). Such contrasts between distinct HLA
class I and/or class II exons were tentatively attributed to different roles
played, in the immune process, by their corresponding domains on the HLA
molecules, i.e. a greater involvement of the α2 domain (coded by exon 3) of
HLA class I molecules in peptide presentation, as compared to the α1 do-
main (coded by exon 2); a minor role played by the α1 domain of HLA-A (as
compared to HLA-B) in peptide presentation and hence a more neutral
evolution for this region; a main role played by the α1 domain of HLA-C in
KIR interactions; and very distinct contributions of the β1 domain of diverse
HLA class II molecules (possibly targeted by dissimilar selective forces) to
peptide presentation. Finally, by comparing the DRB1 sequences found in
the Senegalese Mandenka to those of the IPD-IMGT/HLA database, we
could propose a plausible mechanism of gene conversion explaining the
emergence of DRB1*13:04 (which exhibits a high frequency of 28% in the
Mandenka) through an unidirectional transfer of genetic material from a
donor allele (DRB1*04:05:01 or *08:06 or *13:03:01) to the recipient allele
DRB1*11:02:01. This event would have been followed by a strong selective
sweep of haplotype DRB1*13:04∼DQA1*05:05:01∼DQB1*03:19 (in
highly significant linkage disequilibrium in the Mandenka) possibly due to a
protective effect to Onchocerca volvulus, the parasitic worm responsible for
Onchocerciasis, a widely spread and very deleterious infectious disease in
West Africa [41]. The analysis of HLA introns’ and UTRs’ variability in the
Mandenka as well as similar analyses of full-length HLA sequences in po-
pulations from other geographic areas are currently in progress. However,
the results obtained so far demonstrate that NGS analyses applied to HLA
data are most informative to understand the evolutionary processes that
shaped the HLA diversity patterns observed in humans.

4. Promising data to understand the mechanisms involved in the im-
mune process

Our last example comes from a study where we used both HLA class
I sequences to estimate the nucleotide diversity of 46 populations from
different continents and computer-based peptide-binding predictions to
estimate the possible immune potential of each of these populations
[42]. Our aim was to investigate more in depth the hypothesis of di-
vergent allele advantage that is often proposed to explain the high levels
of heterozygosity found at HLA genes [43–46]. This model suggests that
heterozygote individuals carrying molecularly divergent alleles (most
often implying divergent peptide-binding properties) would be more
protected to a large variety of pathogens than heterozygotes carrying
more similar alleles. Actually, we were puzzled by the fact that some
small isolated populations, like the Taiwanese Ami mentioned above
and many other native people from North and South America, Island
Southeast Asia, Australia and the Pacific often exhibited a reduced di-
versity at individual HLA genes [4]; was it not contradictory with the
idea that we need HLA diversity to be protected? Based on the two
categories of data mentioned above, we estimated two new parameters,
the relative increase of molecular distance (RIMD) and the relative gain
in peptide-binding coverage (RGPBC) aiming at summarizing the im-
mune potential of an individual. The idea is that a heterozygote would
exhibit an increasingly greater potential to bind peptides compared to a
homozygote if his/her HLA molecules showed either an increasingly
greater molecular distance or an increasingly greater peptide-binding
distance (both up to a maximum of 1) between its two alleles compared
to the homozygote where both distances would be zero. To consider
these measures at the population level, we averaged them on all in-
dividuals of each population sample. In addition, we estimated them
both at each individual locus A, B and C and on several loci at the same
time (AB, AC, BC and ABC). The results revealed contrasted values of
both indexes at single loci (with low values observed in small-sized and
isolated populations) but similar values of both of them in all popula-
tions when either the two loci A and B or the three loci A, B and C were
considered together (the lowest variance being observed in the latter

case). We thus proposed a model of joint divergent asymmetric selection
suggesting that all populations share a similar immune potential thanks
to the simultaneous involvement of the three loci A, B and C, in support
to the idea that multi-locus effects play an important role in the HLA
region [47].

This example shows that HLA sequence data may be highly in-
formative to understand the mechanisms involved in the immune pro-
cess. Now, to fully sketch and understand such a model of cooperation
between alleles of distinct loci, we need to extend the analyses beyond
the antigen recognition domain sequences, i.e. to other exons where
allelic variability is also frequently reported, but also to non-coding
regions that might be involved in regulatory mechanisms (e.g. gene
expression levels), and this is where NGS may provide essential in-
formation. Our ongoing research using NGS data is thus focusing on
nucleotide substitution patterns lying at both ARD and non-ARD re-
gions to examine whether the joint divergent asymmetric selection model
is only a feature of the ARD or is a general mechanism of selection
acting on HLA; NGS approaches thus give us fascinating perspectives
again.

3. Some pitfalls of interpreting blindly NGS data

One of the most extraordinary ability of humans is to build
knowledge in a cumulative way by assimilating former information
with new developments to go beyond present. The HLA world should
not deviate from this strategy, i.e. it should not make a clean sweep of
several decades of traditional technologies that generated thousands of
genotypes used in many research fields related to immunogenetics. The
examples described above show that several kinds of information – i.e.
“old” and “new” - can be combined to reach new objectives in popu-
lation and evolutionary genetics. Also, most of our knowledge re-
garding HLA diversity within the peptide-binding region has been ob-
tained before the development of high-throughput sequencing
strategies, which indicates that traditional or limited sequencing tech-
niques hold a great potential for histocompatibility as much as for re-
search focusing on the immune function. In addition, single nucleotide
variants (SNVs) representing crucial regulatory sites governing HLA
gene expression have been found [48] and are still to be discovered
outside the regions that are usually typed by traditional techniques, and
NGS has thus the immense power to widen our field-of-view in these
domains. We should thus consider that the different technologies still
play a complementary role in HLA research.

We also ought to keep in mind that even the most spectacular sci-
entific results are worthless if not reproducible. Therefore, besides the
complementarity of different typing techniques, the statistical power of
any approach has to be taken seriously. NGS has the capacity to reveal
very rapidly huge amounts of new alleles (e.g. [49–53] among others in
2018) because the level of resolution is considerably higher than the
2nd field. However, to accurately describe the genetic profile of a po-
pulation at such high resolution levels actually needs a simultaneous
increase of the sample size; otherwise several samples of equal size
drawn from the same population are expected to reveal distinct HLA
profiles that do not represent that of the studied population. We also
find essential to recall that rare alleles discovered by sampling just a
handful of people cannot be considered as unique or specific of the
studied population as long as typing large population samples at the
same resolution level has not been performed at a wide geographic
scale (note that this comment does not apply specifically to NGS stu-
dies). Finally, many if not most HLA alleles likely display a rapid
turnover which makes them appear and disappear by chance (genetic
drift) or through selective processes [54]. Therefore, albeit exciting and
informative to explore the mechanisms governing the evolution of the
HLA region, rare alleles may not be relevant to characterize and com-
pare populations.

NGS clearly brings new, highly relevant and original data but this
should not translate in ignoring other approaches that may still be used
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by small laboratories and that may provide satisfactory results for some
studies. An example that comes to mind is the catalogs of common and
well-documented alleles, mostly defined at the 2nd field level of re-
solution, that have been published by different teams [55–60]. Such
catalogues might become meaningless if extended at higher (e.g. NGS)
resolution levels because the probability of finding several copies of an
allele defined at the 3rd or 4th field level of resolution becomes dras-
tically low if the sample sizes are not appropriately increased: the best
(resolution) may be the enemy of the good. Of course, we can always
adjust the 3rd or 4th field levels to something less, and this should
actually be considered as a wise decision in order to prevent a mis-
interpretation of the results (in particular NGS allele frequencies) when
adequate statistical conditions (e.g. large sample sizes) are not fulfilled.
As mentioned by a reviewer of the present perspective, to whom we are
grateful, “if we have the information and we need it, we use it. If we do not
need it, we do not use it. But, if we do not have it then we cannot use it,
whether we need it or not. This is, basically, the idea of NGS; have more
information. If the effort, cost and time to have more information is not
prohibitive, then have it”. But just keep in mind that the interpretation of
NGS data has also its limitations in HLA population studies.
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