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ARTICLE INFO ABSTRACT
Keywords: A comprehensive knowledge of human leukocyte antigen (HLA) molecular variation worldwide is
HLA allele frequencies essential in human population genetics research and disease association studies and is also

HLA population genetics

indispensable for clinical applications such as allogeneic hematopoietic cell transplantation,
HLA workshops

where ensuring HLA compatibility between donors and recipients is paramount. Enormous

CWD catalogues . . . . .

HLA databases progress has been made in this field thanks to several decades of HLA population studies allowing

HLA biostatistical tools the development of helpful databases and bioinformatics tools. However, it is still difficult to
appraise the global HLA population diversity in a synthetic way. We thus introduce here a novel
approach, based on approximately 2000 data sets, to assess this complexity by providing a
fundamental synopsis of the most frequent HLA alleles observed in different regions of the world.
This new knowledge will be useful not only as a fundamental reference for basic research, but also
as an efficient guide for clinicians working in the field of transplantation.

1. Introduction - 30 years of HLA population studies: key achievements
1.1. The huge molecular diversity of the HLA genomic region

The Human Leukocyte Antigen (HLA) genomic region, comprising more than 140 coding genes on the short arm of chromosome 6,
is one of the most polymorphic regions of the human genome, with a particularly high density of single nucleotide polymorphisms
(SNPs) within the HLA genes [1]. The number of named HLA alleles according to the IPD-IMGT/HLA nomenclature is constantly
increasing and has reached up to 26,610 Class I and 11,398 Class II alleles in 2024 [IPD-IMGT/HLA Release 3.55-2024-01, 2]. Each
allele itself is made up of multiple SNPs, both synonymous and non-synonymous, and often multi-allelic, which can make them difficult
to analyse [3]. Differences between humans at the level of HLA proteins (2nd field of resolution) are key to understanding specific
immune responses to pathogens and adaptations to environmental stresses, explaining in great part the highly heterogeneous allele
frequencies observed in populations [4], as described later in this article. However, these differences are also central in clinical
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settings, such as allogeneic hematopoietic cell transplantation (HCT), where they can induce antibody-mediated responses and in-
crease the risk of graft-versus-host-disease (GVHD) in recipients of allogeneic transplants [5,6]. In addition, the 3rd and 4th field allelic
variation (corresponding to silent mutations within and outside the HLA coding regions, respectively), while providing essential in-
formation for evolutionary studies [7], are also thought to play a role in HCT outcomes [8,9] by potentially regulating HLA expression
levels [10,11]. Therefore, a thorough characterisation of HLA variation within and between populations is fundamental across several
fields related to immunogenetics.

1.2. Collective projects and useful resources in HLA population genetics

A comprehensive understanding of the distribution of HLA variation within and across global populations has been achieved thanks
to more than 30 years of HLA anthropological studies, much of which has been fostered by the International HLA and Immunogenetics
Workshops (IHIWs). The first Anthropology Component of the HLA Workshops was launched at the 11th ITHIW held in Yokohama,
Japan, in 1991, where Imanishi’s papers [12,13] became the first key references for populations’ HLA frequencies and genetic re-
lationships of populations worldwide. In 1996, the Anthropology Component of the 12th IHIW held in St-Malo (France) devoted a
special attention to HLA diversity in African populations [14] under the leadership of Julia Bodmer [15]. The joint report of the
Anthropology Component of the 13th IHIW held in Seattle (USA) in 2002 was presented in several complementary chapters providing

Table 1
Main resources related to HLA variation in populations.

Name & Reference(s) Specificity Strengths Weaknesses

DATABASES

Silver & Bronze Standard datasets
(~60 % of the data) do not fulfil
the 3 minimal criteria of quality;

Allelefrequencies.net
(Gonzalez-Galarza et al.,
2021 [4])

AFND repository of allele frequencies,
mostly for HLA data.

Big quantity of data sets;

Gold Standard datasets fulfil 3 minimal
criteria of quality: 1) sums of allele
frequencies = 1 + 0.015 or +0.05; 2) HWE not required for data
sample sizes >50 individuals; 3) HLA inclusion;

alleles defined at least at the 2nd-field - Heterogeneous data quality.
level of resolution.

DATABASES AND STATISTICAL TOOLS

hla-net.eu

Thla-net.eu (Nunes et al.,
2014 [21]; Nunes 2016
[31]; https://hla-net.eu/
ihlanet)

PyPop 1.0.0 (Solberg et al.,
2008 [17]; Lancaster
et al., 2024 [29])

PGG.MHC (Zhao et al., 2023
[321)

Gene[VA] repository of HLA

genotypic, allelic and haplotypic data

from consecutive IHIWS;

- Statistical tools for HLA data analysis:

allele & haplotype frequency

estimation, tests for HWE, LD &

selective neutrality;

Tools for population comparisons:

genetic distances & MDS.

Repository of HLA allele frequencies

Statistical tools for HLA data analysis:

allele & haplotype frequency

estimation, tests for HWE, LD &

selective neutrality.

- Repository of HLA allele frequencies
in worldwide populations

- Tools for HLA imputation and case/

control analyses

Validated allele frequencies recomputed
from genotype data using uniform
statistical tools;

HWE and convergence of EM frequency
estimation taken as quality criteria for
data inclusion;

User-friendly statistical tools for HLA
data analysis, providing publishable
tables, graphs & maps.

HLA allele frequency maps

Useful statistical tools for HLA data
analysis.

Useful data visualization tools (allele
population prevalence at 3 geographic
levels, population haplotype structures)

Moderate quantity of available
datasets due to data quality
filtering.

Only 2nd-field level alleles re-
ported in maps

- Vast majority of data for Chinese
and other East Asian populations

- Very low sample sizes for other
populations

CATALOGUES OF COMMON (, INTERMEDIATE) AND WELL-DOCUMENTED ALLELES (CWD, CIWD)

ASHI CWD 2.0.0 (Mack et al.,
2013 [30])

EFI CWD 1.0 (Sanchez-Mazas
et al., 2017 [23])

DKMS CWD (Eberhard et al.,
2018 [26])

CMDP CWD (He et al., 2018
[271)

CIWD 3.0.0 (Hurley et al.,
2020 [28])

CWD alleles detected at 9 loci (A, B, C,
DRB1, DRB3/4/5, DQA1, DQBI1, DPA1,
DPB1) in 6 geographic regions
(Australia, Brazil, China, France,
Netherlands, USA).

CWD alleles detected at 7 loci (A, B, C,
DRB1, DQA1, DQB1, DPB1) in Europe
and 5 European sub-regions.

CWD alleles detected at 6 loci (A, B, C,
DRB1, DQB1, DPB1) in the German
population.

CWD alleles detected at 5 loci (A, B, C,
DRB1, DQB1) in the Chinese population.
CIWD alleles detected at 7 loci (A, B, C,
DRB1, DRB3/4/5, DQB1, DPB1) in 7
population groups (US classifications).

Dataset of 139,961 SBT observations

Large dataset of 21,571-3,966,984
individuals based on 3 repositories: GENE
[VA], DKMS and AFND;

Large dataset of 5,104,477 individuals
from 26 German HSC donor centers

Dataset of 3296 individuals

Large dataset of 8,077,802 individuals
from 20 donor registries

Vast majority of data (99 %) come
from the USA (84 %) and China
(15 %)

Only 2nd-field level alleles
reported

Only 2nd-field level alleles
reported

Only 2nd-field level alleles
reported

- Vast majority of data from
individuals of European descent
(>70 %), Asian/Pacific (>9 %) and
unknown/multiple (>9 %) ancestry



https://hla-net.eu/ihlanet
https://hla-net.eu/ihlanet

A. Sanchez-Mazas and J.M. Nunes Best Practice & Research Clinical Haematology 37 (2024) 101559

methods as well as a substantial set of analyses based on high-resolution DNA-based genotyping of 95 populations worldwide [16].
Data from both the 12th and 13th IHIWs were further included in a key article on HLA population genetics [17], still highly cited today.
The 14th THIW held in Melbourne (Australia) in 2005 [18], and the 15th IHIW held in Buzios (Brazil) in 2008 [19], substantially
increased the datasets of HLA-typed populations and stimulated the implementation of two major initiatives, allelefrequencies.net
[20] and https://hla-net.eu [21]. The first aimed to create and maintain a public database of HLA allele frequency data collected
from published papers, while the second was the main outcome of a COST Action (https://www.cost.eu/actions/BM0803/), which
worked for 4 years (2009-2013) to develop a bioinformatics platform providing useful tools and guidelines for handling and analysing
HLA population data in different disciplines involved in HLA research [19,22]. The implementation of hla-net.eu also led to the creation
of a Population Genetics Working Group within the EFI Scientific Committee in 2014, whose first achievement was the publication of a
European catalogue of Common and Well-Documented (CWD) HLA alleles [23]. The 16th IHIW held in Liverpool (UK) in 2012 [24]
was key to the completion and release of the hla-net.eu platform, which is now widely used to estimate basic statistics for HLA pop-
ulation genetics studies. The 17th IHIW held in Asilomar (USA) in 2017 focused on HLA Next-Generation Sequencing (NGS) [25],
which encouraged many laboratories to adopt NGS devices and (re)type population samples at very high resolution. A significant
amount of such data was analysed by the Population Genetics, Anthropology and Evolution (PGAE) Component of the 18th IHIW held in
Noordwijkerhout (The Netherlands) in 2022, where the new ihla-net tool was achieved to handle large amounts of highly complex HLA
data (https://hla-net.eu/ihlanet). All these efforts have resulted in the creation and maintenance of large HLA population data re-
positories, CWD/CIWD catalogues and bioinformatics and data analysis tools [4,21,23,26-33], which have helped to better under-
stand how populations differ from each other for each HLA gene and whether such differences diverge from those observed for other
parts of the genome. These resources are presented with some additional comments in Table 1.

1.3. HLA population differentiations at different loci: what we have learned

As a result of significant advances in population genetic analyses focusing both on specific genomic regions or on genome-wide
data, our scientific understanding supports the assertion that the observed molecular diversity between human populations is pre-
dominantly shaped by geographic factors [34]. Allele frequencies tend to vary continuously from sub-Saharan Africa to North Africa,
the Middle-East and Europe, then to Northeast Asia and the Americas across the Bering Strait on one side, and to Southeast Asia and
Oceania across the Pacific on the other side, with Northeast and Southeast Asian populations also becoming genetically distinct from
each other along continuous clines maintained by gene flow [35]. Overall, this global pattern suggests greater genetic relatedness
between geographically closer populations, consistent with the expansion of our species Homo sapiens around the world (either by one
or two main waves [36]) from a common origin that the fossil record places in Africa [37,38]. In addition, some extended
eco-environmental barriers, such as the Sahara Desert, create zones of sharper genetic change by limiting population migration,
explaining, for example, why North Africans are, on average, genetically closer to Europeans than to sub-Saharan Africans [39].
Similarly, indigenous populations from the Americas and Oceania often have distinctive genetic profiles due to strong historical
bottlenecks [40] that led to geographic isolation and small effective population sizes, two factors that are known to accelerate genetic
drift. In addition, cultural boundaries have a significant influence on human relationships, sometimes generating extensive genetic
variation between neighbouring populations that speak different languages [41] and/or follow different lifestyles [42].

Demographic processes thus have a major impact on human molecular variation, and similar conclusions have been drawn from
analyses of HLA genes at both global and continental scales [17,43-51]. However, these mechanisms are not the only source of genetic
differentiation observed worldwide. Many genes — including HLA — are also susceptible to natural selection, which creates additional
genetic differences between populations depending on local environmental conditions [52]. For example, strong selective effects have
been shown to affect the evolution of genes involved in skin pigmentation in response to UV light [53,54], metabolic adaptation to
altitude [55,56], or lactose digestion in response to milk consumption [57,58], among many others [59]. Numerous genetic poly-
morphisms have also been associated with resistance or susceptibility to disease, including erythrocyte components to malaria [60,61]
and HLA variants to multiple autoimmune and infectious diseases [62-65].

In this context, population genetic studies have estimated how HLA genetic diversity is distributed on a global scale [49,66,67] and
have also attempted to understand how demographic and selective forces influence the evolution of the different HLA genes [17,44,
49]. It has been shown that, although HLA genes resemble the rest of the genome in that most of their molecular diversity is found
within populations [68,69], their allelic distributions deviate significantly from neutral expectations towards an excess of heterozy-
gosity. This has led researchers to propose heterozygous advantage as the main selective model for HLA [17,44,49,70-72], further
refining it by considering both the molecular divergence of the two HLA alleles carried by a heterozygote for a given gene [73,74] and
the complementary roles of various HLA loci at the functional level [75,76]. Actually, different HLA genes are subject to different
modes and intensities of selection (as previously described in Ref. [77] and consistent with most of the references cited above), which
result in locus-specific patterns of population differentiations that do not always align with simple geographic structures. Briefly, the
most highly polymorphic HLA-B locus probably owes its enormous allelic diversity to small protective effects conferred by multiple
HLA alleles, consistent with a « soft selective sweep » model [78]. HLA-A would be less influenced by natural selection, showing highly
correlated genetic and geographic distances between populations except for some isolated populations displaying extreme allele
frequencies (e.g. 86 % for A*24:02 in native Taiwanese Paiwan), likely due to genetic drift. This gene also shows fewer deviations from
neutrality and no significant impact of functional diversity (as estimated by « supertypes ») on population variation [79]. The evolution
of HLA-C appears to be weakly influenced by geographical differentiation, possibly due to strong and complex selective effects
associated with the specialisation of this locus for NK cell recognition via HLA-KIR interactions [80,81]. Among the HLA Class II genes,
DRB1 shows the highest heterozygosity within populations suggesting overall heterozygous advantage, but also highly significant
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correlations between populations’ genetic and geographic distances, making this locus particularly informative for reconstructing
human demographic history. HLA-DQA1 and -DQB1, which are both highly polymorphic (this is not the case for HLA-DRA), are
thought to be strongly selected, showing high frequencies of several alleles in most populations and patterns of genetic differentiation
that are only weakly correlated with geography. Finally, although most HLA-DPBI1 allelic profiles observed in populations are
consistent with neutral expectations based on classical neutrality tests [17,44], the high DPB1 allele frequencies observed in some
populations — e.g. African — indicate strong pathogen-driven selection [82] and Goeury et al. submitted]. Overall, these findings
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Fig. 1. Absolute numbers of distinct alleles detected at each of the 8 HLA loci A, C, B, DRB1, DQA1, DQB1, DPA1 and DPB1 in each of 9 main (sub-)
continental regions of the world, and for 3 frequency types, i.e., all alleles (AF > 0, solid lines), frequent alleles (AF > 10 %, short dashed lines) and
very frequent alleles (AF > 20 %, long dashed lines), respectively. Note that very frequent (AF > 20 %) alleles are also considered as frequent (AF >
10 %) alleles. The 3 frequency types are shown together (Fig. 1a, top) and separately (Fig.1b, bottom). SAF: sub-Saharan Africa; NAF: North Africa;
EUR: Europe; SWA: South & West & Central Asia; NEA: North-East Asia; NAM: North & Central America; SAM: South America; SEA: South-East Asia
(SEA); OCE: Oceania. AF: allele frequency. See Supplementary Table S2 for the number of population samples that have been considered in each
region and at each locus



A. Sanchez-Mazas and J.M. Nunes Best Practice & Research Clinical Haematology 37 (2024) 101559

underscore that geography may not always be a reliable predictor of HLA genetic relatedness, as each HLA gene responds differently to
selective pressures. This observation has broad implications for HLA research, including in the context of allogeneic transplantation
where a nuanced understanding of HLA diversity can guide the search for unrelated donors.

2. The most frequent HLA alleles around the world: a fundamental synopsis

The resources described in part 1.2 of this Review have provided many opportunities to assess and analyse HLA population data, as
illustrated by the major achievements summarized in part 1.3. However, with the rapid accumulation of data, it is still difficult to
obtain a synthetic view of how HLA allelic variation is distributed throughout the world. A major problem is the heterogeneous
representativeness and very uneven sample sizes of the HLA-typed populations, resulting in incomplete, biased and/or unstable de-
scriptions of HLA variation by population-specific frequency profiles or regional lists of CWD alleles, the latter being particularly prone
to change with increasing amounts of data. We have therefore decided to introduce a novel approach for looking at the data, i.e.
through the prism of the distribution of frequent alleles. Instead of comparing precise allele inventories and frequencies between
populations, we considered two allele frequency thresholds — above 10 % and above 20 % - and estimated the abundance of such alleles
in the different regions of the world.

On the basis of both HLA-typed population datasets of consecutive IHIWs and data retrieved from the allelefrequencies.net (AF)
database (a total of 1971 well-characterised datasets represented by 260 population samples typed at locus A, 258 at locus B, 201 at
locus C, 46 at locus DPA1, 230 at locus DPB1, 199 at locus DQA1, 354 at locus DQB1 and 423 at locus DRB1), we first calculated the
absolute numbers of distinct alleles detected at each of the 8 HLA loci in each of the 9 main (sub-)continental regions of the world, i.e.
Sub-Saharan Africa (SAF), North Africa (NAF), Europe (EUR), South & West & Central Asia (SWA), North East Asia (NEA), North &
Central America (NAM), South America (SAM), South East Asia (SEA) and Oceania (OCE) and for 3 frequency types, i.e. all alleles
(when allele frequency, hereafter AF, was greater than 0), « frequent » alleles (when AF was greater than 10 %) and « very frequent »

Proportions of populations in each geographic region with allele frequencies above 10%
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Fig. 2. Proportion of populations, in each geographic region, displaying a frequency above 10 % (frequent alleles, Fig.2a, top) and above 20 % (very
frequent alleles, Fig.2b, bottom) for the alleles shown at each of the 8 HLA loci A, C, B, DRB1, DQA1, DQB1, DPA1 and DPB1 in each of 9 main (sub-)
continental regions of the world. Note that very frequent (AF > 20 %) alleles are also considered as frequent (AF > 10 %) alleles. Regions are SAF:
sub-Saharan Africa; NAF: North Africa; EUR: Europe; SWA: South & West & Central Asia; NEA: North-East Asia; NAM: North & Central America;
SAM: South America; SEA: South-East Asia (SEA); OCE: Oceania. N (boxed in each quadrant): number of populations represented in each region and
for each locus. AF: allele frequency. Larger versions of Fig. 2a and b are available in Supplementary Figs. Sla and S1b, respectively.
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Fig. 2. (continued).

alleles (when AF was greater than 20 %), respectively. The results are presented graphically in Fig. 1a, for the 3 frequency types
together, and in Fig. 1b, for the 3 frequency types considered separately.

We have then calculated the proportions of populations with each « frequent » or « very frequent » allele in each of the 9 regions.

These are shown graphically in Fig. 2a, for « frequent» and in Fig. 2b, for « very frequent » alleles, respectively (larger figures are

avi

ailable in Supplementary Figs. Sla and S1b, respectively, and numerical data are reported in Supplementary Table S1).
These four graphs summarise the geographical distribution of the frequent and very frequent alleles in the world, allowing one to

see at a glance how they are distributed both across different geographical regions, for each HLA locus, and across different HLA loci,
for each geographical region (note, however, that the number of populations represented is low for most loci in the NAF region and for
most regions at the DPA1 locus, which limits some interpretations).

A few observations can be made from these plots:

Fig. 1a shows that the vast majority of distinct alleles observed are « infrequent » (term that we will use thereafter to name alleles
with frequencies below 10 %). The large variance between regions mostly reflects the unequal number of populations represented
(e.g. many more alleles are observed in Europe where most populations have been typed, see Supplementary Table S2). However,
we note that SAM and OCE have a low number of distinct alleles despite being well represented in terms of population numbers (e.
g. in most cases better than for SAF). Allelic diversity therefore appears to be lower in these regions.

In contrast, Fig. 1b shows that OCE and SAM and, to a lesser extent, NAM and SWA, have higher numbers of frequent (AF > 10 %)
and/or very frequent (AF > 20 %) alleles at most loci (with extreme values at HLA-B and DRB1) compared to the other regions.
Together with the low allelic diversity mentioned above, this suggests that the HLA genetic profiles are both more homogeneous
within the populations of these regions (i.e. they contain a limited number of (very) frequent alleles) and heterogeneous between
different populations of the same region (i.e. they present different set of (very) frequent alleles).

Fig. 2a and b shows that frequent and very frequent alleles are observed in all regions, respectively. The only exception is North
Africa at loci A and B, which is easily explained by the small number of populations represented. In addition, there are some notable
differences between regions and/or between loci (Supplementary Tables S2 and S3). Very frequent HLA Class I (A, B and C) alleles
are abundant in OCE (26 in total), followed by SAM (24) and NAM (19) (Fig. 2b & Supplementary Table S2). This is also the case for
DRB1 very frequent alleles (15, 10 and 7 in the 3 regions, respectively), the latter being also abundant in NEA (9). On the contrary,
DQA1 very frequent alleles are abundant in EUR (9), followed by NEA (7). These two regions also have the highest number of DQB1
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very frequent alleles (6), after OCE (9). Finally, whereas DPB1 very frequent alleles are mostly found in SAM (8), only 1 to 4 very
frequent DPA1 alleles are observed in distinct regions, but this result is based on very few data. Overall, very frequent alleles are, on
average, most abundant in OCE and SAM (Supplementary Table S3). The differences between regions are less pronounced for
frequent alleles (Fig. 2a & Supplementary Table S2). If we compare the different loci, very frequent alleles are, on average, most
abundant at the DRB1 locus (6.78), followed by DQA1 (5.67) and DQB1 (5.11), while frequent alleles are, on average, most
abundant at loci DRB1 (15) and B (14.22), with the highest standard deviation for locus B in both cases (Supplementary Table S3).
We also see that some alleles are very frequent in a high proportion of the populations of some regions at all loci except B and DRB1,
consistent with the high degree of polymorphism of these two genes. However, some of these abundant alleles are shared by several
regions while others are less widespread.

Based on Fig. 2a and b and Supplementary Table S1, we can then classify the alleles into the following categories (the detailed data
are reported in Supplementary Table S4).

1) Universally frequent alleles, i.e., alleles with frequencies above 10 % (but below 20 %) in at least one population of the majority
of (i.e. more than 4) regions. A total of 39 alleles meet this criterion. They are listed in Table 2.

2) Universally very frequent alleles, i.e., alleles with frequencies above 20 % in at least one population of the majority of (i.e. more
than 4) regions. A total of 20 alleles (none at the HLA-B locus) meet this criterion. They are listed in Table 3 with additional relevant
information. The precise distribution of each universally very frequent allele is also illustrated in the maps presented in Supple-
mentary Fig. S2.

We checked that all these universally frequent and very frequent alleles were classified as Common in all population groups
considered in the CWD/CIWD catalogues (Supplementary Table 3a of Hurley et al. [28]). Recently, Silva et al. [83] also found that, at
locus B, B*35:01, B*51:01, B*07:02 and B*44:03 were the most widespread, with a frequency greater than 5 % in all geographical
regions they studied. This is in agreement with our results, since, with the exception of B*07:02, these alleles belong to the list of
universally frequent (but not very frequent) alleles (20 % > AF > 10 %) that we reported in Table 2.

3) Locally frequent or very frequent alleles: by contrast, some alleles are either frequent (AF > 10 %) or very frequent (AF > 20 %)
in a single region (see detailed list in Supplementary Table S4). We have reported the number of alleles falling into this category in
Table 4, considering three cases:

o Alleles that are frequent (AF > 10 %) in a single region and infrequent (AF < 10 %) elsewhere;
e Alleles that are very frequent (AF > 20 %) in a single region and frequent (20 % > AF > 10 %) elsewhere;
o Alleles that are very frequent (AF > 20 %) in a single region and infrequent (AF < 10 %) elsewhere.

The precise distribution of locally very frequent alleles is also illustrated in the map presented in Supplementary Fig. S3. The results
reported above, which considerably improve our previous list of the four most frequent HLA alleles in 10 world regions [84], are very

Table 2
List of universally frequent (for very frequent, see Table 3) HLA alleles.These alleles are frequent but not very frequent (20 % > AF > 10 %) in at
least one population of most (i.e. more than 4) regions.

Allele Regions where allele is found frequent (AF Number of Allele (Class Regions where allele is found frequent (AF Number of
(Class I) > 10 %) in at least one population regions 1) > 10 %) in at least one population regions
A*01:01 SAF NAF EUR SWA NEA NAM 6 DRB1%03:01 SAF NAF EUR SWA NEA NAM SAM SEA 8
A*03:01 EUR SWA NEA NAM SAM 5 DRB1*04:01 NAF EUR SWA NEA NAM SEA 6
A*11:01 EUR SWA NEA SEA OCE 5 DRB1*04:03 NAF SWA NEA NAM SAM OCE 6
A*33:03 SAF SWA NEA SEA OCE 5 DRB1%09:01 EUR NEA NAM SAM SEA OCE 6
C*01:02 NEA NAM SAM SEA OCE 5 DRB1*11:01 SAF NAF EUR SWA NEA NAM OCE 7
C*02:02 SAF NAF EUR SWA NAM 5 DRB1*13:01 SAF NAF EUR SWA NEA 5
C*03:03 EUR NEA NAM SAM OCE 5 DRB1*15:01 NAF EUR SWA NEA NAM SEA OCE 7
C*03:04 EUR NEA NAM SAM SEA OCE 6 DRB1*15:02 NAF SWA NEA SEA OCE 5
C*06:02 SAF NAF EUR SWA NEA NAM 6 DQA1*01:03 NAF EUR SWA NEA SEA OCE 6
C*07:01 SAF NAF EUR SWA NAM SAM 6 DQA1*02:01 NAF EUR SWA NEA SAM SEA OCE 7
C*07:02 EUR SWA NEA NAM SAM SEA OCE 7 DQA1*03:02 SAF EUR NEA NAM SAM SEA 6
C*12:03 NAF EUR SWA NAM SEA OCE 6 DQA1*04:01 SAF EUR NEA NAM SAM 5
B*15:01 EUR SWA NEA NAM SAM 5 DQA1*05:05 NAF EUR SWA NAM SAM 5
B*35:01 SAF EUR SWA NEA NAM SAM 6 DQA1*06:01 SAF SWA NEA SEA OCE 5
B*40:01 EUR SWA NEA SEA OCE 5 DQB1*%02:02 NAF EUR SWA NAM SAM 5
B*40:02 SWA NEA NAM SAM OCE 5 DQB1*03:03 EUR SWA NEA NAM SAM SEA OCE 7
B*44:03 SAF NAF EUR SWA NEA SEA 6 DQB1*05:02 EUR SWA NAM SEA OCE 5
B*51:01 NAF EUR SWA NEA NAM SAM SEA 7 DQB1*05:03 SWA NEA NAM SEA OCE 5
B*52:01 SAF SWA NEA SAM SEA 5 DQB1*%06:01 NAF SWA NEA SEA OCE 5
DPB1*03:01 NAF EUR SWA NEA NAM SAM 6

Regions: SAF: Sub-Saharan Africa; NAF: North Africa; EUR: Europe; SWA: South-West, Central and South Asia; NEA: North-East Asia; NAM; North
America; SAM: South America; SEA: South-East Asia; OCE: Oceania (Pacific, New-Guinea & Australia). AF: allele frequency.
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Table 3
List of universally very frequent HLA alleles. These alleles are very frequent (AF > 20 %) in at least one population of most (i.e. more than 4)
regions.

Allele Regions where allele is found very frequent =~ Number of Additional comment(s)
(AF > 20 %) in at least one population regions
A*02:01 EUR SWA NEA NAM SAM OCE 6 This allele is very frequent (AF > 20 %) in all EUR populations and about 75 % of

NAM and SAM populations. It is also frequent (AF > 10 %) in all NAF, NEA and
NAM, 75 % of SAM and about 50 % of SAF and SWA.

A*24:02 EUR NEA NAM SAM SEA OCE 6 This allele is also frequent (>10 %) in the majority of populations of all regions
but SAF.

C*04:01 SAF SWA NAM SAM OCE 5 This allele is also frequent (AF > 10 %) in about or more than 75 % of populations
of most regions.

DRB1*07:01 SAF NAF EUR SWA NEA NAM 6 This allele is also frequent (AF > 10 %) in all regions, with large proportions of
NAF, EUR and SWA populations.

DQA1*01:01  EUR SWA NEA SEA OCE 5 This allele is also frequent (AF > 10 %) in large proportions of SAF, EUR, NEA,
SEA and OCE populations.

DQA1*01:02  SAF NAF EUR SWA NEA SEA OCE 7 This allele is very frequent (AF > 20 %) in almost all SAF populations. It is also

frequent (AF > 10 %) in very large proportions of populations of all regions
except NAM and SAM.

DQA1*03:01  EUR SWA NEA NAM SAM SEA OCE 7 This allele is very frequent (AF > 20 %) in large proportions of NEA, NAM and
SAM populations. It is also frequent (AF > 10 %) in large or very large proportions
of populations of all regions except SAF.

DQA1+%05:01 SAF NAF EUR SWA NEA NAM SAM SEA 9 This allele is also frequent (AF > 10 %) in most populations of all regions.
OCE
DQB1*02:01 SAF NAF EUR SWA NEA 5 This allele is also frequent (AF > 10 %) in almost all regions and in large
proportions of SAF, NAF, EUR, SWA and NEA populations.
DQB1*03:01 SAF NAF EUR SWA NEA NAM SAM SEA 9 This allele is very frequent (AF > 20 %) in all regions with more than 50 % of
OCE populations of most regions.
DQB1*03:02 NAF EUR NEA NAM SAM OCE 6 This allele is also frequent (AF > 10 %) in large proportions of NAM and SAM
populations.
DQB1*04:02  SAF EUR NAM SAM OCE 5 This allele is also frequent (AF > 10 %) in a large proportion of SAM populations.
DQB1*05:01 SAF NAF EUR SWA OCE 5 This allele is also frequent (AF > 10 %) in large proportions of SAF, EUR and SWA
populations.
DQB1*06:02  SAF EUR NEA SEA OCE 5 This allele is very frequent (AF > 20 %) in a large proportion of SAF populations.
DPA1*01:03 SAF NAF EUR SWA NEA NAM SAM SEA 9 This allele is very frequent (AF > 20 %) in almost all populations tested of all
OCE regions. DPA1*02:01 and DPA1*02:02 are also frequent (AF > 10 %) in most
regions.
DPA1*02:01 SAF NAF SWA SAM OCE 5 This allele is also frequent (AF > 10 %) in most regions.
DPA1%*02:02 SAF NEA SAM SEA OCE 5 This allele is also frequent (AF > 10 %) in most regions.
DPB1*02:01 EUR SWA NEA SEA OCE 5 This allele is also frequent (AF > 10 %) in a large majority of SAF, NAF, EUR,
SWA, NEA and NAM populations.
DPB1%04:01 NAF EUR SWA NEA NAM SAM OCE 7 This allele is very frequent (AF > 20 %) in almost all NAF, EUR, SWA and NAM
populations. It is also frequent (AF > 10 %) in all regions.
DPB1*04:02 SAF EUR SWA NEA NAM SAM SEA 7 This allele is very frequent (AF > 20 %) in almost all SAM populations and a large

proportion of SAF. It is also frequent (AF > 10 %) in almost all EUR.

Regions: SAF: Sub-Saharan Africa; NAF: North Africa; EUR: Europe; SWA: South-West, Central and South Asia; NEA: North-East Asia; NAM; North
America; SAM: South America; SEA: South-East Asia; OCE: Oceania (Pacific, New-Guinea & Australia). AF: allele frequency.

informative from an evolutionary point of view. First, they show that very frequent HLA alleles exist everywhere, even at the most
polymorphic HLA-B and DRB1 loci. Many of them are either universal or present in multiple geographic regions, suggesting that the
HLA allelic pool is widely shared among populations on a global scale, as are the majority of genome-wide SNPs [85]. These universally
(very) frequent alleles were probably present in the ancestral population of all modern humans. Exploring the relationship of this
allelic pool with the MHC allelic repertoire of our closest relatives, the chimpanzees (i.e. Patr polymorphism), would be most infor-
mative to better understand the mechanisms of MHC molecular evolution, as the latter appears to be highly conserved between the two
species [86].

Locally frequent or very frequent HLA alleles (i.e. those that are (very) frequent in one region and infrequent in others) also exist
and could be related either to local demographic history or to some disease associations in the regions concerned. For example,
DPB1*17:01 has been proposed to protect against malaria in SAF [82] and Goeury et al. submitted] and DRB1*14:03 against systemic
lupus erythematosus in NEA [87], where these alleles are very frequent in the corresponding regions. Interestingly, DRB1*12:02,
which may have undergone a dramatic increase in frequency in Mongolia due to strong selective pressure [88], is very frequent in
several regions (SEA, OCE and SAF), consistent with this allele being considered as a generalist HLA Class II variant protecting against a
wide range of pathogens [89]. Most locally very frequent alleles, however, are observed in SAM (including native populations from
South America) and OCE (including isolated populations from the Pacific, Taiwan, New Guinea and Australia) populations. Together
with the highest average numbers of very frequent alleles observed in these regions (Supplementary Table S3), this is likely to be the
result of rapid genetic drift randomly increasing the frequencies of different sets of alleles in small isolated populations and reducing
their heterozygosity (although selection in native Americans would not be excluded [90]). On the other hand, almost all locally (very)
frequent alleles are observed at low frequencies in other - often multiple - regions (Table 4) and are classified as either Common,
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Table 4
Number and list of locally very frequent (AF > 20 %, see also Supplementary Fig. S3) and frequent (20 % > AF > 10 %) HLA alleles.
Single Very frequent (AF > 20 %) only in the Very frequent (AF > 20 %) onlyin ~ Frequent but not very frequent (20 % > AF >  Detected in
region single region and infrequent (AF < 10 %) the single region and frequent but 10 %) in only the single region and infrequent  other regions
elsewhere not very frequent (20 > AF > 10 (AF < 10 %) elsewhere
%) elsewhere
SAF 4 A*30:02 C*16:01 DPA1*03:01 4 A*23:01 B*53:01 12 A*29:02 A*74:01 C*17:01 B*15:03 All
DPB1*17:01 DRB1*08:04 DQA1*03:03 B*15:10 B*42:01 B*45:01 B*58:02

DRB1*03:02 DRB1*13:04
DQA1*01:05 DPB1*18:01

NAF 0 1 DRB1*03:01 3 DRB1*04:02 DRB1*07:03 All
DQB1*03:09

EUR 0 1 A*01:01 1 DQB1*03:07 All

SWA 3 C*16:02 B*40:06 DRB1*11:03 2 A*33:03 DRB1*11:04 9 B*18:07 B*35:03 B*38:01 B*57:01 All

B*44:06 B*51:10 DRB1*10:01
DRB1*15:06 DQA1*04:02

NEA 1 DRB1*14:03 1 B*15:01 4 C*14:02 C*14:03 B*54:01 All
DQA1*05:02
NAM 2 B*39:02 B*35:12 2 C*02:02 C*03:05 6 C*04:04 B*27:03 B*51:02 B*40:05 All
DRB1*08:11 DPB1*10:01
SAM 11  A*02:04 B*39:06 B¥15:04 B*39:09 7 A*68:02 B*35:43 B*39:05 8 A*24:03 A*02:22 B*15:07 B*35:06 All
B*40:04 B*48:02 B*48:03 B*35:19 B*35:05 DRB1%14:06 B*40:03 DRB1*04:17 DRB1*14:13
DRB1*08:07 DQA1*05:03 DPB1*09:01 DPB1*14:01 DPB1*27:01
DPB1*35:01
SEA 2 A*02:07 B*46:02 5 B*52:01 B*46:01 10 A*33:01 A*02:03 A*11:06 A*24:20 All except
DRB1+%08:01 DQA1*01:04 C*07:17 B*15:32 DRB1%15:04 DPB1*101:01
DPB1*28:01 DQB1*05:04 DPB1+%02:02
DPB1*101:01
OCE 8 A*34:01 B*56:01 B*15:25 B*27:04 7 A*26:01 A*24:07 C*04:03 9 A*11:02 A*24:10 C*07:03 B*15:13 All except
B*56:02 B*15:06 DRB1¥14:08 B*18:01 DRB1*04:05 B*15:21 B*40:10 DRB1*14:05 DRB1*04:12
DRB1*14:09 DRB1+%08:03 DRB1*15:02 DRB1+%14:07 DRB1*04:12
Total 31 30 62 All except 2

Regions: SAF: Sub-Saharan Africa; NAF: North Africa; EUR: Europe; SWA: South-West, Central and South Asia; NEA: North-East Asia; NAM; North
America; SAM: South America; SEA: South-East Asia; OCE: Oceania (Pacific, New-Guinea & Australia). AF: allele frequency.
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Fig. 3. Number of distinct HLA 2nd field alleles detected as a function of sample size (log10 scale) for the data submitted to the 18th IHIW PGAE
Component. Fig.3a, left: whole data set. Fig. 3b, right: after exclusion of the largest sample.

Intermediate or Well-Documented in the existing CWD/CIWD catalogues [28]. Therefore, the early concept of « private » [91], now
also replaced by « endemic » [51], used to characterise alleles that would be unique to some populations or groups of populations such
as Native Americans [51,92] is clearly limited to infrequent or rare alleles. The latter, which are likely to have accumulated worldwide
as a result of the explosive population growth that has occurred over the last 10'000 years [93], may only be informative to describe
recently shared ancestry between populations, and, even in this case, only when the datasets used are composed of very high sample
sizes [94].

Another remarkable result of our study is the predominance of some alleles not only in most regions, but also in most populations of
these regions. For example, A*02:01, DQB1*03:01, DPA1*01:03 and DPB1*04:01 are among the top universally very frequent alleles
according to these criteria (Fig. 2b) and a number of frequent alleles are also abundant in most populations (Fig. 2a). Although some of
these alleles have been identified as disease risk variants in some studies [64], we might assume, from an evolutionary point of view,
that they are or have been globally protective, e.g. as generalist (or promiscuous) alleles [95], against pathogen exposure throughout
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human history. This stimulates further analyses to estimate the peptide-binding promiscuity of universally or locally (very) frequent
HLA alleles, possibly also related to allele-specific expression levels [95] and pathogen diversity [89]. Such intriguing perspectives
highlight the importance of focusing on alleles that are representative of the global genetic variation, rather than on those that are
predominantly found in populations of European descent, as is common practice in biomedical research [96,97].

3. Concluding remarks and take-home messages

On the way to full-length HLA sequences As mentioned in this Review, there has been a huge effort over the last few decades to
identify, report, name and classify the human HLA alleles in various ways. The popular IPD-IMGT/HLA graphs of the number of alleles
named per year [2] as well as the large number of “New Allele Alerts” published regularly in the HLA Journal (e.g. a total of 192 such
papers appeared in the first 4 issues of Volume 103 between January and April 2024), indicate that the reporting of new HLA alleles is
never-ending. In fact, most of the new alleles reported in recent years have been defined at the 3rd and 4th field levels of resolution, as
more and more full-length HLA sequences are submitted to the IPD-IMGT/HLA database (S.GE Marsh, personal communication). The
analysis of such sequences will add a new dimension to HLA evolutionary studies by allowing more thorough comparisons of the HLA
region with the rest of the genome [98], and will also help to refine HLA matching in clinical transplantation in the future, as HCT is
still currently based on alleles defined at the protein level [99]. In this context, both evolutionary and clinical studies will soon benefit
from the remarkable efforts made by HLA-typing laboratories at the international level, which is already illustrated, for example, by
almost 50 % of the new population samples submitted to the 18th IHIW PGAE Component being unambiguously reported at the 3rd or
4th field levels for at least one locus, respectively (Nunes et al. in preparation).

The eternal problem of the sample size In the meantime, studies using HLA data can benefit from the excellent knowledge that has
been acquired over the last decades on high-resolution (2nd field) allelic profiles in populations and from the sophisticated biosta-
tistical methods that have been developed to analyse them (summarized in Table 1). However, even in this case, the data should be
interpreted with caution. Indeed, as shown in this Review, the vast majority of currently known 2nd field alleles are infrequent in
populations (Fig. 1a) and their detection is highly dependent on sample size, as shown in Fig. 3a and b for the data submitted to the
18th THIW PGAE Component. This limits the effectiveness of CWD/CIWD catalogues in detecting the presence of infrequent or rare
alleles, as is often needed in HCT. As the status of each allele as Common, Intermediate, or Well-Documented is also likely to change
very rapidly with increasing high-throughput HLA sequencing, international efforts should now focus on maintaining a unique,
constantly updated online repository of CWD/CIWD alleles. As long as population sampling remains a major statistical problem, the
presence/absence of infrequent HLA alleles will also remain difficult to interpret in population genetics and evolutionary studies. With
the increasing number of known alleles, the minimum sample sizes to allow such discussions — for example those focusing on « private
or endemic alleles » - should ideally be increased by a factor of 10, 100 or even more.

Advantages of a focus on (very) frequent alleles Focusing on (very) frequently observed HLA alleles, as has been done in the
present Review, may seem irrelevant in the age of powerful high-throughput sequencing technologies where the rush for new alleles
has almost become the rule. However, there are two main reasons for this choice. First, there has been so far no synthetic or easily
useable description of which HLA alleles are frequent or very frequent in the world and how they are distributed geographically,
despite constant need for such information in almost every HLA-related research study. Second, after some 30 years of HLA population
studies using high-resolution typing at most HLA loci, encouraged by successive International HLA and Histocompatibility Workshops,
we were confident that a global distribution of (very) frequent HLA alleles based on such data would provide a fairly robust picture of
how HLA diversity is distributed across different geographical regions for the major classical HLA loci (although some regions, such as
North Africa, and some loci, such as those encoding the o chains of HLA Class II molecules, still need to be better represented). Our
Review is indeed robust to imbalances in sample size between studies and even to possible redundancies in the data (although we have
removed clear cases of duplicate samples between the different datasets used, we cannot exclude that some data are not independent),
because our lists of universally or locally (very) frequent alleles are based on alleles that are (very) frequent in at least one population
per region. Therefore, only a small error rate in the proportions of populations showing each frequent or very frequent allele in the
different regions could be considered, but the status of each allele is unaffected. We therefore believe that this fundamental synopsis,
by providing an immediate and consistent check of whether and where any given HLA allele is (very) frequently observed in the world,
rigorously complements the information we need for a comprehensive panorama of HLA diversity worldwide.

Benefit for clinical practice As shown above, the present synopsis of HLA variation around the world has allowed identifying HLA
alleles that are universally widespread with (very) high frequencies, but also alleles that are much more likely to be observed in specific
geographic regions, being infrequent or rare in other parts of the world. In some regions (e.g. the Americas), these « locally (very)
frequent » alleles are expected to show contrasted frequencies between native populations (e.g. native Americans) and more recent
immigrants (e.g. Americans from European descent) that are numerically predominant today. In other areas, some of these alleles are
expected to exhibit significant frequency differences between communities (often designated as ethnic minorities) that migrated to other
regions relatively recently (e.g. South Asians in United Kingdom) and the general population of those regions. These situations suggest
that both HLA typing and donor recruitment strategies for allogeneic HCT ought to be adapted, e.g. by actively including individuals
from ethnic minorities living in each specific country, to enhance the chances of finding HLA-matched donors for patients from any
geographic region or ethnic background. Our knowledge of HLA variant distribution around the world is most useful in this context.

Overall, by providing a different and complementary approach to the existing CWD/CIWD catalogues, the present synopsis of
universal and local HLA variation around the world increases the diversity of potential resources for clinical practice, which is
particularly welcome where saving lives is a priority.
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Practice points

o HLA alleles are highly diverse and exhibit varying frequencies in populations around the world. While some alleles are universally
frequent, others are only frequent within specific geographic regions or populations, particularly outside Europe, North-East Asia,
and North America. These variations affect the chances of finding HLA-matched donors in allogeneic hematopoietic cell trans-
plantation (HCT).

e Based on our knowledge of HLA allelic variation worldwide, both HLA typing and donor recruitment strategies for HCT ought to
be adapted to actively include volunteers from diverse geographic origins and/or ethnic backgrounds. This approach is expected to
increase the likelihood of finding compatible donors, especially for patients from ethnic minorities.

o Population samples typed for HLA are still unequally represented across different geographic regions, and the available datasets
are also heterogeneous across different HLA loci. Efforts should be made in HLA typing at the international level to enhance both
population and locus representativeness.

Research agenda
The depth and accuracy of HLA population data should be improved by addressing the following needs.
e Future HLA typing should concentrate on under-represented HLA-typed populations, such as sub-Saharan and North African
populations, and on under-typed HLA genes, such as genes encoding the alpha chain of HLA class II molecules.
e HLA full-gene sequencing should be prioritised to improve the quality of the population data sets and to add a new dimension to
HLA evolutionary studies.
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