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Abstract Supertypes are groups of human leukocyte antigen

(HLA) alleles which bind overlapping sets of peptides due to

sharing specific residues at the anchor positions—the B and F

pockets—of the peptide-binding region (PBR). HLA alleles

within the same supertype are expected to be functionally

similar, while those from different supertypes are expected

to be functionally distinct, presenting different sets of pep-

tides. In this study, we applied the supertype classification to

the HLA-A and HLA-B data of 55 worldwide populations in

order to investigate the effect of natural selection on supertype

rather than allelic variation at these loci. We compared the

nucleotide diversity of the B and F pockets with that of the

other PBR regions through a resampling procedure and com-

pared the patterns of within-population heterozygosity (He)

and between-population differentiation (GST) observed when

using the supertype definition to those estimated when using

randomized groups of alleles. At HLA-A, low levels of vari-

ation are observed at B and F pockets and randomizedHe and

GST do not differ from the observed data. By contrast, HLA-B

concentrates most of the differences between supertypes, the

B pocket showing a particularly high level of variation.

Moreover, at HLA-B, the reassignment of alleles into random

groups does not reproduce the patterns of population differen-

tiation observed with supertypes. We thus conclude that dif-

ferently from HLA-A, for which supertype and allelic varia-

tion show similar patterns of nucleotide diversity within and

between populations, HLA-B has likely evolved through spe-

cific adaptations of its B pocket to local pathogens.
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Introduction

The three classical human leukocyte antigen (HLA) class I

genes, HLA-A, HLA-B, and HLA-C, are extremely polymor-

phic and exhibit thousands of alleles, most of them coding for

different proteins (2112, 2789, and 1799 HLA-A, HLA-B,

and HLA-C proteins currently defined, respectively)

(Robinson et al. 2015). These molecules play a central role

in the immune response by presenting processed peptides de-

rived from proteins of the intracellular environment (including

foreign ones derived from intracellular parasites such as virus-

es and some bacteria) to cytotoxic T lymphocytes and also

functioning as ligands for the killer immunoglobulin-like re-

ceptor (KIR) of natural killer cells (Parham 2005).

Almost all of the HLA class I polymorphisms are clustered

in exons 2 and 3, which code for the α1 and α2 extracellular

domains of the HLAmolecule. These domains form a groove-

like structure known as the peptide-binding region (PBR)

which engages the peptides (Saper et al. 1991). At the DNA

level, the PBR codons exhibit striking features regarding their

diversity, including a high heterozygosity (Parham et al. 1989;

Lawlor et al. 1990; Hedrick et al. 1991) and high rates of non-

synonymous substitutions (Hughes and Nei 1988; Takahata

et al. 1992). These characteristics contrast with neutral expec-

tations and support the hypothesis that balancing selection has

maintained variation at these codons. The high levels of var-

iation observed at the sites involved in peptide binding support

a model of host-pathogen coevolution (Apanius et al. 1997),

which states that the pathogenic microorganisms are the main

evolutionary force shaping HLA variation (Borghans et al.

2004; Slade and McCallum 1992; Takahata and Nei 1990).

Further supporting this hypothesis, several studies have dem-

onstrated a positive correlation between the diversity level of

some HLA genes and the richness of environmental patho-

gens (Prugnolle et al. 2005; Qutob et al. 2011; Sanchez-

Mazas et al. 2012). These results corroborate the idea that

the codons making up the PBR constitute the main targets of

balancing selection within HLA genes. However, the analyses

performed to date generally treat the PBR region as a homo-

geneous block, whereas it is in fact composed of six different

pocket-like structures (A, B, C, D, E, and F). Each pocket

accommodates one of the nine amino acid residues of the

bound peptide (the first, second, third, sixth, seventh, and

ninth, respectively) (Saper et al. 1991). Moreover, the binding

affinity between a given HLA molecule and a specific peptide

depends on the chemical properties of each PBR pocket

(Saper et al. 1991).

The strongest interaction between HLA molecules and the

bound peptides is accounted by the B and F pockets, which

accommodate the second and ninth amino acid residues of the

peptide, respectively (Saper et al. 1991). As the amino acids

composing the B and F pockets play a central role in peptide

recognition by the HLA molecules, Sidney et al. (1996)

classified HLA alleles into supertypes, defined as groups of

alleles sharing chemical properties at the B and F pockets. The

logic behind the classification is that alleles within supertypes

are expected to exhibit widely overlapping peptide repertoires,

whereas alleles from different supertypes would more fre-

quently bind non-overlapping sets of peptides. Supertypes

were originally defined by sequencing endogenously bound

ligands and searching for motifs shared by alleles that bind

similar peptides and by analyzing the three-dimensional struc-

ture of the HLA molecules (Sette and Sidney 1999; Sidney

et al. 1996, 2008). As a result, four supertypes were described

for HLA-A (A1, A2, A3, and A24) and five for HLA-B (B7,

B27, B44, B58, and B62), and they were originally assigned,

respectively, to 31 HLA-A and 57 HLA-B alleles whose

peptide-binding specificities were experimentally defined.

These alleles were used to construct a reference panel for the

B and F amino acid sequences. A set of 945 HLA-A and

HLA-B alleles with unknown binding specificities were then

checked for matches to the sequences of this panel (Sidney

et al. 2008). Among these 945 previously unclassified alleles,

57 % presented a full match in both B and F pockets to alleles

with known supertype status. Another 23.8 % presented par-

tial matches with residues found in these pockets.

In line with the expectation that supertypes constitute a

functionally relevant definition of HLA variation, several

researchers have found that grouping alleles into supertypes

is useful in disease association studies involving HLA loci

(Alencar et al. 2013; Chakraborty et al. 2013; Cordery

et al. 2012; Gilchuk et al. 2013; Karlsson et al. 2012,

2013; Kuniholm et al. 2013; Trachtenberg et al. 2003),

allowing large numbers of rare alleles to be grouped ac-

cording to a functional criterion, thus increasing the power

of the studies. From an evolutionary point of view, natural

selection is expected to leave a detectable signature on B

and F pockets and, consequently, on the genotypes defined

by examining HLA variation from the perspective of

supertypes. For example, under the assumption that

pathogen-driven selection shapes supertype frequencies,

we expect genetic variation defined at the supertype level

to show patterns of polymorphism and differentiation indic-

ative of balancing selection to a greater degree than varia-

tion that is not related to supertype definition. The predic-

tion that balancing selection on supertype variation would

result in detectable genetic signatures was raised by Sette

and Sidney (1999), who found that Bsupertype frequencies

were high and fairly conserved among different ethnicities.^

In addition, Naugler and Liwski (2008) argued that Bnatural

selection should favor maximization of the heterozygosity of

allele supertypes instead of the heterozygosity of individual

alleles,^ making explicit the hypothesis that supertypes, as

defined by B and F pocket variations, constitute the level of

variation that is the primary target of natural selection in HLA

genes.
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Both conservation of supertype frequencies between pop-

ulations and increased heterozygosity at the supertype level

are expected to generate a pattern of low-population differen-

tiation when compared with those observed at the allelic level.

Balancing selection at the supertype level would also enhance

genetic variation at the B and F pockets compared with other

regions of the PBR, increasing the chances of antigen recog-

nition by the immune system. However, testing these hypoth-

eses, i.e., comparing population differentiation and variability

defined at the levels of HLA alleles and supertypes, respec-

tively, represents a methodological challenge due to the diffi-

culties in comparing measures of differentiation and heterozy-

gosity for genetic variants that are defined by different attri-

butes (alleles being defined by all variation in the coding re-

gion, by contrast with supertypes which are defined by a sub-

set of codons). Indeed, because supertypes are sets of alleles,

genetic variation defined at the allele level is nested within that

defined at the supertype level. Therefore, heterozygosity at the

supertype level is constrained to be lower or equal to that

estimated at the allele level. Furthermore, because population

genetic differentiation measured by statistics related to

Wright’s FST is strongly determined by intrapopulation vari-

ability (Jost 2008), we expect higher levels of population dif-

ferentiation at the supertype level simply because of the de-

creased number of supertype variants in comparison to alleles.

In the present study, our aim is to investigate whether the

use of supertype instead of allele definitions at HLA-A and

HLA-B loci reduces population differentiation and increases

heterozygosity, as expected under a model of balancing selec-

tion acting on supertypes. For the reasons explained above, we

control our analyses for the inherent differences in polymor-

phism between these two kinds of classification. Our approach

consists in producing null distributions for population differ-

entiation and heterozygosity by generating randomized sets of

alleles (herein referred to as Brandom supertypes^) that match

true supertype sampling properties (i.e., number of supertypes

and number of alleles per supertype) without any biological

criteria for pooling them together. We also analyze supertype

variation at the nucleotide level by partitioning DNA se-

quences into segments corresponding to the different pockets

within the PBR. Our hypothesis is that the B and F pockets,

which are the major determinants of the peptide-binding spec-

ificities and used to define supertypes, constitute the main

targets of balancing selection and thus retain higher levels of

diversity compared to other PBR pockets.

Materials and methods

Population data

We used a database generated for the 13th International

Histocompatibility Workshop (IHWS) (Mack et al. 2006)

from which we excluded populations presenting (a) an allelic

resolution lower than the first two sets of digits (now referred

to as second field level of resolution), so as to only keep alleles

differing at the protein level; (b) genotypic ambiguities; and

(c) deviation from Hardy-Weinberg expectations. This filter-

ing resulted in a dataset of 6435 and 6409 individuals typed

for HLA-A and HLA-B, respectively, belonging to 55 differ-

ent populations: seven sub-Saharan African (SSA), two North

African (NAF), eight Southwest Asian (SWA), four European

(EUR), 22 Southeast Asian (SEA), four Pacific islanders

(PAC), four Australian aborigine (AUS), two North Asian

(NEA), and two Native American (AME) populations

(Supplementary Material Table 1-S). Almost half of these

populations (24 out of 55) had demographic histories indicat-

ing that they were likely to have experienced severe founder

effects (these populations were fromOceania, Taiwan, and the

Americas). Because such reductions in diversity due to demo-

graphic effects can potentially mask signals of balancing se-

lection, we carried out all the analyses with both the complete

set of 55 populations and a reduced set of 30 populations

(obtained by excluding those from Oceania, Taiwan, and the

Americas).

Supertype definition

We assigned all HLA-A and HLA-B alleles to their specific

supertype as defined by the classification given in figures 1

(http://www.biomedcentral.com/1471-2172/9/1/figure/F1)

and 2 (http://www.biomedcentral.com/1471-2172/9/1/figure/

F2) from Sidney et al. (2008). The alleles not assigned to

any supertype were treated in our analyses of population

differentiation and molecular variation in two ways: (a) their

allele-level definition was used and (b) they were pooled into

groups of Bnon-classified alleles^ (named NCA and NCB for

HLA-A and HLA-B, respectively). We included A*29:01,

A*29:02, A*29:03, A*30:01, A*30:08, and A*68:06 in the

NCA group because of their ambiguous supertype allocation

(Sidney et al. 2008), and all B*08 alleles were assigned to the

NCB group because of their unique PBR structures, which

make the peptide-binding profile unpredictable (Sidney et al.

2008).

Population genetic analyses

We tested the population samples for deviation from Hardy-

Weinberg (HW) equilibrium using the Gene[rate] program

which tests the null hypothesis of equilibrium on the basis of

a log-likelihood ratio test on frequency estimates (both under

HW and under a generalized non-HW model) (Nunes et al.

2014; Nunes 2014).

We wrote R scripts to estimate supertype frequencies by

direct counting of alleles, generate summary statistics (number

of alleles (k) and expected sample heterozygosity (He)), and
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estimate genetic differentiation between pairs of populations

by using GST (Nei and Chesser 1983). Mantel tests (Mantel

1967) for assessing Pearson’s correlations between genetic

distances obtained either from supertype or from allelic data

were carried out using the ade4 R package (Dray and Dufour

2007), and all graphs and other statistical tests (e.g., Wilcoxon

rank sum test) were also generated using R version 3.0.2

(Development Core Team 2011). In box plots, the boxes cor-

respond to the interquartile range, the median is the thick line

inside the box, and whiskers extend up to observations that are

outside the box for less than 1.5 times the interquartile range.

Dots are outliers to these limits. By using Arlequin 3.5 pro-

gram (Excoffier and Lischer 2010), we performed a hierarchi-

cal analysis of molecular variance (AMOVA) for each

supertype taken individually by pooling all others into a

unique group of Bnon-classified alleles^ for the calculations.

In this way, we estimated the diversity among populations

(FST), among populations within geographic regions (FSC),

and among geographic regions (FCT) for each supertype.

Testing the molecular variation of the PBR pockets

We analyzed the molecular variation at each PBR pocket

using the coding sequences of the six pockets which

make up the HLA class I peptide-binding region (A to

F). The definition of these codons (Table 1) was taken

from Saper et al. (1991). The residues retained for the

analysis of pocket B variability are the ones surrounding

the rim and constituting the inner wall of the pocket. As

the main-chain atoms of pocket B residues 24, 25, and

34 are part of the protein backbone, and their side chains

are not turned to the pocket area, they are not expected

to contribute to the chemical properties of the pocket,

and were not included in the analysis (Saper et al.

1991; see also Table 1).

The B and F pockets were analyzed individually because of

their central role in engaging peptides and in defining

supertypes. As the C, D, and E pockets jointly make up the

central region of the PBR and are shorter compared to other

pockets, we pooled them for the present analysis. The A pock-

et was analyzed individually because of its position at one end

of the PBR.

We estimated the nucleotide diversity (π) (Nei 1987) per

pocket (i.e., A, B, pooled CDE, and F) for each population

(referred to as πtotal). For these four pockets, we also computed

within- and between-supertype nucleotide diversity (referred

to as πwithin and πst, respectively), and thus estimated a mea-

sure of among-supertype variation for each pocket, obtained

using the following formula:

πst ¼
πtotal−πwithin

πtotal

ð1Þ

Total, within- and between-supertype π values were

calculated in two ways: (a) by excluding the non-

classified alleles and (b) by including the non-classified

alleles as a single group. As the dataset is limited to al-

leles defined at second field level of resolution, no infor-

mation about synonymous polymorphism is available. We

addressed this problem by applying the same strategy as

described by Buhler and Sanchez-Mazas (2011), which

consisted in treating as missing data the nucleotide posi-

tions which were described as synonymous (Robinson

et al. 2015). We excluded sites having more than 5 %

missing data.

Testing genetic differentiation between populations based

on supertypes

To test whether the levels of genetic differentiation between

populations differed from those expected under the null hy-

pothesis that supertypes are equivalent to random sets of al-

leles, we randomized the assignment of alleles into supertypes

and calculated corresponding He and GST values. The ran-

domized assignment of alleles to supertypes was performed

using two different approaches (for both the complete and the

reduced datasets):

1. By fixing the number of alleles per supertype to that ob-

served in the original dataset

2. Without any constraint on the number of alleles associated

to a specific supertype

The randomizations were repeated 10,000 times, and p-

values were estimated empirically by determining the number

Table 1 Codon composition of

the PBR pockets Pockets Codons Total size in

base pairs (bp)

A 5, 7, 59, 63, 66, 99, 159, 163, 167, and 171 30

B 7, 9, 24, 25, 34, 45, 63, 66, 67, 70, and 99 33

C, D, and E 9, 70, 73, 74, 97, 99, 114, 147, 152, 155, 156, 159, and 160 39

F 77, 80, 81, 84, 116, 123, 143, 146, and 147 27

From: Saper et al. (1991)
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of randomized datasets with GST values lower or He values

higher than those observed for the true data.

Results and discussion

HLA-A and HLA-B supertype frequencies and their

geographic distributions

In a previous study (the only one, to our knowledge, except

our own study on HLA-DRB1 (Gibert and Sanchez-Mazas

2003)) addressing population differentiation at the supertype

level, Sidney et al. (1996) used five population samples and

reported that all supertypes were present in all world regions.

This current study with 55 populations greatly extends those

original observations, allowing us to show that some

supertypes are not observed in all populations while reaching

a frequency of more than 50% in others (Figs. 1a, c, 2, and 3).

Among the HLA-A supertypes, A1 is the rarest, showing fre-

quencies smaller than 9% in more than half of the populations

(Fig. 1a) and being virtually absent in five of them (Fig. 1c).

A1 alleles are found with high frequencies (22 % in average)

in Africa, Southwest Asia, and Europe (Fig. 2), resulting in a

significant geographic structure, i.e., with most of the

variation being found among populations of different geo-

graphic regions (FCT>FSC; Table 2). The A1 supertype is

represented by a small number of alleles, with one or two

alleles in more than half of the populations (Fig. 1b) and only

one in 14 of them (Fig. 1c). The A2 and A3 supertypes exhibit

more even distributions, half of the populations having fre-

quencies ranging from 14 to 29 % for A2 and 14 to 32 % for

A3 (Figs. 1a and 2). As a consequence, among the HLA-A

supertypes, A2 and A3 present either the lowest or no geo-

graphic structure at all (FCT<FSC for A2 and FCT not

significantly different from 0 for A3; Table 2). All populations

present at least one allele of supertype A2 (eight of them

showing just one), while the A3 supertype is represented by

a large number of alleles (Fig. 1b, c). The A24 supertype is

observed in all populations (Fig. 1c), with frequencies ranging

from 13 to 40 % in half of them (Fig. 1a). Despite its broad

distribution, A24 is often represented by only two alleles,

A*23:01 and A*24:02, with 26 and 10 populations showing

just one or both of these alleles, respectively (Fig. 1b, c). This

supertype is found at higher frequencies (40 % in average) in

SEA, PAC, AUS, NEA, and AME (Fig. 2). Although A24

exhibits the highest level of population differentiation among

the four HLA-A supertypes (FST=11 %, p<0.0001), most of

the variation is found within geographic regions (FCT<FSC).

Fig. 1 Supertype variation, a boxes represent the frequency distributions

of the four HLA-A and the five HLA-B supertypes and the Bnon-

classified alleles^ NCA and NCB, respectively; b each box represents

the distribution of the number of distinct alleles of each supertype per

population; and c the dark gray section of the bars represents the number

of populations showing only one allele for the referred supertype (referred

to as Bmonomorphic populations^). The light gray section of the bars

represents the number of populations where the referred supertype was

not detected
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The frequencies of the HLA-A non-classified alleles (NCAs)

vary greatly between populations, ranging from 2 to 14 % in

half of them (Fig. 1a). The NCA group presents a strong

geographic structure (FCT being twice as much as FSC) and

a very high FST value (almost 16 %) (Table 2). The highest

NCA frequencies are found in African and Australian popu-

lations (averages of 16 and 43 %, respectively) (Fig. 2).

The HLA-B supertypes fall into two main categories re-

garding their frequency distributions. On the one hand, B7

and B44 exhibit a pattern resembling A2 and A3, with high

average frequencies (Figs. 1a and 3) and relatively low levels

of geographic structure (Table 2). Half of the populations pres-

ent frequencies ranging from 18 to 31 % for B7 and from 21 to

32 % for B44, respectively (Figs. 1a and 3). Both B7 and B44

are observed in all populations (except B7 in theYami; Figs. 1c

and 3), with large numbers of alleles per population (Fig. 1b,

c). By contrast, B58 and B62 exhibit very low frequencies,

ranging from 0 to 5.8 % and from 2.9 to 18 % in half of the

populations, respectively (Fig. 1a). Among the five HLA-B

supertypes, B62 presents the highest level of population differ-

entiation (FST=11.38%, p<0.0001; Table 2), althoughwith no

clear geographic structure (FCT<FSC; Table 2). Such a geo-

graphic structure is only found for B58 (FCT of 5.6 %, almost

twice as great as FSC; Table 2), which is observed in SSA

populations at an average frequency of 33 % (from 23 to

60 %; Fig. 3), against 4.2 % in the other regions (Fig. 3) and

no observation at all in many populations (18 out of 55; Fig. 3).

The B27 supertype presents an intermediate pattern between

B7/B44 and B58/B62. It exhibits relatively lower frequencies

(from 7 to 19% in half of the populations; Fig. 1a) and a higher

level of population differentiation than B7 and B44 (FST=

7.5 %, p<0.0001; Table 2) but no geographic structure (FCT
very close to zero; Table 2). Contrasting with what is observed

for the NCA, the non-classified alleles for HLA-B (NCB) are

Fig. 2 HLA-A supertype

frequencies. Heat map

summarizing the frequencies of

the four HLA-A supertypes and

the non-classified alleles (NCAs).

Population names are shown on

the right
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quite frequent, with frequencies ranging from 10 to 17 % in

half of the populations (Fig. 1a). More than 75 % of popula-

tions present at least two different NCBs (Fig. 1b), and only

two populations lack one of these alleles (Fig. 1c). The NCBs

also exhibit a significant geographic structure, although not as

strong as for NCA (Table 2).

In summary, based on the observed data, supertypes can be

allocated into two main categories: on the one hand, A2, A3,

B7, B27, and B44 fit the classical view that supertypes are

evenly distributed (Figs. 1a, 2, and 3), poorly structured geo-

graphically (Table 2), and represented by a large number of

alleles (Fig. 1b, c). On the other hand, A1, A24, B58, and B62

present a greater frequency variation among populations

(Figs. 2 and 3 and Table 2), and in some cases significant

geographic structure (i.e., for A1 and B58, both being very

common in Africa), and are represented by a smaller number

of alleles. Although the unclassified alleles have brought noise

to the analysis, they should not be ignored. They are a conse-

quence of the functional supertype classification, and they

were kept to understand exactly how they influence the vari-

ations in HLA-A and HLA-B. As discussed above, the NCA

consists of a small group of alleles, which reach high frequen-

cies in island populations. On the other hand, NCB is a more

heterogeneous group appearing in almost all populations.

Heterozygosity and interpopulation differentiation

Using both complete and reduced datasets (see BMaterials and

methods^ section), the heterozygosity estimated for the data

treated at the allelic level is always larger than that estimated

for the data treated at the supertype level (Table 3). This result

is expected because alleles are nested within supertypes, and

the heterozygosity of the latter is thus constrained to be equal

to or smaller than that of the former.

Fig. 3 HLA-B supertype

frequencies. Heat map

summarizing the frequencies of

the five HLA-B supertypes and

the non-classified alleles (NCBs).

Population names are shown on

the right
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In order to define the degree to which genetic differentia-

tion, measured by GST between populations, was concordant

at the supertype and allelic levels, we estimated the correlation

between these measures and tested their significance using

Mantel tests. The results suggest that when using the complete

population dataset, the patterns of population differentiation

observed at the supertype and allelic levels are very similar,

especially for HLA-A (r=0.956, p<0.0005; Fig. 4a) but also

for HLA-B (r=0.75, p<0.0005; Fig. 4b). The removal of the

Pacific, Australian, Taiwanese, and Native American popula-

tions provokes an overall drop of both theGST values and their

correlations. Despite this decrease, a high-correlation coeffi-

cient is still observed for HLA-A (r=0.62, p<0.0005; Fig. 4c),

whereas the value is much lower for HLA-B (r=0.3,

p<0.0005; Fig. 4d). Because Pacific, Australian, Taiwanese,

and Native American populations contribute to large differen-

tiation values, lower-correlation coefficients were expected

after removing them. Furthermore, these populations also ex-

hibit a reduced set of alleles per supertype, which may explain

the higher correlations between alleles and supertypes when

they are taken into account. The difference between alleles

and supertypes is less pronounced for HLA-Awhich presents

a smaller number of alleles per supertype in all populations

(Fig. 1b, c).

Patterns of molecular variability for different PBR

pockets of HLA-A and HLA-B

Our goal in this part of the study was to test the prediction that

the B and F pockets of the PBR exhibit the highest levels of

variation as a consequence of their crucial role in peptide

binding, which is expected to result in a stronger effect of

balancing selection.

We first estimated the global levels of variation at the PBR

and observed significantly higher levels of nucleotide diversi-

ty (πtotal) at HLA-B, compared to HLA-A (p<0.0000005;

Wilcoxon rank sum test). Moreover, these two genes differ

in the way molecular variation is distributed among the A,

B, CDE, and F pockets within the PBR (Fig. 5). The rank

order of πtotal is pCDE≫pB≫pA>pF, at HLA-A, and pB≫

pF>pCDE≫pA, at HLA-B (where p is an abbreviation for

Bpocket^ and ≫ and > indicate greater than and significant,

at the 0.00001 level, and greater than but non-significant dif-

ferences, respectively, according to a Wilcoxon rank sum test;

Fig. 5). Among the HLA-A pockets, most of the variation is

found in the CDE pockets, which makes up the central region

of the PBR, and significantly less in pB (πtotal values ranging

from 0.14 to 0.15 and from 0.11 to 012 in half of the popula-

tions, respectively; Fig. 5). The pA and pF pockets exhibit the

smallest levels of variation (πtotal values ranging from 0.07 to

0.09 in half of the populations; Fig. 5). Among the HLA-B

pockets, pB exhibits by far the highest variation, with πtotal

values ranging from 0.18 to 0.21 in half of the populations,

whereas the other pockets exhibit a relatively narrow πtotal

distribution (ranging from 0.10 to 012 in half of the popula-

tions; Fig. 5).

The hypothesis that the pockets B and F are the main tar-

gets of balancing selection is thus partially supported for

HLA-B, since pB presents by far the highest level of nucleo-

tide diversity. Interestingly, van Deutekom and Kesmir (2015)

recently showed that changes involving several of the B

pocket’s amino acids had a profound impact on peptide-

binding properties, which corroborates our interpretation. On

the other hand, pF, which is not significantly different from pA

at HLA-A, and from pCDE at HLA-B, does not present an

increased value of πtotal which would be an evidence against

balancing selection. It is important to note that these results

were obtained independently from the classification of alleles

into supertypes, since the determination of the pockets’ co-

dons was taken from the classical study of Saper et al. (1991).

We also analyzed how the nucleotide diversity was distrib-

uted between supertypes. Since the supertype categorization is

Table 2 Supertype differentiation indexes among populations (FST),

among populations within geographic regions (FSC), and among

geographic regions (FCT)

Supertypes FST FSC FCT
a

A1 9.95 %*** 2.67 %*** 7.48 %***

A2 4.85 %*** 3.40 %*** 1.51 %*

A3 6.48 %*** 6.48 %*** 0.000b

A24 11.14 %*** 6.66 %*** 4.80 %***

NCA 15.90 %*** 4.90 %*** 11.56 %***

B7 5.11 %*** 3.21 %*** 1.97 %*

B27 7.54 %*** 7.10 %*** 0.47%b

B44 3.21 %*** 1.72 %*** 1.51 %**

B58 8.34 %*** 2.91 %*** 5.59 %**

B62 11.38 %*** 7.35 %*** 4.35 %*

NCB 7.02 %*** 2.90 %*** 4.24 %***

*p<0.01; **p<0.001; ***p<0.0001, where p values refer to the proba-

bility of observing a statistic as extreme under the null hypothesis of no

structure
a In italics: Values of FCT>FSC, an indication that most of the variation

was found among populations of different geographic regions
bNot significant value

Table 3 Expected heterozygosity (He) of alleles and supertypes

Loci Dataseta Average allelic He Average supertype He

HLA-A Complete 0.7761 0.6774

HLA-A Reduced 0.8974 0.7504

HLA-B Complete 0.8948 0.7577

HLA-B Reduced 0.9429 0.7766

aComplete dataset, all populations; reduced dataset, excluding Pacific,

Australian, Taiwanese, and Native American populations
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based on variations of pB and pF, these pockets were expected

to present more differences between supertypes than the

others. This prediction was confirmed for pF at HLA-A and

pB at HLA-B (Fig. 6).

As pB presents the highest levels of variation at HLA-B

and also accounts for most of the differences between HLA-B

supertypes, we conclude that the variation between HLA-B

supertypes accounts for most of the differences observed be-

tween HLA-B alleles. In other words, alleles classified within

a same HLA-B supertype share more similarities than alleles

assigned to different HLA-B supertypes. By contrast, most of

the differences between HLA-A supertypes lie within pF, the

pocket presenting the lowest πtotal values for this gene.

Therefore, at this locus, the supertypes do not account for most

of the variation between alleles (Fig. 6). In other words, HLA-

A presents more variation within than between supertypes.

Simulation approach to test selection on supertypes

According to the definition of Sidney et al. (1996), al-

leles included within the same supertype have overlap-

ping peptide-binding specificities. To test the effects of

the supertype classification on expected heterozygosities

(He) and pairwise differentiation (GST), we generated

null distributions for these two statistics under the hy-

pothesis that alleles within supertypes are a random col-

lection, with no shared functional attributes. To this end,

the assignment of alleles to supertypes was randomized

by permuting the supertype labels attributed to each

allele motif, as described in the BMaterials and

methods^ section. As the same patterns were obtained

using the two different simulation approaches (see

BMaterials and methods^ section), we only present the

results for the case without any constraint on the num-

ber of alleles associated to a specific supertype.

For HLA-A, we do not observe any population with a

significant difference in He in contrasts between the real and

random supertype assignments. For HLA-B, 6 out of 55 pop-

ulations exhibit significantly lower He (permutation-based

p<0.05) than those acquired via simulations. These six popu-

lations belong to the reduced dataset. Because the number of

populations with individually significant p values in either

direction (i.e., with significantly lower or greaterHe compared

to the simulated value) is small, we investigated whether the

distribution of the p values itself was informative regarding

selective effects. To do this, we used an exact binomial test to

assess whether the observed distribution of p values deviated

from one composed of equal numbers of values on either side

of 0.5 (the expected proportion of deviation in either direction

under the null hypothesis; Fig. 7). For HLA-A, no significant

deviation is found (p value>0.05 for both complete and re-

duced datasets). For HLA-B, however, a significant skew to-

wards p values greater than 0.5 is observed, indicating an

overall significant excess of populations with lower He than

Fig. 4 Plots of GST values

between populations based on

allele (Y axis) and supertype (X

axis) frequencies. The correlation

(Rxy) and significance were

obtained using a Mantel test.

Complete dataset, all populations

and reduced dataset, excluding

Pacific, Australian, Taiwanese,

and Native American populations

Fig. 5 Total nucleotide diversity (πtotal) at HLA-A and HLA-B PBR pockets. Each box represents the distribution of the total nucleotide diversity per

pocket for the populations of the complete dataset
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those obtained through simulations (p value<0.05 and p value

<0.005 for complete and reduced datasets, respectively).

For both HLA-A and HLA-B, GST values were not signif-

icantly different from those of the randomized data, when

using the complete dataset. This is also true when using the

reduced dataset for HLA-A but not for HLA-B. Indeed, after

removing the Pacific, Australian, Taiwanese, and Native

American populations, the observed GST is higher than 98 %

of the simulations for HLA-B (Fig. 8). This finding differs

from the expectations of Sidney et al. (1996), who predicted

an overall decrease of differentiation at the supertype level.

However, it is in agreement with our description of the ob-

served data. Indeed, in our simulations, alleles were randomly

assigned to supertypes, creating randomized supertypes with

similar contents of common and rare alleles. The common

alleles are expected to be assigned to different randomized

supertypes in most of the simulations because they are less

numerous than the rare alleles. Such a pattern is similar to that

described for real HLA-A supertypes, which present a low

number of common alleles per population (Fig. 1b, c). As

discussed above, this pattern also explains the high correlation

found between GST values measured at the allelic and

supertype levels for this locus (Fig. 4). Finally, as also

discussed above for the PBR pockets, less variation is found

between than within HLA-A supertypes. This indicates that

HLA-A supertypes are composed of heterogeneous sets of

alleles with few sequence similarities at pF (Figs. 5 and 6),

which explains the similarity between the results based on the

observed and randomized data. On the other hand, HLA-B

supertypes appear to be composed of alleles sharing more

sequence similarities, as shown by the molecular analysis of

the PBR pockets (Figs. 5 and 6).

In summary, HLA-B supertypes are sets of alleles with B

pocket resemblances, and these similarities can be interpreted

directly in terms of peptide presentation profiles because

HLA-B supertypes exhibit major differences regarding the

chemical properties of pB. Thus, our results showing an in-

creased differentiation at the level of HLA-B supertypes are

consistent with an effect of natural selection resulting in local

adaptation of populations to different pathogen environments.

Through our simulations, the functional grouping of alleles

reflected by the HLA-B supertypes is disrupted, creating ran-

domized groups in the same way as described for HLA-A.

The frequent allocation of common alleles into different ran-

domized supertypes in the simulations thus provokes both an

increase of He and a decrease of population differentiations

(GST), when compared with the observed data (Figs. 7 and 8).

In agreement with this interpretation, the inclusion of the

Fig. 7 P value distributions

obtained through simulations for

the expected heterozygosity (He).

The p value is defined as the

proportion of simulated datasets

with He larger than the observed

He. The results obtained with the

complete (top) and reduced

(bottom) dataset are shown

Fig. 6 Nucleotide diversity between supertypes (πst) at HLA-A and HLA-B PBR pockets. Each box represents the distribution of the nucleotide

diversity between supertypes per pocket for the populations of the complete dataset

660 Immunogenetics (2015) 67:651–663



Pacific, Australian, Taiwanese, and Native American popula-

tions reduces this effect because the patterns of variation at

HLA-B for these populations resemble those observed at

HLA-A, with a relatively low number of alleles belonging to

different supertypes.

Conclusions

The supertype classification of HLA-A and HLA-B alleles has

been widely used in medical research, with reports suggesting

that supertype-level variation explains susceptibility or resis-

tance to a series of pathogenic diseases (Alencar et al. 2013;

Chakraborty et al. 2013; Cordery et al. 2012; Gilchuk et al.

2013; Karlsson et al. 2012, 2013; Kuniholm et al. 2013;

Trachtenberg et al. 2003). This classification was proposed

in the 1990s as an attempt to find, as described by Sette and

Sidney (1999), Bthe common denominators and similarities

hidden within this very large degree of polymorphism.^ The

same authors also stated that Bthe overall frequency of each of

these supertypes is remarkably high and fairly conserved

among very different ethnicities. Thus, there might be some

advantage for human populations to present approximately

five to ten main binding specificities and that each one of these

is maintained at relatively high frequency.^ According to our

results, the variation among HLA-B supertypes does reflect

the functional diversity at this locus and is thus in agreement

with the above-mentioned hypothesis. Our results strongly

indicate that the B pocket is likely to be the main target of

natural selection at HLA-B, as it presents the highest levels of

molecular variation and accounts for the main differences in

the peptide presentation profiles for this gene. However, in

contrast with classical expectations for loci evolving under

balancing selection, our simulation results reveal that HLA-

B supertype frequencies do not show a signature of balancing

selection (i.e., we find lowerHe compared to those of random-

ly assigned groups of alleles), implying that each supertype is

not maintained at relatively high frequencies in all popula-

tions. This result is supported by the geographically heteroge-

neous distributions of B58 and B62 (and, to a lesser extent,

B27) frequencies among populations. Moreover, populations

are more differentiated than expected for HLA-B supertypes

(higher observed GST values than those obtained from ran-

domly assigned groups of alleles). As most of the differences

between HLA-B supertypes lie in the B pocket, this means

that the differences in HLA-B supertype composition among

populations can be interpreted in terms of peptide recognition.

Thus, for HLA-B, our results support the idea that populations

present more differences in peptide presentation profiles than

expected, possibly due to local adaptations to pathogens.

By contrast, most of the differences between HLA-A al-

leles are not related with differences at the supertype level.

This is supported by our simulation results showing that the

randomly assigned groups of alleles often reproduce the ob-

served patterns of variation and differentiation of HLA-A

supertypes. Moreover, HLA-A alleles are more conserved at

the sites involved in peptide binding, suggesting that they

present a more conserved profile of peptides across popula-

tions, differing from what is observed for HLA-B. Of note,

one possible caveat of inferring peptide binding through the

supertype classification is that some peptides presented by

HLA class I molecules are known to assume a looping con-

formation outside the peptide-binding groove. However, no

matter how different conformations a peptide can adopt, the

anchor amino acids located at the peptide ends remain the

same, limited by the B and F pockets. In this way, this

Fig. 8 Simulation results forGST.

The red line represents the

average observed GST. We

calculated the average GST value

for each simulated step and then

determined the significance as the

proportion of simulated values

smaller than the observed one.

The results with the complete

(top) and reduced (bottom)

datasets are shown
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conformational variability exhibited by the peptides is also a

consequence of the interaction between the peptide anchors

and the B and F pockets and thus is not expected to change the

results obtained here.

Our results suggest that the B pocket of the HLA-B mole-

cules is the main target of natural selection, whereas no such

signals could be retrieved for the other HLA-B pockets nor for

the pockets of the HLA-A molecules in relation to the

supertype classification. This conclusion matches the expec-

tations that supertypes are the primary targets of selection for

HLA-B but not for HLA-A. Following this idea, we could

state that HLA-A supertypes are composed by alleles whose

resemblances are not the consequence of a shared phylogenet-

ic origin. A future extension of this work could be to explore

whether the central pockets C, D, and E that have been shown

to contain most of the variation at HLA-A could be used as an

alternate functional classification for these alleles.

Acknowledgments This work was supported by the Swiss National

Science Foundation (SNSF) grant no. 31003A_144180 to ASM and

São Paulo Research Foundation (FAPESP) 12/18010-0 and a CNPq pro-

ductivity grant no. 308167/2012-0 to DM. RSF was supported by CNPq

(grant no. 142130/2009-5) and CAPES (grant no. 12447/12-9). We also

thank two anonymous reviewers for their useful comments.

Open Access This article is distributed under the terms of the Creative

Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /

creativecommons.org/licenses/by/4.0/), which permits unrestricted use,

distribution, and reproduction in any medium, provided you give

appropriate credit to the original author(s) and the source, provide a link

to the Creative Commons license, and indicate if changes were made.

References

Alencar LXE, Braga-Neto UM, Nascimento EJM, Cordeiro MT, Silva

AM, Brito CAA, Silva PM, Gil LH, Montenegro SM, Marques

Júnior ET Jr (2013) HLA-B*44 is associated with dengue severity

caused by DENV-3 in a Brazilian population. J Trop Med 2013:

648475

Apanius V, Penn D, Slev PR, Ruff LR, Potts WK (1997) The nature of

selection on the major histocompatibility complex. Crit Rev

Immunol 17(2):179–224

Borghans JA, Beltman JB, De Boer RJ (2004) MHC polymorphism

under host-pathogen coevolution. Immunogenetics 55(11):732–739

Buhler S, Sanchez-Mazas A (2011) HLA DNA sequence variation

among human populations: molecular signatures of demographic

and selective events. PLoS One 6(2):e14643

Chakraborty S, Rahman T, Chakravorty R, Kuchta A, Rabby A,

Sahiuzzaman M (2013) HLA supertypes contribute in HIV type 1

cytotoxic T lymphocyte epitope clustering in Nef and Gag proteins.

AIDS Res Hum Retroviruses 29(2):270–278

Cordery DV, Martin A, Amin J, Kelleher AD, Emery S, Cooper DA,

STEAL study group (2012) The influence of HLA supertype on

thymidine analogue associated with low peripheral fat in HIV.

AIDS 26(18):2337–2344

R Development Core Team (2011) R: a language and environment for

statistical computing. Vienna, Austria: the R Foundation for

Statistical Computing. ISBN: 3-900051-07-0. Available online at

http://www.R-project.org/

Dray S, Dufour AB (2007) The ade4 package: implementing the duality

diagram for ecologists. J Stat Softw 22(4):1–20

Excoffier L, Lischer HE (2010) Arlequin suite ver 3.5: a new series of

programs to perform population genetics analyses under Linux and

Windows. Mol Ecol Resour 10(3):564–567

Gibert M, Sanchez-Mazas A (2003) Geographic patterns of functional

categories of HLA-DRB1 alleles: a new approach to analyse asso-

ciations between HLA-DRB1 and disease. Eur J Immunogenet

30(5):361–374

Gilchuk P, Spencer CT, Conant SB, Hill T, Gray JJ, Niu X, Zheng M,

Erickson JJ, Boyd KL,McAfee KJ, Oseroff C, Hadrup SR, Bennink

JR, Hildebrand W, Edwards KM, Crowe JE, Williams JV, Buus S,

Sette A, Schumacher TN, Link AJ, Joyce S (2013) Discovering

naturally processed antigenic determinants that confer protective T

cell immunity. J Clin Invest 123(5):1976–1987

Hedrick PW, Whittam TS, Parham P (1991) Heterozygosity at individual

amino acid sites: extremely high levels for HLA-A and -B genes.

Proc Natl Acad Sci U S A 88(13):5897–5901

Hughes AL, Nei M (1988) Pattern of nucleotide substitution at major

histocompatibility complex class I loci reveals overdominant selec-

tion. Nature 335(6186):167–170

Jost L (2008) G(ST) and its relatives do not measure differentiation. Mol

Ecol 17(18):4015–4026

Karlsson I, Kløverpris H, Jensen KJ, Stryhn A, Buus S, Karlsson A,

Vinner L, Goulder P, Fomsgaard A (2012) Identification of con-

served subdominant HIV type 1 CD8(+) T cell epitopes restricted

within common HLA supertypes for therapeutic HIV type 1 vac-

cines. AIDS Res Hum Retroviruses 28(11):1434–1443

Karlsson I, Brandt L, Vinner L, Kromann I, Andreasen LV, Andersen P,

Gerstoft J, Kronborg G, Fomsgaard A (2013) Adjuvanted HLA-

supertype restricted subdominant peptides induce new T-cell immu-

nity during untreated HIV-1-infection. Clin Immunol 146(2):120–

130

Kuniholm MH, Anastos K, Kovacs A, Gao X, Marti D, Sette A,

Greenblatt RM, Peters M, Cohen MH, Minkoff H, Gange SJ, Thio

CL, Young MA, Xue X, Carrington M, Strickler HD (2013)

Relation of HLA class I and II supertypes with spontaneous clear-

ance of hepatitis C virus. Genes Immun 14(5):330–335

Lawlor DA, Zemmour J, Ennis PD, Parham P (1990) Evolution of class-I

MHC genes and proteins: from natural selection to thymic selection.

Annu Rev Immunol 8:23–63

Mack S, Sanchez-Mazas A, Meyer D, Single R, Tsai Y et al (2006) 13th

International Histocompatibility Workshop Anthropology/Human

Genetic Diversity Joint Report—Chapter 2: methods used in the

generation and preparation of data for analysis in the 13th

International Histocompatibility Workshop. In: Hansen J (ed)

Immunobiology of the human MHC: Proceedings of the 13th

International Histocompatibility Workshop and Conference.

IHWG Press, Seattle, pp 564–579

Mantel N (1967) The detection of disease clustering and a generalized

regression approach. Cancer Res 27(2):209–220

Naugler C, Liwski R (2008) An evolutionary approach to major histo-

compatibility diversity based on allele supertypes. Med Hypotheses

70(5):933–937

Nei M (1987) Molecular evolutionary genetics. Columbia University

Press, New York

Nei M, Chesser RK (1983) Estimation of fixation indices and gene diver-

sities. Ann Hum Genet 47(Pt 3):253–259

Nunes JM (2014) Using Uniformat and Gene[rate] to analyse data with

ambiguities in population genetics. http://dx.doi.org/10.6084/m9.

figshare.984299

662 Immunogenetics (2015) 67:651–663

http://www.r-project.org/
http://dx.doi.org/10.6084/m9.figshare.984299
http://dx.doi.org/10.6084/m9.figshare.984299


Nunes JM, Buhler S, Roessli D, Sanchez-Mazas A, HLA-net 2013 col-

laboration (2014) The HLA-net Gene[rate] pipeline for effective

HLA data analysis and its application to 145 populations from

Europe and neighbouring areas. Tissue Antigens 83(5):307–323

Parham P (2005) MHC class I molecules and KIRs in human history,

health and survival. Nat Rev Immunol 5(3):201–214

Parham P, BenjaminRJ, ChenBP, Clayberger C, Ennis PD, KrenskyAM,

Lawlor DA, Littman DR, Norment AM, Orr HT et al (1989)

Diversity of class I HLA molecules: functional and evolutionary

interactions with T cells. Cold Spring Harb Symp Quant Biol

54(Pt 1):529–543

Prugnolle F, Manica A, Charpentier M, Guégan JF, Guernier V, Balloux F

(2005) Pathogen-driven selection and worldwide HLA class I diver-

sity. Curr Biol 15(11):1022–1027

Qutob N, Balloux F, Raj T, Liu H, Marion de Procé S, Trowsdale

J, Manica A (2011) Signatures of historical demography and

pathogen richness on MHC class I genes. Immunogenetics

64(3):165–175

Robinson J, Halliwell JA, Hayhurst JD, Flicek P, Parham P, Marsh SG

(2015) The IPD and IMGT/HLA database: allele variant databases.

Nucleic Acids Res 43(Database issue):D423–D431

Sanchez-Mazas A, Lemaître JF, Currat M (2012) Distinct evolutionary

strategies of human leucocyte antigen loci in pathogen-rich environ-

ments. Philos Trans R Soc Lond B Biol Sci 367(1590):830–839

Saper MA, Bjorkman PJ, Wiley DC (1991) Refined structure of the

human histocompatibility antigen HLA-A2 at 2.6 A resolution. J

Mol Biol 219(2):277–319

Sette A, Sidney J (1999) Nine major HLA class I supertypes account for

the vast preponderance of HLA-A and -B polymorphism.

Immunogenetics 50(3–4):201–212

Sidney J, Grey HM, Kubo RT, Sette A (1996) Practical, biochemical and

evolutionary implications of the discovery of HLA class I

supermotifs. Immunol Today 17(6):261–266

Sidney J, Peters B, Frahm N, Brander C, Sette A (2008) HLA class I

supertypes: a revised and updated classification. BMC Immunol 9:1

Slade RW, McCallum HI (1992) Overdominant vs. frequency-dependent

selection at MHC loci. Genetics 132(3):861–864

Takahata N, Nei M (1990) Allelic genealogy under overdominant and

frequency-dependent selection and polymorphism of major histo-

compatibility complex loci. Genetics 124(4):967–978

Takahata N, Satta Y, Klein J (1992) Polymorphism and balancing selection

at major histocompatibility complex loci. Genetics 130(4):925–938

Trachtenberg E, Korber B, Sollars C, Kepler TB, Hraber PT, Hayes E,

Funkhouser R, Fugate M, Theiler J, Hsu YS, Kunstman K, Wu S,

Phair J, Erlich H, Wolinsky S (2003) Advantage of rare HLA

supertype in HIV disease progression. Nat Med 9(7):928–935

vanDeutekomHW,Kesmir C (2015) Zooming into the binding groove of

HLA molecules: which positions and which substitutions changes

peptide binding most? Immunogenetics 67(8):425–436

Immunogenetics (2015) 67:651–663 663


	HLA...
	Abstract
	Introduction
	Materials and methods
	Population data
	Supertype definition
	Population genetic analyses
	Testing the molecular variation of the PBR pockets
	Testing genetic differentiation between populations based on supertypes


	Results and discussion
	HLA-A and HLA-B supertype frequencies and their geographic distributions
	Heterozygosity and interpopulation differentiation
	Patterns of molecular variability for different PBR pockets of HLA-A and HLA-B
	Simulation approach to test selection on supertypes

	Conclusions
	References


