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1. ABSTRACT

The genomic organization and number of human
HLA-DRB class Il genes differs between haplotypes in the
human population. In contrast, both HLA-DQ and -DP classl|
subregions are conserved. Understanding of the evolutionary
relationship and age of HLA-DR haplotypes has been obtained
by nuclectide sequence determination and phylogenetic
analyses of intron sequences of all known DRB genes from
different DR haplotypes. These analyses have indicated that
the gene organization of some haplotypes has remained
conserved for tens of millions of years and that novel
haplotypes have originated during hominoid speciation. Thus,
in the contemporary human population, both ancestra and
species-specific DRB gene organizations are found. The
plagticity of DR gene organization as well as the extensive
allelic polymorphism of expressed DR-beta molecules are
festures which suggest that DR molecules are under distinct
selective pressure compared to HLA-DQ and HLA-DP class
11 molecules. The extensive alelic polymorphism of HLA-DR
transplantation antigens is exclusively provided by the beta-
chain of these heterodimeric antigen presenting molecules.
Most of this polymorphism appears to have been generated
recently. Thus, evolutionary mechanisms involved in the
preservation of ancestra gene organizations, selection against
DR-dpha polymorphism, creation of DR-beta dldic
polymorphism and generation of novel gene organizations are
acting on the HLA-DR region simultaneoudly.

2. INTRODUCTION

Three distinct isoforms of class Il maor
histocompatibility complex (MHC) molecules are expressed
by human antigen presenting cells. They are denoted HLA-
DR, -DQ, and -DP. The MHC class Il proteins are
heterodimers composed of an alpha-chain and a beta-chain.
Class Il molecules are type | membrane glycoproteins which
present exogenous peptides that are recognized by T-cell
receptors on helper T cells. Different adphachains are
encoded by geneticaly distinct subsets of A genes and beta-
chains by B genes. Human class Il genes are located on the
short arm of chromosome 6 at position 6p21.3 (1). The HLA-
DR genes arelocated in the most telomeric part of the class ||
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region (figure 1). Five digtinct human HLA-DR haplotypes
exist. These differ in the organization and number of DRB
genes present on each DR haplotype (figure 1). Nine DRB loci
have been described (DRB1-DRB9) (2).

The genetic distinction between HLA-DR, -DQ, and
-DP genes is manifested by several structura differences in
the most extracellular domain (3-4). Among these three
different isoforms of class |1 molecules, which all functions as
antigen presenting molecules, the HLA-DR molecules are
distinct from DQ and DP molecules by several criteria: i) The
DRB1 locus is the most polymorphic class Il locus known
with approximately 180 alleles described (2). The DRB1 locus
encodes the betal chain of the DR molecule and it is
expressed in al the five main human DR haplotypes.
However, as will be discussed below, genetic evidence
suggest that the DRB1 locus may be split into five different
subloci. ii) In addition to the DRBL1 locus, al DR haplotypes,
except the DR8 haplotype, carries a second expressed DRB
locus (denoted DRB3, DRB4 or DRB5). iii) In contrast to the
polymorphic HLA-DRBL locus, the HLA-DRA gene, which
encodes the apha chain of the DR molecule is essentidly
monomorphic. This is true also for DP molecules where the
DP-apha chain only exhibits limited alelic polymorphism. In
DQ molecules both the apha and beta chains exhibit aldic
polymorphism. iv) Unlike the DQ and DP regions, the
number of DRB genes varies between different haplotypes
(5). Thus, in the DR molecule, which is the predominantly
expressed class || molecule on the cell surface of most antigen
presenting cells, the polymorphism is exclusively located in
the beta-chain. This might reflect that subtypes of HLA class
Il molecules are specialised for different purposes and that
there are functional differences in peptide presentation and
triggering of the immune response. Furthermore, there are two
atypical human class I molecules which are encoded by the
DM and DO loci (6-7). These class II molecules do not
present peptide antigens but functions as regulators of antigen
presentation (8).

In this review article the evolutionary relationship
between the HLA-DR haplotypes and DRB genes will be
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Figure 1. Schematic representation of the five human HLA-DR haplotypes. The exons of the DRB genes are shown in different shades
of grey. Sizes of and distances between the genes are not drawn to scale. The DRA locus which is closdly linked to the DRB9 locus is

not shown. Adapted in part from reference 45.

discussed based on the available genetic and molecular
information.

3. GENETIC COMPLEXITY WITHIN THE HUMAN
HLA-DR HAPLOTYPES

The non-polymorphic DRA gene is linked to a
varying number of DRB genesin different DR haplotypes (5).
Based on this variation, five different DR haplotypes have
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been identified (9). They are denoted DR1, DR51, DR52, DR8
and DR53, respectively (figure 1, ref. 9). All DR haplotypes
cary one expresssed DRB1 gene and except the DR8
haplotype, another expresssd DRB gene (DRB3-5) is
expressed (figure 1). Besides this variation, a number of DRB
pseudogene loci have been identified. These have been given
the designations DRB2, DRB6-9) (figure 1).

According to the current MHC nomenclature,
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Figure 2. A model for the evolution of HLA-DR haplotypes.
The estimated evolutionary time scale of the dendrogram is
indicated to the right. The two main evolutionary branches
were generated early during mammalian speciation. The split
between the DR52 and DR8 as well as between DR51 and
DR1 haplotypes occurred after hominoid speciation. Broken
lines in the dendrogram indicate that it is not possible to
correctly estimate the time point for the split between the two
main evolutionary branches. Adapted from reference 13.

DRB1 sequences have been arranged into 13 different dldic
lineages (groups of highly related aleles) (2). In phylogenetic
analyses, DRB1 sequences from these adldlic lineages cluster
within the five haplotypic groups from where they are
encoded. The dldlic lineages are denoted: *01 and *10 (the
DR1 group), *08 (the DR8 group), *15 and *16 (the DR51
group), *03, *11, *12, *13, and *14 (the DR52 group), and
*04, *07, and *09 (the DR53 group). Thus, DRB1 dldic
lineages can be further grouped into five families which
correspond to the five main haplotypic groups. The second
expressed DRB loci (DRB3, DRB4, and DRB5) exhibit only
limited allelic polymorphism in humans (2). This is another
quite remarkable feature of DRB polymorphism since these
loci are expressed largely at similar degree as DRB1 genes
and by the same antigen presenting cells. Moreover, they
appear to bind similar types of peptides and similar selective
pressures should be acting on these loci.

The DR8 haplotype, is the least complex DR
haplotype, which besides a DRB1*08 gene adso carry the
DRB9 pseudogene which is common to al DR haplotypes
(10-11). Comparison of nucleotide sequences has revealed
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that the DRB1 gene of the DR8 haplotype was generated by a
gene contraction event in a DR52 haplotype (see ref. 34 and
referencestherein). Thus, the promoter, exons 1 and 2 of this
gene are highly similar to DRB1 genes from the DR52
haplotype. In contrast, the 3-part of the gene closdy
resembles the DRB3 gene from DR52 haplotypes. This
contraction occurred relatively recently on the evolutionary
time scale. All other DR haplotypes contain either one of the
second expressed functional DRB gene as well as one or more
DRB pseudogenes (figure. 1).

In DR51 haplotypes, the second expressed DRB
locus is denoted DRB5 and is located adjacent to a DRB6
pseudogene. In the human MHC, the DRB5 locus is unique to
the DR51 haplotype. However, DRB5 genes are found in
several digtinct chimpanzee as well as gorilla DR haplotypes
(26). In some of these haplotypes, theDRB5 gene is linked to
aDRB6 gene but other combinations of DRB genes have been
described in these primate species (26). Shared, species-
specific as well as composite haplotypes between human,
chimpanzee and gorilla appears to be a fundamental feature of
the DR haplotypes which emphasizes the plagticity of this
region during primate evolution.

The DRB genes present on the DR1 haplotype
(DRB1, DRB6 and DRB9) are highly similar to those found in
the DR51 haplotype. The conspicuous difference between the
DR51 and DR1 haplotypes is that the latter lacks the DRB5
locus. The most likely explanation is that DRB5 was deleted
when the DR1 haplotype emerged (34 and figure 2). DR1
haplotypes have so far not been found in other primates and
might hence be human-specific. In rare cases, human DR
haplotypes have been described (abeit at low frequencies)
which mogt likely are the result of recombinations between
the main DR haplotypes (21-25). For example, DR1-like
hapl otypes which contain an expressed DRB5 gene, which is
otherwise unique to DR51 haplotypes, have been described
(figure 1, ref. 25). Furthermore, DR51-related haplotypes have
been identified which appear to be the result of
recombinations between the closely related DR51 and DR1
haplotypes (21-24).

TheDR52 haplotype constitutes what appears to be
an ancestral haplotype, with the gene organization - DRB1 -
DRB2 - DRB3 - DRB9, that has remained evolutionary
preserved at least some 40 million years (MYR) (13 and
references therein). Besides its evolutionary persistence and
presencein all great apes, novel DR haplotypes, like DR8 (see
above) have been generated recently from the DR52

haplotype.

DR53 haplotypes have an evolutionary distinct
organization of DRB genes (DRB1 - DRB7 - DRB8 - DRB4 -
DRB9). Moreover, like DR52 haplotypes, DR53 haplotypes
originated early during mammalian evolution. The DRB7 and
DRB8 pseudogenes as well as the expressed DRB4 gene are
unique to this evolutionary branch (5, 20). The DR53
haplotype in itself represents a distinct main evolutionary
branch (figure 2). A DR haplotype with identicad gene
organization to the human DR53 haplotype has been found in
the chimpanzee MHC (26).
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As indicated above, evidence for the plasticity of
the DR region has been obtained from studies of DR gene
organization in chimpanzee, gorilla, and orangutan MHC.
These studies revedled that the organization of most human
DR haplotypesis not conserved within primates (26). Several
examples of what appears like composite haplotypes of those
found in humans are present in nonhuman primates (26-32).
DRB genes othologousto al nine human DRB loci have been
identified in the chimpanzee MHC. However, except for the
DR53 haplotypic group, most of the DR haplotypes found in
nonhuman primates have distinct organization from those
found in the human MHC (26).

As discussed above, DRB1 dlédes cluster together
in phylogenetic analysis into five families of dlélic lineages
(12-15). When these DRB1 dldic lineages are compared
phylogenetically with aleles from other DRB loci, it is not
geneticaly evident that all DRB1 sequences are truly alelic
(16). Furthermore, when the polymorphic exon 2 sequences
from al available DRB1 sequences are used as one data set in
population genetic studies, aternative conclusions have been
obtained concerning the age of MHC polymorphism (17-19).
Of utmost importance for drawing conclusions on the
evolutionary relationship of DRB genes and the age of MHC
polymorphism is to include intron sequences in the analyses.
This has been used successfully in severa recent studies (12-
15, 42). For practica reasons (tissue-typing etc) it has been
argued that it is more convenient to group al DRB1 sequences
into one locus since they appear functionaly equivalent.
However, what appears clear from molecular characterization
of these genes is that at least DRB1 dleles from the DR53
aldic lineage are evolutionary distant from other DRB1
genes. For example, they lack the ERV9 LTR eement in
intron 5 that is present in other DRB1 genes (12-13, 20).
Furthermore, DRB1 sequences intermingle with DRB3,
DRB4, and DRB5 sequences in phylogenetic analysis (16).
Clearly, DRB1 genes from digtinct DR haplotypes have
evolved separately during substantid  (>10 MYR)
evolutionary times. Therefore, true alelic relationships may
have been obscured. To avoid further confusion, locus
designations including the haplotype designation may be
used, eg; DRB1(1)*01, DRB1(51)*15, DRB1(52)*03,
DRB1(53)*04, and DRB1(8)*08. This should emphasize
which alelic lineage a particular DRB1 sequence belongs to
and allow more stringent conclusions.

The functional advantage of having more than one
expressed DRB gene on each chromosome remains uncertain.
It is possible that the expression of two DRB genes from one
chromosome might compensate for the lack of polymorphism
at the DRA locus. The weskness in this argument is
highlighted by the DP molecules, where the number of DPB
genes is constant although the DPA locus is relatively non-
polymorphic. An aternative explanation might be related to
the fact that DQ, DP, and DR molecules have different
requirements for peptide interactions (33). DR molecules
appear to bind only a more restricted type of peptides
(compared to DQ and DP molecules) with a conserved nine-
residue motif (33). This requirement might be restricted by the
conserved DR-dpha molecule but somewhat compensated by
the multitude of possible DR-betachains.
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Based on the available molecular information of
different human DR regions a model for HLA-DR haplotype
evolution has been proposed (13, 34). This modd is
schematically shown in figure 2. Clearly, DRB genes arose by
severa independent gene duplications and recombinations
early during primate evolution and predominantly before
human speciation. The two main branches of human DR
haplotypes are both evolutionary old and were generated by
independent duplication events early during mammalian
evolution (34). The DR53 haplotype represents one branch
and the second branch contains al the other human DR
haplotypes (figure 2 and ref. 34). A conspicuous difference
between the two main branches is that the DR53 haplotype
has remained constant and that closely related haplotypes
have not been described in the human population. In contrast,
the DR51/52 haplotypic branch, has been subject to a high
degree of diversification. This is manifested by the recent
origin of the DR8 and DR1 haplotypes (see above).

4. AGE OF THE HLA-DR HAPLOTYPES AND DRB
ALLELES

Within the DR53 haplotype, DRB1 genes which
belong to the DRB1*04 dl€lic lineage have been estimated to
be more than 85 myr old (35). Interestingly, this particular
alelic lineage has aso the largest number (approximately
135) of DRBL1 dleles(2). In contrast, the number of DRB1*09
alelesislow. Thus, aleles from two lineages expressed from
the same haplotypic group have clearly distinct evolutionary
histories. The reason for this discrepancy is unknown but the
diginction of aleic polymorphism observed for certain
subhaplotypes might be the result of previous bottle necks.
Furthermore, intron sequences of DRB genes from the DR53
haplotypic group (DR4, DR7, and DR9) are the most
phylogenetically divergent. Thisfurther strengthensthe notion
that the DR53 haplotypic branch was established early during
evolution. Evidence that gene conversion-like events have
been important during evolution of the DRB genes was found
since the four DRB genes in the DR4 haplotype display
patchwork similarities to each other (20). This has precluded
estimations concerning the age and order of the duplication
events that generated these DRB genes. However, firm
evidence for two consecutive duplications was provided by
nucleotide sequence anadysis of al the four DRB genes
(DRB1*0401, DRB7, DRB8, and DRBA4) in this haplotype (20).
A common ancestry between al DR haplotypes is evident
since the DRB4 gene of the DR53 haplotypes is
phylogenetically most related to the DRB2 gene of the DR52
haplotypes (13, 36-37). These DRB loci might represent
present day copiesof aprimordial DRB gene. Furthermore, the
DRB9 locusis present in al human DR haplotypes (see above).

Subgtantia information regarding the molecular
evolution of the DR region has been obtained based on the
presence of phylogenetically informative retrodements (12-
15). The complexity of retroelements in the class |1 region has
recently been reviewed (45). DRB1 genes of dl human DR
haplotypes within the DR51/DR52, evolutionary branch
contains a conserved endogenous retrovirus long termina
repeat (ERV9 LTR) insertion in intron 5 (12-15). This
retroelement was inserted in an ancestral DRB gene &fter the
split between the two main evolutionary branches but before
the split of DR51 and DR52 haplotypes. Theinferred insertion
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time of the ERV9 LTR eements was estimated to
approximately 55 myr ago, after the divergence between Old
and New World monkeys (12-15).

The initid duplication event that occurred within a
primordial  DR51/DR52  haplotypic  lineage  occurred
approximately 60+6 myr ago (figure 2 and ref. 38), which
clearly isprior to theinsertion of the ERV9 LTR element. The
second duplication event occurred subsequently to the
insertion of the ERV9 LTR element approximately 40+5 myr
ago (38). The divergence between DR51 and DR52
haplotypic lineages occurred & a similar timepoint in
evolution (13).

The DR1 and DR8 haplotypes were al generated
recently during primate evolution. Their respective
evolutionary histories have recently been reviewed (34). The
gene organization of the DR51 haplotype was estimated to be
at least 6 myr old and thus precedes hominoid speciation (39).
Of particular interest is a human specific Alu (HS-Alu)
element which islocated within the ERV9 LTR element of the
DRB1 gene of DR51 haplotypes. This HS-Alu element was
inserted subsequently to the divergence between the DR1 and
DR51 haplotypes (13). Analysis for the presence of this HS-
Alu element should serve a useful tool in human population
genetics studies. Thisparticular HS-Alu family member shows
98.9% identity to the HS consensus sequence (40-41), and
was most likely inserted a this postion after human
speciation.

Although the two main evolutionary branches of
human DR haplotypes were established early during the
mammealian evolution (34), the emergence of the more recent
DR1 and DR8 haplotypes provides examples for the ongoing
evolution within this multigene family. Concerning the age of
class Il gene polymorphism, it is evident that a substantial
amount of DRB allelic polymorphism was generated after
human speciation (42-43), and that other DRB1 dleles are
shared between different primate species (44). Based on
intron nucleotide sequence comparison it was estimated that
more than 90% of the contemporary HLA-DRB1 alleles were
generated after human speciation (42). This should be
contrasted to the more ancient emergence of the aldic
lineages of which most were generated early during primate
evolution.

5.CONCLUSIONS

Several duplication, recombination, and contraction
events have occurred during evolution of the DR multigene
family. Theplasticity of the DR region with a variation in the
number of DRB genes compared to the conserved number of
DQ and DP genes is intriguing. These features suggest that
genes within the DR region is subject to quite distinct
selective pressures from other class Il genes. This is
manifested by the conservation of the DRA locus at the one
extreme and the allelic and haplotypic polymorphism of the
DRB loci at the other extreme. The reason for this difference
may be related to an evolutionary selection acting on the
antigen-presenting function of DR molecules.

Clearly, the events that generated two main
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haplotypic lineages and most of the present day DRB loci,
occurred early during mammalian evolution. Subsequently,
multiple rearrangements have occurred after the establishment
of the two main haplotypic groups. The presence of
recombinant DR haplotypes in the human population, the
recent generation of both the DR1 and DR8 haplotypes and of
novel HLA-DRBL1 dleles, most of which were generated after
the separation of human and chimpanzee, and finaly the
existence of composite haplotypes observed in non-human
primates, are al features which corroborate the plagticity of
the DR region. Most likely, the large proportion (24%) of
retroelements within the class Il HLA-DR region (45), has
been an important contribution in the evolution of this
chromosomal region.
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