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Abstract: The major histocompatibility complex (MHC) is
one of the most extensively studied regions in the human
genome because of the association of variants at this
locus with autoimmune, infectious, and inflammatory
diseases. However, identification of causal variants within
the MHC for the majority of these diseases has remained
difficult due to the great variability and extensive linkage
disequilibrium (LD) that exists among alleles throughout
this locus, coupled with inadequate study design whereby
only a limited subset of about 20 from a total of
approximately 250 genes have been studied in small
cohorts of predominantly European origin. We have
performed a review and pooled analysis of the past
30 years of research on the role of the MHC in six
genetically complex disease traits – multiple sclerosis
(MS), type 1 diabetes (T1D), systemic lupus erythematosus
(SLE), ulcerative colitis (UC), Crohn’s disease (CD), and
rheumatoid arthritis (RA) – in order to consolidate and
evaluate the current literature regarding MHC genetics in
these common autoimmune and inflammatory diseases.
We corroborate established MHC disease associations and
identify predisposing variants that previously have not
been appreciated. Furthermore, we find a number of
interesting commonalities and differences across diseases
that implicate both general and disease-specific patho-
genetic mechanisms in autoimmunity.

Introduction

The major histocompatibility complex (MHC), located on the

short arm of Chromosome 6, is one of the most extensively studied

regions in the human genome because of the contribution of

multiple variants at this locus in autoimmune, infectious, and

inflammatory diseases and in transplantation. Historically, the

murine MHC locus, H2, was identified and subsequently named

for its role in histocompatibility almost 60 years ago by George

Snell [1]. Shortly afterward, Jean Dausset recognized the human

MHC, or human leukocyte antigen (HLA) region, so named

because Dausset originally demonstrated MHC antigens on the

surface of white blood cells [2]. Subsequently, Baruj Benacerraf

described the importance of these antigens in the immune

response [3]. The seminal work of Snell, Dausset, and Benacerraf

garnered them the 1980 Nobel Prize for Medicine.

The classical MHC encompasses approximately 3.6 megabase-

pairs (Mb) on 6p21.3 and is divided into three subregions: the

telomeric class I, class III, and the centromeric class II regions. The

concept of the extended MHC (xMHC), spanning about 7.6 Mb of

the genome, has been recently established by the finding that linkage

disequilibrium (LD) and MHC-related genes exist outside the

classically defined locus [4]. Of the 421 genes within the xMHC,

60% are expressed and approximately 22% have putative

immunoregulatory function. The five subregions of the xMHC

comprise the extended class I subregion, classical class I, classical

class III, classical class II, and the extended class II subregions [4].

The MHC was first associated with disease in 1967 when HLA-

B antigens were found at increased frequency in patients with

Hodgkin’s lymphoma [5]. Since then, variation within the MHC

has been found to be associated with almost every autoimmune

disease, as well as several infectious and inflammatory diseases.

However, because of the extensive LD that exists among alleles

throughout this locus, the causal MHC variant(s) have remained

elusive for the great majority of diseases.

Nonrandom association (or LD) in the inheritance of alleles at

multiple loci within the MHC was demonstrated as early as 1968

[6]. Upon determination of the physical size of the region, it

appeared that LD extended more than 2 Mb in some cases, but

not all. This differs from the LD pattern reported for other regions

in the genome where strong LD exists in segments of approxi-

mately 22 kilobases (kb) [7]. However, closer inspection reveals

that the ‘‘micro’’-structure of LD is similar for the MHC [8,9].

What appears to be different about a subset of MHC haplotypes is

that there is a higher amount of LD observed between segments of

strong LD. Such tight segment-to-segment LD can pose an

important obstacle in MHC research: if one identifies a disease

association with a variant in the region, it may not be possible to
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determine whether the variant is causal or whether its association

simply reflects LD with the true causal variation. Several studies of

the region to date have suffered from this caveat.

A further complication in the identification of disease-causing

variants at the MHC is the great variability exhibited by some of

the genes within the MHC (such as the classical class I genes, HLA-

A, -B, and -C and the classical class II genes, HLA-DRB1, -DQA1,

and -DQB1), which require typing strategies that are both labor-

and time-intensive; indeed HLA-B is the most polymorphic gene

known in the human genome.

The mechanisms underlying MHC association in autoimmune

disease are not clearly understood. One long-held view suggests a

breakdown in immunological tolerance to self-antigens through

aberrant class II presentation of self or foreign peptides to

autoreactive T lymphocytes. Thus, it seems likely that specific

MHC class II alleles determine the targeting of particular

autoantigens resulting in disease-specific associations.

For the reasons outlined above, most published studies of MHC

disease association to date have been restricted to small cohorts,

each testing a limited number of variants using a variety of typing

methodologies. This problem has resulted in a literature base that

can be complex and at times conflicting. We have therefore

examined the past 30 years of research regarding MHC genetics

in multiple autoimmune and inflammatory diseases using two

different approaches—(1) a review of published data and (2) a

pooled analysis of case–control association studies across the

region—in order to consolidate and evaluate the current literature

base. We chose to investigate six genetically complex disease traits:

multiple sclerosis (MS), type 1 diabetes (T1D), systemic lupus

erythematosus (SLE), ulcerative colitis (UC), Crohn’s disease (CD),

and rheumatoid arthritis (RA). By relying on combined data,

pooled analyses provide greater power for detecting disease-

associated variants, so may be helpful in corroborating or refuting

previous findings and establishing additional associations. Specif-

ically, we performed PubMed literature searches and identified

references from review sources to create a list of case–control

association studies across the region for each disease up to and

including September 2005 (see Table S1 for all disease-specific

studies included in the pooled analysis and Text S1 for further

search details). Only variants for which there were three

independent studies examining more than 50 cases each were

included in the final analysis. Phenotype and allele frequency data

were included but analyzed separately in this study. In total

approximately 390 studies were included across all diseases.

Odds ratios (ORs) and 95% confidence intervals (CIs) were

calculated for each serological, mixed lymphocyte reaction, or

molecular specificity (see Text S1). These data were collated

(Table S2) and used to create Figures 1 and 2. The extended LD

observed at the MHC does not allow differentiation between

allelic and haplotypic association in the current pooled analysis.

Thus, as it is vital to consider LD when interpreting association

results at the MHC, our figures display statistically significant

variants on the basis of ‘‘ancestral,’’ also known as ‘‘conserved

extended,’’ haplotypes [10–12].

The following text is subdivided by disease; for each we provide

a disease-specific review of the current literature on MHC genetics

and then detail the results of the pooled analysis (illustrated in

Figures 1 and 2) with respect to the variants found to confer risk to

disease (defined as a lower limit CI .1.0). A more comprehensive

account of MHC association for each disease can be found in

Datasets S1, S2, S3, S4, and S5. We also provide a brief

explanation of HLA nomenclature and typing methodologies (with

a mapping of serotypes to genotypes) because of the confusion that

often surrounds these topics (Text S2 and Table S3).

Multiple Sclerosis

MS (Online Mendelian Inheritance in Man [http://www.ncbi.

nlm.nih.gov/sites/entrez?db = omim] accession number [MIM]

126200) is a chronic inflammatory demyelinating disorder of the

central nervous system (reviewed in [13,14]). The only region of the

genome that has shown consistent evidence of linkage and

association with MS is the MHC (reviewed in [15]). The association

of the HLA-DR2 haplotype with MS was first noted in 1972 [16]

and remains one of the most reproduced findings in MHC genetics.

Due to strong LD across the associated haplotype, it remains

unclear whether the primary driver for the association of the HLA

locus to MS is the HLA-DQB1*0602 allele or the HLA-DRB1*1501

allele (reviewed in [15]). However, evidence is mounting that HLA-

DRB1*1501 and the closely related HLA-DRB1*1503 allele are

more strongly associated with MS in African-American [17] and

possibly European populations (PLD, unpublished data) when

compared to HLA-DQB1*0602. In addition, alleles within the

MHC class I region show suggestive evidence of association

independent of the DRB1*1501–DQB1*0602 haplotype, and

include HLA-A*0201 [18], HLA-A3 [15,18] and HLA-Cw05 [19]

as well as the HLA C1_3_2*354 microsatellite allele, although the

latter is in strong LD with HLA-DR3 [20].

There is support for allelic heterogeneity within the HLA-DRB1

gene, particularly in non-European MS populations [19,21]. The

best evidence for a second HLA-DRB1 risk allele in MS probably

lies with HLA-DRB1*03 (DR3) [19,22,23], although HLA-

DRB1*0103 and HLA-DR4 alleles may also increase disease risk

(reviewed in [13]) [19,24–26].

As expected, our pooled analysis highlights the preeminent role

of the extended haplotype defined by HLA-DRB1*1501 in MS

(Figure 1, top). Two other ancestral haplotypes containing HLA-

DR3 and HLA-DR4 also appear to play a role in MS susceptibility,

although the effect of these haplotypes on disease is more modest

than that of the HLA-DR2 haplotypes. In comparison to the HLA-

DRB1*1501 analysis, it is less clear whether the HLA-DRB1*0301

allele is primarily driving the association or whether one of the

alleles of tumor necrosis factor (TNF), for example, could be in

stronger LD with a risk allele. On the other hand, the HLA-DR4

haplotypes seem to display their strongest association with their

HLA-DRB1 alleles: four different HLA-DR4 alleles—0402, 0403,

0404, and 0405—display significant association in our analysis.

While the population risk of HLA-DR4 haplotypes on MS

susceptibility may be relatively small, those rare individuals

bearing these alleles may have a large increase in disease risk. In

MS, our pooled analysis highlights the class II gene HLA-DRB1 as

the primary candidate for MS susceptibility at the MHC, with a

number of different alleles contributing to disease risk (see Dataset

S1 for further information).

Type 1 Diabetes

T1D (MIM 222100) is a chronic autoimmune disease

characterized by T cell-mediated destruction of pancreatic islet

beta cells, resulting in irreversible insulin deficiency and long-term

dysfunction of several organs and tissues. There is no doubt that

the major genetic contribution to T1D susceptibility arises from

the MHC [27], accounting for approximately 50% of the total

genetic contribution to disease [28]. To date most evidence

supports a role for variation at HLA-DQ as the major disease-

predisposing locus [29,30].

The predominant role of DRB1*04–DQA1*0301–DQB1*0302

and DRB1*03–DQA1*0501–DQB1*0201 haplotypes in suscepti-

bility to T1D in European populations is borne out by several

studies [31]. Heterozygosity for both risk haplotypes confers the
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greatest known genetic risk for T1D [31]. The formation of

specific trans DQ dimers by transcomplementation between HLA-

DQA1 and HLA-DQB1 alleles on homologous chromosomes

(DQA1*0301/DQB1*0201 and DQA1*0501/DQB1*0302) may be

responsible for the increase in heterozygote risk [27,32,33]. HLA-

DR4 (DRB1*0405–DQB1*0401) and HLA-DR9 (DRB1*0901–

DQB1*0303) have shown association with T1D in Japanese and

Korean populations [34]. The low frequency of the disease-

associated HLA-DR3 and HLA-DR4 haplotypes may contribute to

the reduced incidence of T1D in these non-European populations

[31].

The nature of the HLA-DR association in T1D remains unclear.

LD with HLA-DQ alleles may account for some of the association

[27], while certain DRB1 alleles may also modify the risk present at

the DQ locus. More recent studies, which require validation,

suggest a role for a non-HLA locus, telomeric of class I [35], as

well as polymorphism within HLA-DPB1 [36,37] in susceptibility

to T1D.

Overall, studies to date suggest that both HLA-DR and HLA-DQ

genes are important in determining disease risk, but the effects of

individual alleles may be modified by the haplotypes on which

they are carried [31]. There appears to be a hierarchy of risk

alleles from the strongly protective HLA-DQB1*0602 to the highly

predisposing HLA-DQB1*0302. Such a spectrum of risk is also

borne out by TDT (transmission disequilibrium test) analysis

showing that each HLA-DR/HLA-DQ haplotype has its own

individual disease risk, which may result from transcomplementa-

tion and other haplotypic effects.
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Figure 1. MHC susceptibility alleles identified by pooled analysis: Multiple sclerosis, type 1 diabetes, and systemic lupus
erythematosus. Susceptibility is defined as a lower CI greater than 1.0. Shown are odds ratios with 95% CIs for MS (upper graph), T1D (middle
graph), and SLE (lower graph). Beneath is a schematic representation of MHC class I, class III, and class II genes in genomic order but not to scale.
Diamond size represents total number of cases included in pooled analysis for each allele. Diamond color reflects different disease-relevant ancestral
haplotypes.
doi:10.1371/journal.pgen.1000024.g001
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Our pooled analysis confirms association with HLA-DR3, HLA-

DR4 and HLA-DR9-containing haplotypes in T1D (Figure 1,

middle). The HLA-DR9/HLA-DRB1*0901 associations we observe

arise from non-European cohorts only and concur with the

published literature. With regard to HLA-DPB1, we find

association with HLA-DPB1*0201, which maps to both disease-

associated and unrelated haplotypes. A number of other, mainly

class I alleles also show evidence for disease predisposition (see

Dataset S2) and warrant further investigation.

Systemic Lupus Erythematosus

SLE (MIM 152700), or lupus, is the prototypic, multisystem

autoimmune disease primarily affecting women of child-bearing

age. Recent genome-wide association scans and a meta-analysis of

linkage screens confirm the MHC as the greatest genetic risk factor

in lupus susceptibility ([38]; TJV, unpublished data). However, the

precise contribution attributable to the MHC with respect to

overall genetic risk remains to be determined.

The most consistent HLA associations with SLE reside with the

class II alleles, HLA-DR3 (DRB1*0301) and HLA-DR2

(DRB1*1501) and their respective haplotypes in predominantly

white populations [39]. Studies in nonwhite populations have

shown inconsistent results [40–44]. Inherited (and acquired)

deficiencies of the early classical complement components, C2,

C4A, and C4B, encoded within the class III region, are associated

with the development of lupus [45]. In particular, C4A and C4B

null alleles, which result in partial C4 deficiency, show association

with disease [46,47]. However, these alleles are in strong LD with

specific ancestral haplotypes, so to date it has not been possible to

establish whether C4 null alleles are causal in lupus. Recently the

development of autoimmunity in patients treated with TNF-alpha
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antagonists has stimulated interest in the possible role of TNF in

SLE [48–50]. However, the limited number of polymorphisms

genotyped and the strong LD between certain TNF alleles and the

B8-DR3 haplotype again restrict interpretation of these data.

In 2002, a family-based association study [51] identified three

microsatellite-inferred risk haplotypes in European lupus families:

DRB1*1501/DQB1*0602, DRB1*0301/DQB1*0201, and

DRB1*0801/DQB1*0402. Further analysis of ancestral recombi-

nants could only delimit the disease-associated region to 1 Mb of

the MHC, encompassing class II and class III.

Taking the above into account, it is not surprising that our

analysis demonstrates predominant association with variants

linked to DR3- and DR2-bearing ancestral haplotypes in SLE

(Figure 1, bottom). The observed DRB1*0401 signal principally

arises from Mexican Mestizo and Hispanic cohorts in whom this

allele is uncommon (frequency ,1%). This association has not

been well described and warrants further study. Two further class

II alleles, HLA-DQA1*0401 and HLA-DQB1*0402, reside on a

DR8 haplotype, which is infrequent in European populations

(frequency ,2%). Our pooled analysis highlights the importance

of polymorphism within HLA-DR3–containing haplotypes in lupus

susceptibility. The remaining association signals largely arise from

alleles of the class II genes HLA-DRB1, HLA-DQA1, and HLA-

DQB1 (see Dataset S3 for further information).

Inflammatory Bowel Diseases: Ulcerative Colitis
and Crohn’s Disease

CD and UC are related inflammatory diseases of the

gastrointestinal tract commonly known as inflammatory bowel

diseases (IBD, MIM 266600). Several independent genome-wide

scans in both CD and UC have shown evidence of linkage to the

MHC (IBD3 locus) [52–58]. It has been suggested that this region

may exert a greater effect in susceptibility to UC rather than CD

(with genetic contribution estimates of 60%–100% for UC and

10% for CD) [59].

The most consistent associations in UC are with the class II

alleles HLA-DRB1*1502 and HLA-DRB1*0103 [60–67]. HLA-

DRB1*1502 has shown association to UC in the Japanese

population, where it is highly prevalent (20%–25%)

[61,63,65,66], but also in European populations, where it is rare

(less than 1%) [68]. HLA-DRB1*0103 represents the most

reproducible association observed to date in UC [60,62,67,69–

72]; however, it has a low prevalence of less than 2% in Europeans.

In contrast to UC, four separate class II alleles show

reproducible association with CD: HLA-DRB1*07, HLA-

DRB1*0103, HLA-DRB1*04, and HLA-DRB3*0301 [67]. HLA-

DRB1*07 is the most consistently replicated association between

the MHC and CD [67,73–75], and more specifically with ileal

disease [73–75]. DRB1*0103, also associated with susceptibility to

UC [60,67,73–76], shows subphenotype specificity to colonic CD

[73–75]. HLA-DRB1*04 has shown a weak but reproducible

association [61,67,74,77,78] to CD, predominantly in patients of

Japanese origin. Finally, HLA-DRB3*0301 was also identified in

CD [67,73]; however; this locus has been evaluated in only a few

studies.

Our pooled analysis substantiates the association of UC to HLA-

DRB1*0103 and HLA-DRB1*1502 (Figure 2, top). We also detect

a weak predisposing effect of the microsatellite allele MICA5.1,

supporting previous non-replicated reports of association with

polymorphisms of the MHC class I-related gene, MICA, and UC

[66,79,80]. Other novel associations in UC are demonstrated for

HLA-DR5 (and its subspecificities HLA-DR11 and -DR12), HLA-

A19 and HLA-A24.

In CD, we confirm significant association signals arising from

alleles/haplotypes related to HLA-DRB1*0103, HLA-DRB1*04,

HLA-DR7, and HLA-DRB3*0301 (Figure 2, middle). We also

confirm previously reported association signals with HLA-B18 and

HLA-B21, and identify novel associations to HLA-DR6 (encom-

passing HLA-DRB1*1401), HLA-DR8 (including HLA-DRB1*0802

and *0803), and HLA-DR10. Finally, we substantiate previous

reports of association [81–85] of the TNF promoter polymorphism

TNF-857T with CD, and further show association with TNF-

1031C and TNF-863A (see Dataset S4 for further information).

Rheumatoid Arthritis

Rheumatoid arthritis (RA, MIM 180300) is a chronic systemic

disorder, the hallmark of which is an inflammatory polyarthritis. It

has been estimated that the MHC accounts for approximately

one-third of the overall genetic component of RA risk [86,87].

Much, but probably not all, of the risk attributable to the MHC

is associated with variation at HLA-DRB1. When the susceptible

HLA-DR subtypes were considered as a group, Gregersen et al.

noted a shared amino acid sequence at positions 70–74 of the HLA-

DRB1 protein [88]. These alleles are now known collectively as

‘‘shared epitope’’ alleles because of the related sequence compo-

sition in the third hypervariable region: the susceptibility alleles

result in missense amino acid changes, where the shared

susceptibility amino acid motif is 70Q/R-K/R-R-A-A74. The most

common (.5% population frequency) HLA-DRB1 shared epitope

susceptibility alleles include *0101, *0401, and *0404 in individuals

of European ancestry, and *0405 and *0901 in individuals of Asian

ancestry. The strength of genetic association to RA susceptibility

differs across the HLA-DRB1 alleles, there being at least two classes

of HLA-DRB1 risk alleles, high and moderate. In general, the

DRB1*0401 allele exhibits a high level of risk, with a relative risk

(RR) of approximately 3. The DRB1*0101, *0404, *1001, and

*0901 alleles exhibit a more moderate RR in the range of 1.5.

Several studies suggest that additional genes within the MHC

likely contribute to disease susceptibility once the effect of HLA-

DRB1 has been taken into consideration [89–93]. For example, an

extended haplotype that includes HLA-DRB1*03 alleles may be

associated with RA [89]. The associated haplotype spans

,500 kb, and contains MHC class III genes, including the TNF

locus implicated in other studies [92,94,95].

Genetic variation at the HLA-DRB1 gene is clearly associated

with RA. Our pooled analysis (Figure 2, bottom) also suggests the

existence of high and moderate risk alleles. The *0401 and *0405

alleles have ORs in the range of 3.5, with lower-limit 95% CIs

.3.0. The next class of HLA-DRB1 alleles have ORs in the 1.5–

2.0 range. These alleles include: *0101, *0404, *0901, and *1001;

additional DR4 alleles are also included in this group (Dw14_0404-

0408 alleles). Our analysis also supports the hypothesis that genetic

variation located a significant genomic distance away from the

HLA-DRB1 gene—and thus possibly not in LD with any of the

HLA-DRB1 risk alleles—also appears associated with RA risk. For

example, alleles near the TNF locus appear associated with RA

(see Dataset S5 for further information).

Conclusions

Our review and pooled analysis of MHC association in MS,

T1D, SLE, CD, UC, and RA corroborate established data and

identify predisposing variants that have not been previously

appreciated. Apart from IBD, this is the first time, to our

knowledge, that the published literature regarding MHC genetics

has been systematically analyzed in these diseases. Specifically, we

corroborate established data showing that HLA-DR2 and -DR3
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containing haplotypes harbor lupus and MS susceptibility alleles in

European populations. We also demonstrate a putative predispos-

ing effect of HLA-DR4 haplotypes in these diseases: HLA-

DRB1*0401 (or a variant in LD with this allele) in non-European

lupus cohorts and several different HLA-DRB1*04 alleles in MS. In

RA we emphasize the high risk of both HLA-DRB1*0401 and

*0405 despite apparent molecular heterogeneity. We confirm an

established association with haplotypes containing DR3, DR4, and

DR9 in T1D. Furthermore we find hitherto unidentified class I

(MICA5.1 and HLA-A19) and class II (HLA-DR5, -6, -8, and -10)

association signals in IBD.

The pooled analysis highlights a number of commonalities as

well as differences across the six diseases (Figure 3). The most

frequently shared disease susceptibility alleles arise from HLA-DR4

haplotypes, which are observed in all cases except UC. HLA-DR3

haplotypes are clearly important in disease predisposition for SLE,

MS, and T1D, while DR9 haplotypes are seen in T1D and RA.

CD, UC, and RA share DR1 haplotypes, although the specific

DR1 alleles differ, as is the case in SLE, MS, and UC, where

different DR2 haplotypes are observed. The various TNF

polymorphisms that show disease predisposition in RA, CD,

MS, and SLE demonstrate an interesting paradox, as therapeutic

TNF-alpha blockade for CD and RA is associated with the

development of demyelination and antinuclear antibodies. The

susceptibility alleles/haplotypes identified in this review therefore

suggest both common and disease-specific pathogenetic mecha-

nisms in autoimmunity.

We emphasize that nearly all association studies of the MHC in

autoimmune and inflammatory disease to date have been limited

to a subset of ,20 genes and have been performed in small

cohorts of predominantly European origin. These genes include

the classical HLA loci (HLA-A, -B, -C, -DRB, -DQA, -DQB, -DPA,

and -DPB), TNF, LTA, LTB, the TAP genes, MICA, MICB, and the

complement loci (C2, C4, CFB). Moreover, most of these studies

individually investigated only a small proportion of this limited

subset of genes, thus impeding our ability to compare the strength

of association across studies for this limited number of loci. Given

that there are 421 genetic loci currently annotated to the xMHC,

approximately 252 (60%) of which are thought to be expressed, it

is necessary that a more comprehensive approach to the study of

the MHC in disease is undertaken in conjunction with conditional

analyses that address the issue of independent susceptibility loci

within the region. In order to differentiate the effects of tightly

linked loci, a dense map of variation is needed in large cohorts of

ethnically (thus haplotypically) diverse populations, so that rare,

distinguishing recombination events can be identified. Conditional

analyses can then be applied to separate allelic from haplotypic

association. Such statistical analyses are only now possible with

respect to the MHC. Indeed, the recently published MHC single

nucleotide polymorphism studies in MS [19], SLE [96] and T1D

Figure 3. Illustration of the principal shared and distinct MHC haplotype associations in six immune-mediated diseases
demonstrated by this pooled analysis. This Venn diagram illustrates the principal shared and distinct MHC haplotype associations in MS, T1D,
SLE, US, CD, and RA demonstrated by this pooled analysis. SLE is displayed at the centre of the figure, because it is a multisystem autoimmune
disease, while the surrounding diseases are predominantly, though not exclusively, organ-specific. The HLA-DR variants indicated in the figure
represent their respective extended haplotypes; TNF-alpha polymorphisms signify association at this gene alone.
doi:10.1371/journal.pgen.1000024.g003
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[97] and the forthcoming IMAGEN (International Major

Histocompatibility Complex and Autoimmunity Genetics Net-

work) consortium data prove the utility of these experiments. Fine-

mapping and replication of the resulting independent association

signals in appropriately powered European and non-European

cohorts will present future challenges prior to moving forward with

functional studies. Undoubtedly, the next one to two years will be

witness to the identification of the causal variants within the MHC

in autoimmune disease.

Supporting Information

Table S1 Pooled analysis input files for (a) multiple sclerosis, (b)

type 1 diabetes, (c) systemic lupus erythematosus, (d) ulcerative

colitis, (e) Crohn disease, and (f) rheumatoid arthritis.

Found at: doi:10.1371/journal.pgen.1000024.s001 (0.44 MB XLS)

Table S2 Complete pooled analysis results for each MHC allele

or phenotype for all diseases indicating numbers of cases and

controls, number of studies, odds ratio and 95% confidence

interval. Variants highlighted in yellow are positively* associated

with disease (defined as lower confidence interval .1.0) and are

illustrated in Figures 1 and 2.

Found at: doi:10.1371/journal.pgen.1000024.s002 (0.11 MB XLS)

Table S3 Comparison of serological, T lymphocyte and molecular

specificities for MHC variants showing positive* association in

pooled analysis (defined as lower confidence interval .1.0).

Found at: doi:10.1371/journal.pgen.1000024.s003 (0.02 MB XLS)

Dataset S1 Review and pooled analysis of MHC association

with multiple sclerosis.

Found at: doi:10.1371/journal.pgen.1000024.s004 (0.03 MB PDF)

Dataset S2 Review and pooled analysis of MHC association

with type 1 diabetes.

Found at: doi:10.1371/journal.pgen.1000024.s005 (0.08 MB PDF)

Dataset S3 Review and pooled analysis of MHC association

with systemic lupus erythematosus.

Found at: doi:10.1371/journal.pgen.1000024.s006 (0.03 MB PDF)

Dataset S4 Review and pooled analysis of MHC association

with inflammatory bowel disease.

Found at: doi:10.1371/journal.pgen.1000024.s007 (0.03 MB PDF)

Dataset S5 Review and pooled analysis of MHC association

with rheumatoid arthritis.

Found at: doi:10.1371/journal.pgen.1000024.s008 (0.07 MB PDF)

Text S1 Supplementary Materials and Methods.

Found at: doi:10.1371/journal.pgen.1000024.s009 (0.09 MB PDF)

Text S2 Nomenclature of HLA and Non-HLA Alleles.

Found at: doi:10.1371/journal.pgen.1000024.s010 (0.09 MB PDF)

Acknowledgments

We would like to acknowledge the contribution of Dr. Mark Daly in the

generation of the pooled analysis script.

References

1. Snell GD (1948) Methods for the study of histocompatibility genes. J Genet. pp

87–108.

2. Dausset J (1958) [Iso-leuko-antibodies.] Acta Haematol 20: 156–166.

3. Benacerraf B (1981) Role of MHC gene products in immune regulation. Science

212: 1229–1238.

4. Horton R, Wilming L, Rand V, Lovering RC, Bruford EA, et al. (2004) Gene

map of the extended human MHC. Nat Rev Genet 5: 889–899.

5. Amiel JL (1967) Study of the leukocyte phenotypes in Hodkin’s disease. In:

Histocompatibility testing 1967 Curtoni ES, Mattiuz PL, Tosi RM, eds.

Copenhagen: Munksgaard. pp 79–81.

6. Amos B, Ward FE, Zmijewski CM, Hattler BG, Seigler HF (1968) Graft donor

selection based upon single locus (haplotype) analysis within families.

Transplantation 6: 524–534.

7. Gabriel SB, Schaffner SF, Nguyen H, Moore JM, Roy J, et al. (2002)

The structure of haplotype blocks in the human genome. Science 296:

2225–2229.

8. Walsh EC, Mather KA, Schaffner SF, Farwell L, Daly MJ, et al. (2003) An

integrated haplotype map of the human major histocompatibility complex.

Am J Hum Genet 73: 580–590.

9. Miretti MM, Walsh EC, Ke X, Delgado M, Griffiths M, et al. (2005) A high-

resolution linkage-disequilibrium map of the human major histocompatibility

complex and first generation of tag single-nucleotide polymorphisms. Am J Hum

Genet 76: 634–646.

10. Awdeh ZL, Raum D, Yunis EJ, Alper CA (1983) Extended HLA/complement

allele haplotypes: evidence for T/t-like complex in man. Proc Natl Acad Sci U S A

80: 259–263.

11. Degli-Esposti MA, Leaver AL, Christiansen FT, Witt CS, Abraham LJ, et al.

(1992) Ancestral haplotypes: conserved population MHC haplotypes. Hum

Immunol 34: 242–252.

12. Degli-Esposti MA, Leelayuwat C, Daly LN, Carcassi C, Contu L, et al. (1995)

Updated characterization of ancestral haplotypes using the Fourth Asia-Oceania

Histocompatibility Workshop panel. Hum Immunol 44: 12–18.

13. Compston A, Coles A (2002) Multiple sclerosis. Lancet 359: 1221–1231.

14. Hauser SL, Oksenberg JR (2006) The neurobiology of multiple sclerosis: genes,

inflammation, and neurodegeneration. Neuron 52: 61–76.

15. Harbo HF, Lie BA, Sawcer S, Celius EG, Dai KZ, et al. (2004) Genes in the

HLA class I region may contribute to the HLA class II-associated genetic

susceptibility to multiple sclerosis. Tissue Antigens 63: 237–247.

16. Jersild C, Svejgaard A, Fog T (1972) HL-A antigens and multiple sclerosis.

Lancet 1: 1240–1241.

17. Oksenberg JR, Barcellos LF, Cree BA, Baranzini SE, Bugawan TL, et al. (2004)

Mapping multiple sclerosis susceptibility to the HLA-DR locus in African

Americans. Am J Hum Genet 74: 160–167.

18. Fogdell-Hahn A, Ligers A, Gronning M, Hillert J, Olerup O (2000) Multiple

sclerosis: a modifying influence of HLA class I genes in an HLA class II

associated autoimmune disease. Tissue Antigens 55: 140–148.

19. Yeo TW, De Jager PL, Gregory SG, Barcellos LF, Walton A, et al. (2007) A

second major histocompatibility complex susceptibility locus for multiple

sclerosis. Ann Neurol 61: 228–236.

20. de Jong BA, Huizinga TW, Zanelli E, Giphart MJ, Bollen EL, et al. (2002)

Evidence for additional genetic risk indicators of relapse-onset MS within the

HLA region. Neurology 59: 549–555.

21. Sawcer S, Compston A (2006) Multiple sclerosis: light at the end of the tunnel.

Eur J Hum Genet 14: 257–258.

22. Marrosu MG, Murru R, Murru MR, Costa G, Zavattari P, et al. (2001)

Dissection of the HLA association with multiple sclerosis in the founder isolated

population of Sardinia. Hum Mol Genet 10: 2907–2916.

23. Silva AM, Pereira C, Bettencourt A, Carvalho C, Couto AR, et al. (2007) The

role of HLA-DRB1 alleles on susceptibility and outcome of a Portuguese

Multiple Sclerosis population. J Neurol Sci 258: 69–74.

24. Saruhan-Direskeneli G, Esin S, Baykan-Kurt B, Ornek I, Vaughan R, et al.

(1997) HLA-DR and -DQ associations with multiple sclerosis in Turkey. Hum

Immunol 55: 59–65.

25. Alaez C, Corona T, Ruano L, Flores H, Loyola M, et al. (2005) Mediterranean

and Amerindian MHC class II alleles are associated with multiple sclerosis in

Mexicans. Acta Neurol Scand 112: 317–322.

26. Laroni A, Calabrese M, Perini P, Albergoni MP, Ranzato F, et al. (2006)

Multiple sclerosis and autoimmune diseases: epidemiology and HLA-DR

association in North-east Italy. J Neurol 253: 636–639.

27. Todd JA (1990) Genetic control of autoimmunity in type 1 diabetes. Immunol

Today 11: 122–129.

28. Davies JL, Kawaguchi Y, Bennett ST, Copeman JB, Cordell HJ, et al. (1994) A

genome-wide search for human type 1 diabetes susceptibility genes. Nature 371:

130–136.

29. Thorsby E, Ronningen KS (1993) Particular HLA-DQ molecules play a

dominant role in determining susceptibility or resistance to type 1 (insulin-

dependent) diabetes mellitus. Diabetologia 36: 371–377.

30. Onengut-Gumuscu S, Concannon P (2002) Mapping genes for autoimmunity in

humans: type 1 diabetes as a model. Immunol Rev 190: 182–194.

31. She JX (1996) Susceptibility to type I diabetes: HLA-DQ and DR revisited.

Immunol Today 17: 323–329.

32. Dorman JS, Bunker CH (2000) HLA-DQ locus of the human leukocyte antigen

complex and type 1 diabetes mellitus: a HuGE review. Epidemiol Rev 22: 218–227.

33. Khalil I, Deschamps I, Lepage V, al-Daccak R, Degos L, et al. (1992) Dose effect

of cis- and trans-encoded HLA-DQ alpha beta heterodimers in IDDM

susceptibility. Diabetes 41: 378–384.

PLoS Genetics | www.plosgenetics.org 7 April 2008 | Volume 4 | Issue 4 | e1000024



34. Kawabata Y, Ikegami H, Kawaguchi Y, Fujisawa T, Shintani M, et al. (2002)

Asian-specific HLA haplotypes reveal heterogeneity of the contribution of HLA-

DR and -DQ haplotypes to susceptibility to type 1 diabetes. Diabetes 51:

545–551.

35. Roach JC, Deutsch K, Li S, Siegel AF, Bekris LM, et al. (2006) Genetic mapping

at 3-kilobase resolution reveals inositol 1,4,5-triphosphate receptor 3 as a risk

factor for type 1 diabetes in Sweden. Am J Hum Genet 79: 614–627.

36. Baschal EE, Aly TA, Babu SR, Fernando MS, Yu L, et al. (2007) HLA-

DPB1*0402 protects against type 1A diabetes autoimmunity in the highest risk

DR3-DQB1*0201/DR4-DQB1*0302 DAISY population. Diabetes 56:

2405–2409.

37. Cucca F, Lampis R, Congia M, Angius E, Nutland S, et al. (2001) A correlation

between the relative predisposition of MHC class II alleles to type 1 diabetes and

the structure of their proteins. Hum Mol Genet 10: 2025–2037.

38. Forabosco P, Gorman JD, Cleveland C, Kelly JA, Fisher SA, et al. (2006) Meta-

analysis of genome-wide linkage studies of systemic lupus erythematosus. Genes

Immun 7: 609–614.

39. Tsao BP (2004) Update on human systemic lupus erythematosus genetics. Curr

Opin Rheumatol 16: 513–521.

40. Cortes LM, Baltazar LM, Lopez-Cardona MG, Olivares N, Ramos C, et al.

(2004) HLA class II haplotypes in Mexican systemic lupus erythematosus

patients. Hum Immunol 65: 1469–1476.

41. Ayed K, Gorgi Y, Ayed-Jendoubi S, Bardi R (2004) The involvement of HLA -

DRB1*, DQA1*, DQB1* and complement C4A loci in diagnosing systemic

lupus erythematosus among Tunisians. Ann Saudi Med 24: 31–35.

42. Lee HS, Chung YH, Kim TG, Kim TH, Jun JB, et al. (2003) Independent

association of HLA-DR and FCgamma receptor polymorphisms in Korean

patients with systemic lupus erythematosus. Rheumatology (Oxford) 42:

1501–1507.

43. Smikle M, Christian N, DeCeulaer K, Barton E, Roye-Green K, et al. (2002)

HLA-DRB alleles and systemic lupus erythematosus in Jamaicans. South Med J

95: 717–719.

44. Mehra NK, Pande I, Taneja V, Uppal SS, Saxena SP, et al. (1993) Major

histocompatibility complex genes and susceptibility to systemic lupus erythema-

tosus in northern India. Lupus 2: 313–314.

45. Pickering MC, Walport MJ (2000) Links between complement abnormalities

and systemic lupus erythematosus. Rheumatology (Oxford) 39: 133–141.

46. Pickering MC, Perraudeau M, Walport MJ (2000) HLA and Systemic

Vasculitides, Systemic Lupus Erythematosus and Sjogren’s Syndrome. In:

Lechler R, Warrens A, eds (2000) HLA in Health and Disease, 2nd Edition:,

Academic Press. pp 327–364.

47. Naves M, Hajeer AH, Teh LS, Davies EJ, Ordi-Ros J, et al. (1998) Complement

C4B null allele status confers risk for systemic lupus erythematosus in a Spanish

population. Eur J Immunogenet 25: 317–320.

48. Charles PJ, Smeenk RJ, De Jong J, Feldmann M, Maini RN (2000) Assessment

of antibodies to double-stranded DNA induced in rheumatoid arthritis patients

following treatment with infliximab, a monoclonal antibody to tumor necrosis

factor alpha: findings in open-label and randomized placebo-controlled trials.

Arthritis Rheum 43: 2383–2390.

49. Shakoor N, Michalska M, Harris CA, Block JA (2002) Drug-induced systemic

lupus erythematosus associated with etanercept therapy. Lancet 359: 579–580.

50. Vermeire S, Noman M, Van Assche G, Baert F, Van Steen K, et al. (2003)

Autoimmunity associated with anti-tumor necrosis factor alpha treatment in

Crohn’s disease: a prospective cohort study. Gastroenterology 125: 32–39.

51. Graham RR, Ortmann WA, Langefeld CD, Jawaheer D, Selby SA, et al. (2002)

Visualizing human leukocyte antigen class II risk haplotypes in human systemic

lupus erythematosus. Am J Hum Genet 71: 543–553.

52. Hampe J, Schreiber S, Shaw SH, Lau KF, Bridger S, et al. (1999) A

genomewide analysis provides evidence for novel linkages in inflammatory bowel

disease in a large European cohort. Am J Hum Genet 64: 808–816.

53. Ma Y, Ohmen JD, Li Z, Bentley LG, McElree C, et al. (1999) A genome-wide

search identifies potential new susceptibility loci for Crohn’s disease. Inflamm

Bowel Dis 5: 271–278.

54. Satsangi J, Parkes M, Louis E, Hashimoto L, Kato N, et al. (1996) Two stage

genome-wide search in inflammatory bowel disease provides evidence for

susceptibility loci on chromosomes 3, 7 and 12. Nat Genet 14: 199–202.

55. Cho JH, Nicolae DL, Gold LH, Fields CT, LaBuda MC, et al. (1998)

Identification of novel susceptibility loci for inflammatory bowel disease on

chromosomes 1p, 3q, and 4q: evidence for epistasis between 1p and IBD1. Proc

Natl Acad Sci U S A 95: 7502–7507.

56. Rioux JD, Silverberg MS, Daly MJ, Steinhart AH, McLeod RS, et al. (2000)

Genomewide search in Canadian families with inflammatory bowel disease

reveals two novel susceptibility loci. Am J Hum Genet 66: 1863–1870.

57. Duerr RH, Barmada MM, Zhang L, Pfutzer R, Weeks DE (2000) High-density

genome scan in Crohn disease shows confirmed linkage to chromosome 14q11-

12. Am J Hum Genet 66: 1857–1862.

58. Hugot JP, Laurent PP, Gower RC, Olson JM, Lee JC, et al. (1996) Mapping of a

susceptibility locus for Crohn’s disease on chromosome 16. Nature 379:

821–823.

59. Satsangi J, Welsh KI, Bunce M, Julier C, Farrant JM, et al. (1996) Contribution

of genes of the major histocompatibility complex to susceptibility and disease

phenotype in inflammatory bowel disease. Lancet 347: 1212–1217.

60. Trachtenberg EA, Yang H, Hayes E, Vinson M, Lin C, et al. (2000) HLA class

II haplotype associations with inflammatory bowel disease in Jewish (Ashkenazi)

and non-Jewish caucasian populations. Hum Immunol 61: 326–333.

61. Yoshitake S, Kimura A, Okada M, Yao T, Sasazuki T (1999) HLA class II alleles

in Japanese patients with inflammatory bowel disease. Tissue Antigens 53:

350–358.

62. Ahmad T, Armuzzi A, Neville M, Bunce M, Ling KL, et al. (2003) The

contribution of human leucocyte antigen complex genes to disease phenotype in

ulcerative colitis. Tissue Antigens 62: 527–535.

63. Futami S, Aoyama N, Honsako Y, Tamura T, Morimoto S, et al. (1995) HLA-

DRB1*1502 allele, subtype of DR15, is associated with susceptibility to

ulcerative colitis and its progression. Dig Dis Sci 40: 814–818.

64. Myung SJ, Yang SK, Jung HY, Chang HS, Park B, et al. (2002) HLA-

DRB1*1502 confers susceptibility to ulcerative colitis, but is negatively

associated with its intractability: a Korean study. Int J Colorectal Dis 17:

233–237.

65. Masuda H, Nakamura Y, Tanaka T, Hayakawa S (1994) Distinct relationship

between HLA-DR genes and intractability of ulcerative colitis.

Am J Gastroenterol 89: 1957–1962.

66. Seki SS, Sugimura K, Ota M, Matsuzawa J, Katsuyama Y, et al. (2001)

Stratification analysis of MICA triplet repeat polymorphisms and HLA antigens

associated with ulcerative colitis in Japanese. Tissue Antigens 58: 71–76.

67. Stokkers PC, Reitsma PH, Tytgat GN, van Deventer SJ (1999) HLA-DR and -

DQ phenotypes in inflammatory bowel disease: a meta-analysis. Gut 45:

395–401.

68. Ahmad T, Marshall SE, Jewell D (2006) Genetics of inflammatory bowel disease:

the role of the HLA complex. World J Gastroenterol 12: 3628–3635.

69. Yamamoto-Furusho JK, Uscanga LF, Vargas-Alarcon G, Ruiz-Morales JA,

Higuera L, et al. (2003) Clinical and genetic heterogeneity in Mexican patients

with ulcerative colitis. Hum Immunol 64: 119–123.

70. Bouma G, Crusius JB, Garcia-Gonzalez MA, Meijer BU, Hellemans HP, et al.

(1999) Genetic markers in clinically well defined patients with ulcerative colitis

(UC). Clin Exp Immunol 115: 294–300.

71. Roussomoustakaki M, Satsangi J, Welsh K, Louis E, Fanning G, et al. (1997)

Genetic markers may predict disease behavior in patients with ulcerative colitis.

Gastroenterology 112: 1845–1853.

72. Fernandez-Arquero M, Arroyo R, Rubio A, Martin C, Vigil P, et al. (1999)

Primary association of a TNF gene polymorphism with susceptibility to multiple

sclerosis. Neurology 53: 1361–1363.

73. Ahmad T, Armuzzi A, Bunce M, Mulcahy-Hawes K, Marshall SE, et al. (2002)

The molecular classification of the clinical manifestations of Crohn’s disease.

Gastroenterology 122: 854–866.

74. Newman B, Silverberg MS, Gu X, Zhang Q, Lazaro A, et al. (2004) CARD15

and HLA DRB1 alleles influence susceptibility and disease localization in

Crohn’s disease. Am J Gastroenterol 99: 306–315.

75. Fernandez L, Mendoza JL, Martinez A, Urcelay E, Fernandez-Arquero M, et al.

(2004) IBD1 and IBD3 determine location of Crohn’s disease in the Spanish

population. Inflamm Bowel Dis 10: 715–722.

76. Silverberg MS, Mirea L, Bull SB, Murphy JE, Steinhart AH, et al. (2003) A

population- and family-based study of Canadian families reveals association of

HLA DRB1*0103 with colonic involvement in inflammatory bowel disease.

Inflamm Bowel Dis 9: 1–9.

77. Matake H, Okabe N, Naito S, Yao T (1992) An HLA study on 149 Japanese

patients with Crohn’s disease. Gastroenterol Jpn 27: 496–501.

78. Nakajima A, Matsuhashi N, Kodama T, Yazaki Y, Takazoe M, et al. (1995)

HLA-linked susceptibility and resistance genes in Crohn’s disease. Gastroenter-

ology 109: 1462–1467.

79. Ding Y, Xia B, Lu M, Zhang Y, Li J, et al. (2005) MHC class I chain-related

gene A-A5.1 allele is associated with ulcerative colitis in Chinese population.

Clin Exp Immunol 142: 193–198.

80. Orchard TR, Dhar A, Simmons JD, Vaughan R, Welsh KI, et al. (2001) MHC

class I chain-like gene A (MICA) and its associations with inflammatory bowel

disease and peripheral arthropathy. Clin Exp Immunol 126: 437–440.

81. Tremelling M, Waller S, Bredin F, Greenfield S, Parkes M (2006) Genetic

variants in TNF-alpha but not DLG5 are associated with inflammatory bowel

disease in a large United Kingdom cohort. Inflamm Bowel Dis 12: 178–184.

82. Fowler EV, Eri R, Hume G, Johnstone S, Pandeya N, et al. (2005) TNFalpha

and IL10 SNPs act together to predict disease behaviour in Crohn’s disease.

J Med Genet 42: 523–528.

83. O’Callaghan NJ, Adams KE, van Heel DA, Cavanaugh JA (2003) Association of

TNF-alpha-857C with inflammatory bowel disease in the Australian population.

Scand J Gastroenterol 38: 533–534.

84. van Heel DA, Udalova IA, De Silva AP, McGovern DP, Kinouchi Y, et al.

(2002) Inflammatory bowel disease is associated with a TNF polymorphism that

affects an interaction between the OCT1 and NF(-kappa)B transcription factors.

Hum Mol Genet 11: 1281–1289.

85. Negoro K, Kinouchi Y, Hiwatashi N, Takahashi S, Takagi S, et al. (1999)

Crohn’s disease is associated with novel polymorphisms in the 59-flanking region

of the tumor necrosis factor gene. Gastroenterology 117: 1062–1068.

86. Deighton CM, Walker DJ, Griffiths ID, Roberts DF (1989) The contribution of

HLA to rheumatoid arthritis. Clin Genet 36: 178–182.

87. Rigby AS, Silman AJ, Voelm L, Gregory JC, Ollier WE, et al. (1991)

Investigating the HLA component in rheumatoid arthritis: an additive

PLoS Genetics | www.plosgenetics.org 8 April 2008 | Volume 4 | Issue 4 | e1000024



(dominant) mode of inheritance is rejected, a recessive mode is preferred. Genet

Epidemiol 8: 153–175.
88. Gregersen PK, Silver J, Winchester RJ (1987) The shared epitope hypothesis. An

approach to understanding the molecular genetics of susceptibility to

rheumatoid arthritis. Arthritis Rheum 30: 1205–1213.
89. Jawaheer D, Li W, Graham RR, Chen W, Damle A, et al. (2002) Dissecting the

genetic complexity of the association between human leukocyte antigens and
rheumatoid arthritis. Am J Hum Genet 71: 585–594.

90. Zanelli E, Jones G, Pascual M, Eerligh P, van der Slik AR, et al. (2001) The

telomeric part of the HLA region predisposes to rheumatoid arthritis
independently of the class II loci. Hum Immunol 62: 75–84.

91. Singal DP, Li J, Lei K (1999) Genetics of rheumatoid arthritis (RA): two separate
regions in the major histocompatibility complex contribute to susceptibility to

RA. Immunol Lett 69: 301–306.
92. Mulcahy B, Waldron-Lynch F, McDermott MF, Adams C, Amos CI, et al.

(1996) Genetic variability in the tumor necrosis factor-lymphotoxin region

influences susceptibility to rheumatoid arthritis. Am J Hum Genet 59: 676–683.
93. Kochi Y, Yamada R, Kobayashi K, Takahashi A, Suzuki A, et al. (2004)

Analysis of single-nucleotide polymorphisms in Japanese rheumatoid arthritis

patients shows additional susceptibility markers besides the classic shared epitope

susceptibility sequences. Arthritis Rheum 50: 63–71.

94. Ota M, Katsuyama Y, Kimura A, Tsuchiya K, Kondo M, et al. (2001) A second

susceptibility gene for developing rheumatoid arthritis in the human MHC is

localized within a 70-kb interval telomeric of the TNF genes in the HLA class III

region. Genomics 71: 263–270.

95. Waldron-Lynch F, Adams C, Amos C, Zhu DK, McDermott MF, et al. (2001)

Tumour necrosis factor 59 promoter single nucleotide polymorphisms influence

susceptibility to rheumatoid arthritis (RA) in immunogenetically defined

multiplex RA families. Genes Immun 2: 82–87.

96. Fernando MM, Stevens CR, Sabeti PC, Walsh EC, McWhinnie AJ, et al. (2007)

Identification of Two Independent Risk Factors for Lupus within the MHC in

United Kingdom Families. PLoS Genet 3: e192. doi:10.1371/journal.p-

gen.0030192.

97. Nejentsev S, Howson JM, Walker NM, Szeszko J, Field SF, et al. (2007)

Localization of type 1 diabetes susceptibility to the MHC class I genes HLA-B

and HLA-A. Nature 450: 887–892.

PLoS Genetics | www.plosgenetics.org 9 April 2008 | Volume 4 | Issue 4 | e1000024


