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Background

Multiple sclerosis has a clinically significant heritable component. We conducted a 
genomewide association study to identify alleles associated with the risk of multi-
ple sclerosis.

Methods

We used DNA microarray technology to identify common DNA sequence variants 
in 931 family trios (consisting of an affected child and both parents) and tested 
them for association. For replication, we genotyped another 609 family trios, 2322 
case subjects, and 789 control subjects and used genotyping data from two external 
control data sets. A joint analysis of data from 12,360 subjects was performed to 
estimate the overall significance and effect size of associations between alleles and 
the risk of multiple sclerosis.

Results

A transmission disequilibrium test of 334,923 single-nucleotide polymorphisms 
(SNPs) in 931 family trios revealed 49 SNPs having an association with multiple 
sclerosis (P<1×10−4); of these SNPs, 38 were selected for the second-stage analysis. 
A comparison between the 931 case subjects from the family trios and 2431 control 
subjects identified an additional nonoverlapping 32 SNPs (P<0.001). An additional 
40 SNPs with less stringent P values (<0.01) were also selected, for a total of 110 SNPs 
for the second-stage analysis. Of these SNPs, two within the interleukin-2 receptor α 
gene (IL2RA) were strongly associated with multiple sclerosis (P = 2.96×10−8), as were 
a nonsynonymous SNP in the interleukin-7 receptor α gene (IL7RA) (P = 2.94×10−7) 
and multiple SNPs in the HLA-DRA locus (P = 8.94×10−81).

Conclusions

Alleles of IL2RA and IL7RA and those in the HLA locus are identified as heritable 
risk factors for multiple sclerosis.

The new england  
journal of medicine

N Engl J Med  10.1056/NEJMoa073493

Copyright © 2007 Massachusetts Medical Society. All rights reserved. 
Downloaded from www.nejm.org at HARVARD UNIVERSITY on July 29, 2007 . 



T h e  n e w  e ng l a nd  j o u r na l  o f  m e dic i n e

�

Multiple sclerosis, the most com-
mon neurologic disease affecting young 
adults, is an inflammatory, presumed 

autoimmune disorder in which lymphocytes and 
macrophages infiltrate the central nervous sys-
tem,1-3 sometimes together with antibodies and 
complement.4,5 Axonal transection with neuro-
nal loss can be an early event in the disease.6 
Systemically, there is subtle dysregulation of cel-
lular and humoral immune responses with a loss 
of regulatory T-cell function.7

Studies of twins and sibling pairs suggest that 
genetic factors influence susceptibility to multi-
ple sclerosis; the evidence indicates that multiple 
genes, each exerting only modest effects, prob-
ably play a part.3,8 Candidate-gene studies have 
validated associations between multiple sclerosis 
and polymorphic variants within the major his-
tocompatibility complex (MHC), but no other loci 
with a definitive association with the disease have 
been found. Early efforts to screen the genome for 
linkage with the use of low-density maps of mi-
crosatellites were unsuccessful.9-11 On the assump-
tion that this method lacked the statistical power 
to identify genetic variants with associations that 
are not easily detected, we used a more powerful 
linkage scan in which we analyzed 4506 single-
nucleotide polymorphisms (SNPs) in 2692 samples 
from 730 multiplex families with multiple sclero-
sis. This analysis revealed linkage with genome-
wide significance in the MHC region (maximum 
logarithm of the odds [LOD] score, 11.66), but no 
other region having a significant linkage with 
multiple sclerosis was identified.12 These results 
indicate that in multiple sclerosis, linkage studies 
lack the statistical power to detect susceptibility 
loci that may reside outside the MHC region.

Association studies have greater statistical pow-
er than linkage studies to detect common genetic 
variants that confer a modest risk of a disease.13 
Genomewide association analyses (see Glossary), 
which are unbiased, “hypothesis-free” scans of the 
genome, have identified susceptibility loci outside 
the MHC region in type 2 diabetes,14-17 inflam-
matory bowel disease,18-20 rheumatoid arthri-
tis,21 systemic lupus erythematosus,22 and type 1 
diabetes.23,24 Here we present the results of a 
large-scale genomewide association scan aimed 
at identifying alleles associated with multiple 
sclerosis.

To maximize genotyping efficiency, we used 
a staged approach (Fig. 1). First, we used a DNA 
microarray (GeneChip Human Mapping 500K Ar-

ray Set, Affymetrix) to examine most of the com-
mon genetic variants in 1003 family trios, con-
sisting of a patient with multiple sclerosis and 
both parents.25 After removing SNPs and DNA 
samples with low genotyping rates, excessive men-
delian errors, or low frequencies of minor alleles 
from further analysis, there remained a set of 
334,923 SNPs that were genotyped in 931 family 
trios. These markers capture more than 2.2 mil-
lion common SNPs (minor allele frequency, ≥0.05) 
observed in the HapMap26 CEPH (Centre d’Etude 
du Polymorphisme Humain) subjects, consisting 
of Utah residents with Northern and Western Eu-
ropean ancestry (CEU, release 21), with an aver-
age pairwise coefficient of determination (r2) of 
0.77 (62% with ≥0.8).

In the second (replication) stage of the inves-
tigation, 110 SNPs, most of which yielded a signal 
in the first phase, were genotyped in additional 
family trios, case subjects, and control subjects. 
In both stages, the analysis was supplemented 
by data from previously genotyped control sub-
jects. The overall sample contained 1540 family 
trios, 2322 case subjects, and 5418 control subjects 
for a total of 12,360 samples. The combined re-
sults from this genomewide association scan iden-
tified genetic variants associated with multiple 
sclerosis that were not in the MHC region.

Me thods

Patients and Controls

Table 1 lists the demographic features of the case 
subjects, who all received the diagnosis of mul-
tiple sclerosis on the basis of reliable clinical cri-
teria.8,27,28 Subjects with clinically isolated syn-
dromes or neuromyelitis optica29 were excluded 
from samples in the United Kingdom, whereas 
4% of subjects in the United States had a clini-
cally isolated syndrome at the time of enrollment. 
Healthy control subjects from Brigham and Wom-
en’s Hospital in Boston and the University of 
California at San Francisco consisted of unrelat-
ed people who reported themselves as being non-
Hispanic whites and free of chronic inflamma-
tory disease. (For details, see the Supplementary 
Appendix, available with the full text of this ar-
ticle at www.nejm.org.)

Sample Preparation and Genetic Fingerprinting

We used methods similar to those described in a 
recently performed genomewide association scan.15 
A minimum of 1 μg of genomic DNA (diluted in 
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1× TE buffer at 50 ng per microliter) from case 
subjects and controls was arrayed on 96-well mas-
ter plates at the project’s centralized DNA bank. 
Before scanning, DNA concentrations were de-
termined by fluorescence measurement with mo-
lecular probes (PicoGreen, Molecular Probes). As 
a genetic fingerprint, a panel of 24 SNPs, includ-
ing a sex-confirmation assay, was genotyped with 
the use of the Sequenom platform. Twenty-three 
of these SNPs are included on both of the chips 
in the Affymetrix GeneChip Human Mapping 
500K arrays and served as a cross-platform sam-
ple verification.

HLA Typing

Medium-resolution typing of HLA-DRB1 and 
HLA-DQB1 (two to four digits) was performed on 
the 931 family trios in the first screening step.30 
Of the 931 case subjects in these families, 531 
(57.0%) carried at least one copy of HLA-
DRB1*1501. Because complete HLA-DRB1 geno-
type data for all members of the replication sets 
were not available, all the consortium subjects (trio 
family members, case subjects, and control sub-
jects) were genotyped for the rs3135388 (A/G) 
SNP to identify the DRB1*1501 allele associated 
with multiple sclerosis, since the presence of this 
allele and the rs3135388A SNP are highly corre-
lated.31 Both HLA-DRB1*1501 and rs3135388 ge-
notyping results were available for 2757 of 2793 
subjects (98.7%) in the 931 family trios. Data from 
2730 of these 2757 subjects showed complete con-
cordance between the rs3135388A SNP and the 
DRB1*1501 genotype (>99% for tagging the cor-
rect number of DRB1*1501 alleles).

Methods of genomewide scanning, DNA fin-
gerprinting concordance, quality control, SNP ex-
clusion criteria, additional control data, statisti-
cal analysis, technical validation, and replication 
genotyping are described in the Supplementary 
Appendix.

R esult s

Screening Phase

Figure 1 shows an outline of the experiments. 
Figure 2 shows results from the transmission 
disequilibrium testing of the 334,923 SNPs typed 
in the 931 family trios that were included in the 
screening stage. A plot of the association results 
for the initial genome scan is shown in Figure 3; 
the P values for all SNPs are plotted as a function 
of P values from the expected (uniform) null dis-

tribution. After exclusion of the SNPs across the 
extended MHC region, the observed distribution 
closely matches the expected (null) distribution 
(genomic inflation factor, 1.05) with an excess in 
the tail at P<0.001 (more associated SNPs ob-
served than expected under the null hypothesis).

The initial screening phase revealed 78 SNPs 
outside the MHC region with P<1×10−4 (by trans-
mission disequilibrium testing, indicating over-
representation of risk alleles in case subjects, as 
compared with those in control subjects). These 
SNPs were selected for potential inclusion in the 
second-stage analysis. To maximize information 
from the screening phase, we compared the case 
subjects from the 931 family trios with control 
data from a random selection of 1475 subjects 
from the Wellcome Trust Case Control Consortium 

Glossary

Genetic association testing: The genotyping of a genetic variant in a popula-
tion for which information on phenotypes, such as disease occurrence or 
a range of various trait values, is available. Allele frequencies of that variant, 
for example, in case subjects and control subjects, are compared. If a sig-
nificant difference is observed, there is said to be an association between 
the variant (genotype) and the disease or trait (phenotype).

Genomewide association study: A comprehensive search of the human genome 
for genetic risk factors with the use of association testing, typically involv-
ing hundreds of thousands to millions of genotypes (e.g., testing of SNPs) 
per sample.

Genomic inflation factor: A comparison of unassociated genetic markers with 
those of control subjects for potential differences in allele frequency related 
to imperfect matching between case subjects and control subjects (also 
referred to as population substructure or stratification). The expectation is 
that there should be no difference (or, technically, inflation of the test statis-
tic) over the majority of markers tested. If inflation is observed, the ob-
served test statistic can be adjusted accordingly. These values do not 
control for multiple testing.

Genotyping call rate: Percentage of nonmissing genotype calls in a set of DNA 
samples (the number of nonmissing genotypes divided by the number of 
all genotypes, multiplied by 100).

HapMap: A public resource created by the International HapMap Project 
(www.hapmap.org), a catalogue of genetic variants (SNPs) that are common 
in human populations.

Mendelian error: A situation in which a child’s genotype is incompatible with 
the observed genotypes of the biologic parents, usually caused by an exper-
imental genotyping error or by erroneous identification of the subjects as 
related.

Minor allele frequency: The allele frequency of the less frequently occurring 
allele of a SNP.

Nonsynonymous SNP: A SNP that leads to a change in the amino acid se-
quence of the gene’s resulting protein and that may therefore affect the 
three-dimensional structure and its function.

PLINK: A free, open-source statistical tool for genomewide association analyses 
(http://pngu.mgh.harvard.edu/~purcell/plink/).

Transmission disequilibrium test: A family-based test of genetic association 
that measures the overtransmission of an allele from heterozygous parents 
to affected offspring.
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(WTCCC) and 956 subjects provided by the Na-
tional Institute of Mental Health (NIMH), for a 
total of 2431 subjects. A comparison between 
data for these case subjects and for controls with 
the use of the Cochran–Mantel–Haenszel method 
identified an additional 63 SNPs with P<0.001. 
A further 24 SNPs with P<0.01 (in either the fam-
ily trios or in case–control analyses) were selected 
for follow-up on the basis of proximity to previ-
ously identified loci associated with susceptibility 
to autoimmune diseases. Finally, nine SNPs that 
appeared to show highly significant associations 
but that were likely to represent genotyping arti-
facts were also included. (As expected, none of 
these nine SNPs showed any evidence of associa-
tion in the replication phase.)

Replication Phase

The Sequenom genotyping platform was used to 
genotype these 174 SNPs in a second set of 609 
family trios, 2322 case subjects, and 789 control 
subjects from the International Multiple Sclerosis 
Genetics Consortium. These data were supplement-
ed by an independent set of 1475 control subjects 
from the WTCCC and 723 from the NIMH, for a 
total of 2987 controls. Of the 174 SNPs, 22 failed 
assay design or were redundant, 10 failed our rep-
lication assay quality control, and 20 failed to meet 
our original scan quality control; also, 12 that were 
not included on the Affymetrix array were added 
for scientific interest. Table 1 of the Supplemen-
tary Appendix shows results from the remaining 
110 SNPs for this second-stage analysis alone and 
in combination with data from the screening phase 
in the form of an extension analysis. Table 2 shows 
results for the top 16 non-MHC SNPs (a number 
that was chosen arbitrarily) and the HLA-DRB1 
surrogate rs3135388, showing evidence for an as-
sociation with multiple sclerosis in both stages 
of the study.

The screening sample and part of the replica-
tion sample were family-based, but the final results 
could in principle be inflated owing to case–
control stratification. Since we did not have an 
adequate set of genomic control genotyping to 
assess inflation, in the replication sample, we 
evaluated inflation in the independent case–con-
trol analysis performed during the screening to 
prioritize markers for follow-up (but not included 
in the final significance estimates). The replication 
cases were ascertained similarly and primarily 
from the same collections. Since the WTCCC and 

NIMH control subjects were randomly divided be-
tween the screening and replication phases, this 
step provided an evaluation of the potential prob-
lem. Here, the case subjects from the United King-
dom (as compared with the WTCCC control sub-
jects) had a genomic inflation factor of 1.02, and 
the U.S. case subjects (as compared with the NIMH 
control subjects) had a genomic inflation factor 
of 1.09, suggesting only a modest contribution to 
the overall study that was confined to only a sub-
set of the replication sample.

Combined Analysis

A combined analysis including all 1540 family 
trios, 2322 case subjects, and 5418 control sub-
jects (a total of 12,360 subjects) gave final esti-
mates of effect size. The program UNPHASED, a 
software application for performing genetic as-
sociation analysis in nuclear families and unre-
lated subjects, implements maximum-likelihood 

Figure 1 (facing page). Genotyping, Quality Control, 
and Strategies for Analysis.

Panel A shows an outline of the experiments, in which 
1003 family trios were initially identified for genotyping. 
After quality control of DNA and SNPs, a final set of 
931 family trios and a total of 334,923 SNPs survived 
the exclusion criteria and were included in the analysis. 
Panel B shows the sources of patients with multiple 
sclerosis and the results of transmission disequilibrium 
testing of the family trios, Cochran–Mantel–Haenszel 
testing of the case and control subjects, and SNP selec-
tion criteria. Panel C shows the results of the replication 
phase, in which 174 SNP assays were initially developed, 
with 22 of these being redundant on the basis of trans-
mission disequilibrium testing. These assays either 
served as internal quality controls and validation SNPs 
or ultimately failed Sequenom genotyping quality checks. 
The remaining 152 SNPs, which included 12 that were 
not present on the microarray chips, were selected on 
the basis of their location within candidate genes (re-
gions previously identified in other autoimmune dis-
eases). These SNPs were genotyped in multiplexed 
pools, and three SNPs showing less than 97% concor-
dance with the microarray data were dropped from the 
analysis. In addition, a total of seven SNPs with a call 
rate of less than 90% and excess mendelian errors 
were also dropped. Concordance for the remaining 
SNPs was 99.6%. As a result, 20 of the SNPs that were 
included in the first analysis did not meet the selection 
criteria for the final analysis. MAF denotes minor allele 
frequency, HW Hardy–Weinberg equilibrium, ME men-
delian errors, WTCCC Wellcome Trust Case Control 
Consortium, NIMH National Institute of Mental Health, 
and IMSGC International Multiple Sclerosis Genetics 
Consortium.
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inference on haplotype and genotype effects while 
allowing for missing data, such as uncertain phase 
and missing genotypes.32 Table 2 shows the re-
sults of the combined analysis.

A number of allelic variants had a significant 
association with multiple sclerosis. Of these, two 
SNPs in intron 1 of the IL2RA gene encoding the 

alpha chain of the interleukin-2 receptor (also 
called CD25, located at chromosome 10p15) are 
notable: rs12722489 (P = 2.96×10−8; odds ratio, 1.25; 
95% confidence interval [CI], 1.16 to 1.36) and 
rs2104286 (P = 2.16×10−7; odds ratio, 1.19; 95% CI, 
1.11 to 1.26) (Fig. 4). These SNPs are in strong 
linkage disequilibrium with each other (coeffi-

33p9

B Screening Analysis

C Replication Analysis

A Quality Control of Genotyping

1003 Family trios

931 Case subjects

2431 Control
subjects

1862 Parents

1475 WTCCC 956 NIMH

SNP

Subjects

Average genotyping efficiency >95%
MAF>0.005 (if MAF<0.1, genotyping 
efficiency >99%)

HW>0.0001 (parents)
ME<10        

Genotyping >95%
Graphical representation 
of relationships program

Structure program (removed non-
European ancestry)

931 Family trios

334,923 SNPs

P<1×10−4

or

or

P<0.001

P<0.01 in
either statistic
and proximity

to known 
autoimmunity 

locus

Transmission 
disequilibrium test statistic

Cochran–Mantel–Haenszel
statistic 

110 Selected SNPs Combined replication statistic

U.S. case subjects
U.S. control subjects

609 Family trios

U.K. case subjects
U.K. control subjects
(WTCCC)

928
1475

1394
1512

789 IMSGC
control subjects

723 NIMH
control subjects

AUTHOR:

FIGURE:

JOB: ISSUE:

4-C
H/T

RETAKE

SIZE

ICM

CASE

EMail Line
H/T
Combo

Revised

AUTHOR, PLEASE NOTE: 
Figure has been redrawn and type has been reset.

Please check carefully.

REG F

Enon

1st

2nd
3rd

Hafler

1 of 4

08-30-07

ARTIST: ts

356xx

SNP Selection Criteria
for Replication

N Engl J Med  10.1056/NEJMoa073493

Copyright © 2007 Massachusetts Medical Society. All rights reserved. 
Downloaded from www.nejm.org at HARVARD UNIVERSITY on July 29, 2007 . 



T h e  n e w  e ng l a nd  j o u r na l  o f  m e dic i n e

�

cient of determination, 0.62 from HapMap CEU26). 
A nonsynonymous coding SNP (rs6897932) in 
exon 6 of IL7RA, a gene located on chromosome 
5p13 that encodes a transmembrane domain of 
the IL7Rα chain of the interleukin-7 receptor 
(CD127), also showed highly significant evidence 
of association with multiple sclerosis (P = 2.94×10−7; 
odds ratio, 1.18; 95% CI, 1.11 to 1.26) (Fig. 4).

There were 11 other SNPs with a final P<1×10−4. 
These included a SNP in the KIAA0350 region 
(P = 3.83×10−6) at 16p13 (a locus associated with 
susceptibility to type 1 diabetes) and a SNP in the 
gene encoding the CD58 molecule (P = 1.90×10−5), 

present within a previously identified admix-
ture locus at 1p13.33 The HLA-DR locus was 
unequivocally associated with multiple sclero-
sis (P = 8.94×10−81; odds ratio, 1.99; 95% CI, 
1.84 to 2.15).

Analysis of the 925 SNPs from the MHC re-
gion (positions between 29 and 34 Mb on chro-
mosome 6) conditional on HLA-DRB1*1501 re-
vealed a highly significant residual association 
signal peaking at rs9270986 (P = 1.83×10−17; odds 
ratio, 5.80; 95% CI, 3.53 to 9.53), which lies close 
to DRB1. A portion of this residual signal is prob-
ably related to allelic heterogeneity at DRB1.30

Table 1. Demographic Characteristics of the Patients.*

Variable
Screening Phase  

(931 Family Trios)
Replication Phase  
(609 Family Trios)

Replication Phase  
(2322 Case Subjects)

United Kingdom 
(N = 453)

United States 
(N = 478)

United Kingdom 
(N = 380)

United States 
(N = 229)

United Kingdom 
(N = 928)

United States 
(N = 1394)

Sex

Female — no. 339 356 286 180 676 1016

Male — no. 114 122 94 49 252 378

Female-to-male ratio 2.97:1 2.92:1 3.04:1 3.67:1 2.68:1 2.69:1

Age — yr

At time of analysis

Mean 38.2 39.0 37.4 39.4 45.1 45.4

Range 19–59 17–57 17–58 19–58 17–79 18–74

At onset of disease

Mean 26.5 29.0 27.4 31.1 32.6 33.1 

Range 10–48 11–51 10–53 9–51 13–60 3–69

Disease course — no. (%)

Relapsing remitting 269 (59.4) 374 (78.2) 265 (69.7) 182 (79.5) 486 (52.4) 967 (69.4)

Secondary progressive 152 (33.6) 77 (16.1) 92 (24.2) 35 (15.3) 281 (30.3) 278 (19.9)

Primary progressive 32 (7.1) 25 (5.2) 23 (6.1) 7 (3.1) 133 (14.3) 92 (6.6)

Unknown NA 2 (0.4) NA 5 (2.2) 28 (3.0) 57 (4.1)

Expanded Disability Status Scale 
score — no. (%)†

<3 132 (29.1) 286 (59.8) 119 (31.3) 140 (61.1) 300 (32.3) 742 (53.2)

3 to <6 126 (27.8) 111 (23.2) 123 (32.4) 46 (20.1) 225 (24.2) 302 (21.7)

6 80 (17.7) 27 (5.6) 52 (13.7) 20 (8.7) 148 (15.9) 123 (8.8)

6.5 38 (8.4) 21 (4.4) 29 (7.6) 7 (3.1) 102 (11.0) 85 (6.1)

≥7 77 (17.0) 27 (5.6) 53 (13.9) 12 (5.2) 138 (14.9) 83 (6.0)

Unknown NA 6 (1.3) 4 (1.1) 4 (1.7) 15 (1.6) 59 (4.2)

*	The disease course was defined by McDonald et al.27 A total of 86 case subjects with a clinically isolated syndrome were classified as having 
“relapsing remitting” disease: 1 in family trios in screening analysis, 22 in family trios in replication analysis, and 63 in case subjects in rep-
lication analysis. Percentages may not total 100 because of rounding. NA denotes not applicable.

†	Scores on the Expanded Disability Status Scale range from 0 to 10, with lower scores indicating better function.
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Discussion

We report on a genomewide association study of 
multiple sclerosis that examined a significant 
fraction of common variations in the human ge-
nome. Using this technique, we identified a set 
of SNPs located outside the MHC region that are 
associated with multiple sclerosis. Among the 
most significant associations are SNPs in genes 
encoding the IL2Rα and IL7Rα chains. The IL2Rα 
chain has been implicated in the pathogenesis of 
type 1 diabetes24 and Graves’ disease.34 These re-
sults add to the evidence from pathological and 
immunologic studies that multiple sclerosis is an 
autoimmune inflammatory disorder.35

The evidence that certain alleles of the genes 
encoding IL2Rα and IL7Rα are associated with 
multiple sclerosis supports the idea that polymor-
phisms within genes related to the regulation 
of the immune response are important factors 
in multiple sclerosis.36 In particular, regulatory 
T cells expressing CD4 and CD2537 show a loss 
of function in a number of autoimmune disor-
ders.7,38-41 Moreover, the dominant effect of dis-
rupting the function of the interleukin-2 gene in 
mice is an autoimmune disease characterized by 
dysfunction of CD4+CD25high regulatory T cells.42,43 
This evidence suggests a link between a suscep-
tibility variant in IL2RA and the pathogenic events 
that result in multiple sclerosis. It is important 
to acknowledge, however, that CD25 ― the pro-
tein encoded by IL2RA ― is not a specific marker 
of regulatory T cells. A SNP in the IL2RA gene that 
has recently been implicated in multiple sclero-
sis44 (P = 0.04) appears to be incorrectly identi-
fied as monomorphic on the HapMap26 and may 
represent a chance observation that is unrelated 
to multiple sclerosis. The IL7Rα chain, a compo-

nent of the receptor for interleukin-7, has also 
been implicated in multiple sclerosis by measure-
ments of messenger RNA expression and by can-
didate-gene approaches.45-47 (Of the 12,360 case 
subjects and control subjects that we analyzed in 
this study, 6717 were also analyzed by Gregory 
et al.47) Interleukin-7 is important for homeosta-
sis of the memory T-cell pool48 and may also be 
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Figure 2. Overview of the Primary Genomewide Association Scan Involving 931 Family Trios.

P values (shown as –log10 values) for results of transmission disequilibrium testing are plotted across the genome. The classic HLA-DR 
risk locus on chromosome 6p21 stands out with strong statistical significance (P<1×10−81).
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Figure 3. Observed and Expected Distributions for the Results of Trans­
mission Disequilibrium Testing from the 931 Family Trios in the Primary 
Genome Scan.

P values (shown as –log10 values) for all 334,923 SNPs (in gray) are plotted 
against the expected null distribution (red). After exclusion of the SNPs 
across the extended major-histocompatibility-complex region, the observed 
distribution (in black) matches the expected distribution closely, with an 
excess in the tail at P<0.001 (more associated SNPs than expected under 
the null hypothesis).
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important for the generation of autoreactive T cells 
in patients with multiple sclerosis.49 Moreover, 
the interleukin-7 receptor is critical for the de-
velopment of gamma and delta T cells,50 which 
are among the earliest T cells observed in the 
inflammatory lesions of patients with multiple 
sclerosis.51

Although we chose the majority of SNPs for 
replication on the basis of the P values identified 
in the screening phase, it is notable that the 
SNPs at IL2RA and IL7RA, which ultimately had 
the most significant associations with multiple 
sclerosis, originally gave modest P values of 0.0013 
and 0.0058, respectively, in the transmission 
disequilibrium testing. Moreover, a recent study 
showed an association between the same SNP in 
the IL7RA gene and the risk of multiple sclerosis 
(P = 2.9×10−7).47 A combined analysis of these two 
studies (with the use of the nonoverlapping union 
of the data sets) gives a P value of 1.92×10−10 
(odds ratio, 1.20; 95% CI, 1.14 to 1.27) for the 
total of 2027 family trios, 2842 case subjects, and 
6717 control subjects. Although this P value has 
not been adjusted for multiple hypothesis testing, 
it is clear that the same allelic variant in the inter
leukin-7 receptor has been identified in several 
studies. Of note, this SNP introduces a coding 
change (T244I) that alters the ratio of soluble to 
membrane-bound interleukin-7 receptor 47 and has 
also shown a strong association with type 1 dia-
betes.52 Whether the allelic variants found in this 
study have a primary role in initiating multiple 
sclerosis or influence susceptibility to multiple 
sclerosis is unknown.

Given the strong heritability of some autoim-
mune diseases, we speculate that there are com-
mon and unique allelic variants that contribute 
to the particular autoimmune disease phenotype. 
Besides the association between MHC variants 
and autoimmune diseases, PTPN22 encoding lym-
phoid protein tyrosine phosphatase, a suppres-
sor of T-cell activation and development,53 has 
emerged as an example of a gene harboring a 
susceptibility variant in many autoimmune dis-
eases. The 620Trp variant (rs2476601) of PTPN22 
is associated with type 1 diabetes,54,55 rheumatoid 
arthritis,21,56 Graves’ disease,55,57 and systemic 
lupus erythematosus56,58 but does not contribute 
to susceptibility to multiple sclerosis.56,59,60 In 
contrast, allelic variation at IL2RA occurs in type 1 
diabetes,24 Graves’ disease,34 and multiple sclero-
sis but current results in rheumatoid arthritis do 1p
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not show this association (Gregersen PK, Klare
skog L: personal communication). Fine-mapping 
studies in large DNA collections for these dis-
eases will shed light on the possibility of allelic 
heterogeneity at this locus.

Because of their modest risk ratios, each of the 
alleles of IL2RA and IL7RA that were identified in 
this genomewide scan explains a small propor-
tion (less than 0.2%) of the variance in the risk 
of the development of multiple sclerosis. For each 
locus, our initial screen (931 family trios) had a 

power of only about 6% to detect these loci at 
P<1×10−4 and a power of less than 50% to reach 
P<0.01. It is highly likely that other loci with 
similar low risk ratios exist. Nevertheless, associ
ations of the magnitude we found are undetect-
able in linkage studies; each locus confers a sib-
ling-recurrence risk ratio of less than 1.01 and 
would require the scanning of hundreds of thou-
sands of sibling pairs before a meaningful effect 
on regional LOD scores would be expected.

The effect sizes of the allelic variants we iden-
tified in this scan are similar to those associated 
with polygenic autoimmune disorders and other 
complex traits.61 These variants are not rare mu-
tations of the type that occur in diseases caused 
by a defect in a single gene, such as muscular 
dystrophy or sickle cell anemia. Rather, they are 
polymorphic variants that also occur in normal 
populations. However, each is more common in 
patients with multiple sclerosis than in control 
subjects, and each has a small effect on the risk 
of the disease. In considering the complex ge-
netic architecture of multiple sclerosis, we rec-
ognize that our approach has little if any statis-
tical power to detect rare variants that could 
contribute to susceptibility — even those confer-
ring a relatively large genetic risk. We anticipate 
that multiple sclerosis will show some degree of 
genetic heterogeneity and that with increasing 
sample sizes and better statistical power, alter-
native genetic mechanisms will be revealed for 
certain subgroups of patients with the disease. 
However, for most patients, we expect that the 
variants identified in our study and those that 
may emerge in follow-up studies could account 
for a substantial part of the heritability of mul-
tiple sclerosis in the general population.

With the identification of a larger set of ge-
netic variants, a systems biology approach will be 
needed to characterize common pathways ame-
nable to therapeutic intervention. As for our iden-
tification of a variant of IL2RA as a susceptibility 
element in multiple sclerosis, it is intriguing that 
clinical efficacy has been observed in phase 2 
studies assessing a monoclonal antibody target-
ing the IL2Rα chain.62,63
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Figure 4. Regional Plots for Associations in IL2RA and IL7RA.

All genotyped SNPs in the primary scan are plotted with their P values 
(shown as –log10 values) for transmission disequilibrium testing as a func-
tion of genomic position (with National Center for Biotechnology Informa-
tion’s Build 35). The SNP with the most significant association in the joint 
analysis is shown (blue diamond) with its initial P value in the genome 
scan (red diamond). Estimated recombination rates (taken from HapMap) 
are plotted (light blue) to reflect the local linkage disequilibrium (LD) 
structure around the associated SNPs and their correlated proxies (red 
denotes stronger linkage disequilibrium, and white denotes no linkage 
disequilibrium). Gene annotations were adapted from the University of 
California at Santa Cruz Genome Browser (http://genome.ucsc.edu/).
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