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A bs tr ac t

Background

Systemic lupus erythematosus (SLE) is a clinically heterogeneous disease in which 
the risk of disease is influenced by complex genetic and environmental contributions. 
Alleles of HLA-DRB1, IRF5, and STAT4 are established susceptibility genes; there is 
strong evidence for the existence of additional risk loci.

Methods

We genotyped more than 500,000 single-nucleotide polymorphisms (SNPs) in DNA 
samples from 1311 case subjects with SLE and 1783 control subjects; all subjects 
were North Americans of European descent. Genotypes from 1557 additional con-
trol subjects were obtained from public data repositories. We measured the associa-
tion between the SNPs and SLE after applying strict quality-control filters to reduce 
technical artifacts and to correct for the presence of population stratification. Rep-
lication of the top loci was performed in 793 case subjects and 857 control subjects 
from Sweden.

Results

Genetic variation in the region upstream from the transcription initiation site of the 
gene encoding B lymphoid tyrosine kinase (BLK) and C8orf13 (chromosome 8p23.1) 
was associated with disease risk in both the U.S. and Swedish case–control series 
(rs13277113; odds ratio, 1.39; P = 1×10−10) and also with altered levels of messenger 
RNA in B-cell lines. In addition, variants on chromosome 16p11.22, near the genes 
encoding integrin alpha M (ITGAM, or CD11b) and integrin alpha X (ITGAX), were as-
sociated with SLE in the combined sample (rs11574637; odds ratio, 1.33; P = 3×10−11).

Conclusions

We identified and then confirmed through replication two new genetic loci for SLE: 
a promoter-region allele associated with reduced expression of BLK and increased 
expression of C8orf13 and variants in the ITGAM–ITGAX region.
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Systemic lupus erythematosus (SLE) 
is a chronic autoimmune disease with strong 
genetic and environmental components.1-3 

Autoantibodies play an important role in the 
pathogenesis of SLE, and the diverse clinical man-
ifestations of the disease are caused by the depo-
sition of antibody-containing immune complexes 
in blood vessels, leading to inflammation in the 
kidney, brain, and skin. Direct pathogenic effects 
of the autoantibodies contribute to hemolytic ane-
mia and thrombocytopenia.

During the past 20 years, many linkage and 
candidate-gene studies have been performed to 
identify genetic factors contributing to a suscep-
tibility to SLE. For example, haplotypes carry-
ing the HLA class II alleles DRB1*0301 and 
DRB1*1501 are clearly associated with SLE and 
the presence of antibodies to nuclear autoanti-
gens.4-6 More recently, variants of the genes en-
coding interferon regulatory factor 5 (IRF5) and 
signal transducer and activator of transcription 
4 (STAT4) have been discovered to be risk factors 
for SLE.7-10 The identification of IRF5 and STAT4 
as SLE risk genes supports the hypothesis that 
the type I interferon pathway is central to dis-
ease pathogenesis.11-14

In this report, we describe the results of a 
genomewide scan of samples from North Amer-
ican subjects of European descent (1311 case 
subjects with SLE and 3340 control subjects) and 
a replication analysis of Swedish case–control 
subjects. We identify two novel genetic loci — 
C8orf13–BLK and ITGAM–ITGAX — that contrib-
ute to the risk of SLE.

Me thods

Subjects

Case subjects included 1435 patients with SLE for 
whom DNA samples were obtained from the fol-
lowing collections: 338 from the Autoimmune 
Biomarkers Collaborative Network, a repository 
funded by the National Institute of Arthritis and 
Musculoskeletal and Skin Diseases15; 141 from 
the Multiple Autoimmune Disease Genetics Con-
sortium16; 613 from the University of California, 
San Francisco (UCSF), Lupus Genetics Project10,17; 
335 from the University of Pittsburgh Medical 
Center18; and 8 from the Feinstein Institute for 
Medical Research. The European descent of all 
case subjects with SLE was determined by self-
report with the use of a multiple-choice question-
naire. (In general, subjects needed to have at least 

three grandparents of European origin.) The di-
agnosis of SLE (fulfillment of four or more of the 
criteria of the American College of Rheumatolo-
gy [ACR]19) was confirmed in all cases by review 
of medical records (for 94% of case subjects) or 
by written documentation of criteria by the treat-
ing rheumatologist (6%). Clinical data were re-
viewed and tabulated at each institution. The 
counts and percentages for each of the 11 ACR 
classification criteria for SLE19 are listed in Table 
1 of the Supplementary Appendix (available with 
the full text of this article at www.nejm.org).

A total of 3583 samples from control subjects 
were examined in the association analyses. As part 
of this project, 1861 control samples from the 
New York Cancer Project collection20 were se-
lected and then genotyped on the basis of self-
described ancestral origin, sex, and age. In addi-
tion, genotype data from 1722 control samples 
(all self-described North Americans of European 
descent) were obtained from the publicly avail-
able iControlDB database (www.illumina.com/
pages.ilmn?ID=231).

To test for replication, we genotyped DNA from 
an independent collection of samples from 793 
Swedish patients with SLE (all of whom fulfilled 
four or more of the classification criteria for SLE, 
as defined by the ACR) and 857 healthy Swedish 
control subjects. The patients were from rheuma-
tology clinics at the Lund, Uppsala, Karolinska 
(Solna), and Umeå University Hospitals.7 The in-
stitutional review board at each collaborating cen-
ter approved the study, and all subjects gave in-
formed written consent.

Genotyping

A total of 1861 samples from control subjects from 
the New York Cancer Project were genotyped on 
the Illumina HumanHap550 Genotyping Bead-
Chip21 at the Feinstein Institute. A total of 1465 
samples (464 from case subjects and 1001 from 
control subjects) were genotyped on the Human-
Hap550v1 chip, and 1875 samples (1015 from case 
subjects and 860 from control subjects) were gen-
otyped on the HumanHap550v3 chip. Genotype 
data from 1452 of the control samples were sub-
mitted to iControlDB and made publicly available 
in 2007. An additional, independent set of 1722 
samples that were genotyped on the Human
Hap550 BeadChip was obtained from studies 66 
and 67 of the iControlDB. Samples from case sub-
jects were genotyped at the Feinstein Institute in 
serial phases; series 1 consisted of the 479 case 
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subjects from the Autoimmune Biomarkers Col-
laborative Network and Multiple Autoimmune Dis-
ease Genetics Consortium, series 2 consisted of 
the 613 case subjects from the UCSF Lupus Ge-
netics Project, and series 3 consisted of the 387 
case subjects from the University of Pittsburgh 
Medical Center and the Feinstein Institute. The 
545,080 single-nucleotide polymorphisms (SNPs) 
present on both HumanHap550 versions 1 and 3 
were advanced into the analysis. Case and con-
trol samples with average call rates of less than 
80% across the chip underwent repeated geno-
typing.

In the Swedish series, the SNPs rs11574637 
(ITGAM–ITGAX) and rs13277113 (C8orf13–BLK) 
were genotyped with the use of homogeneous 
single-base extension assays with fluorescence 
polarization detection at the SNP Technology Plat-
form in Uppsala (www.genotyping.se) and re-
agents (PerkinElmer).22 The genotype call rate in 
the samples was 96%, and the reproducibility was 
100%, on the basis of duplicate assays of 4.6% of 
the genotypes. Samples from a three-generation 
pedigree from the Centre d’Etude du Polymor-
phisme Humain (CEPH) with 20 members were 
genotyped in parallel with the study samples, and 
no deviation from mendelian inheritance was ob-
served for either of the SNPs.

Data-Quality Filters

Details on the data-quality filters used in the 
study, tests for association and for heterogene-
ity among the three case–control studies, and 
removal of population outliers with the use of 
EIGENSTRAT software23 are available in the 
Supplementary Appendix. Series 1 consisted of 
411 case subjects and 1047 control subjects, se-
ries 2 consisted of 595 case subjects and 1516 
control subjects, and series 3 consisted of 305 
case subjects and 777 control subjects. Overall, 
women accounted for 93% of case subjects and 
62% of control subjects. No significant differ-
ences in allele frequencies were noted between 
men and women.

A total of 3323 SNPs were removed because 
more than 2% of data were missing in at least one 
series or missing data were unequally distribut-
ed between case and control subjects (differen-
tial missingness, P<1×10−3). Another 13 SNPs in 
the pseudoautosomal region of chromosome X 
showed no significant association and were ex-
cluded from further analysis. Filtering of sam-
ples and markers was conducted with the use of 

analytical modules within the PLINK software 
program.24 For each series, a total of 502,033 SNPs 
were advanced into downstream analyses.

Gene-Expression Analysis

We examined gene expression in B-cell lines 
transformed by the Epstein–Barr virus (EBV) from 
210 unrelated, healthy HapMap subjects (GENEVAR 
project, www.sanger.ac.uk/humgen/genevar/)25 and 
an independent set of 400 EBV-transformed  
B cells.26 Additional details regarding these analy-
ses are available in the Supplementary Appendix.

Statistical Analysis 

The association between all SNPs and a suscepti-
bility to SLE was calculated with the use of two-
by-two contingency tables. A genomic control in-
flation factor (λgc) was then calculated for each 
sample series.27 The genomic control inflation 
factor is a metric based on the median chi-square 
that reflects whether the bulk of the distribution 
conforms to the null hypothesis (λgc = 1.0). A λgc 
value of more than 1 indicates an elevation of the 
average chi-square association statistic owing to 
systemic technical artifacts or the presence of 
population stratification. The 50 loci with the 
strongest associations are listed in Table 2 of the 
Supplementary Appendix, and the corrected 
summary statistics of population stratification 
for all SNPs passing quality-control filters from 
each series and the combined association statis-
tics are available from dbGAP (accession number 
phs000122.v1.p1).

R esult s

Genomewide Association Analysis

A total of 502,033 SNPs on the Illumina chips 
passed quality-control filters and were tested for 
association with SLE in a staged fashion with the 
use of three case–control series (Table 1). A com-
bined association statistic was calculated by the 
addition of the z scores converted from the 
EIGENSTRAT-corrected chi-square test statistic,23 
weighted for series size and adjusted for the re-
sidual λgc of each series (see the Supplementary 
Appendix).

A comparison of the observed P values for the 
meta-analysis with the P values for a null distri-
bution is shown in Figure 1A. Significant devia-
tion from the null distribution was observed at 
the tail of the distribution, which may indicate the 
presence of true positive associations. A strong as-
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sociation with SLE was noted for three established 
risk loci. In the HLA class II region, rs2187668 
is a near perfect predictor of the DRB1*0301 al-
lele28 and was the variant most strongly associated 
with SLE in the combined analysis (P = 3×10−21). 
An additional 157 SNPs in the HLA region, many 
of which are correlated with the DRB1*0301 al-
lele, had observed P values of less than 5×10−7 
(Fig. 1B). A strong association was observed with 
variants linked to the well-validated risk haplo-
type of IRF5 (e.g., rs10488631; P = 2×10−11).7-9 In 
addition, an association with STAT4 was observed 
(rs7574865, P = 9×10−14). An association between 
STAT4 variants and both SLE and rheumatoid ar-
thritis was reported recently.10 Our SLE data set 
overlaps with that of the earlier study10 and in-
cludes an additional 341 case subjects and 2905 
control subjects who were not included in the 
previous analysis. After removing variants in HLA, 
IRF5, and STAT4 from the expected versus observed 
chi-square analysis, a deviation of P values from 
the null distribution remained, suggesting the 
existence of novel SLE loci (Fig. 1A). Multiple 
SNPs near the B lymphoid tyrosine kinase (BLK) 
gene and in a region that contains the integrin 
alpha M (ITGAM) and integrin alpha X (ITGAX) 
genes were highly associated with SLE in the com-
bined analysis (Fig. 1B). Neither of these genes 
or regions has previously been implicated in SLE 
susceptibility.

C8orf13–BLK
Several variants on the short arm of chromosome 
8 (8p23.1) were associated with SLE (Fig. 2 and 
Table 2, and Table 5 of the Supplementary Appen-
dix). The A allele of rs13277113 was highly en-

riched in the sample from U.S. case subjects as 
compared with controls (P = 8×10−8; combined odds 
ratio, 1.39; 95% confidence interval [CI], 1.26 to 
1.54). To confirm this initial observation, an in-
dependent collection of 793 samples from SLE case 
subjects and 857 matched controls from Sweden 
was typed for rs13277113, and a convincing asso-
ciation between the minor A allele and SLE was 
also observed (P = 4×10−4; odds ratio, 1.33; 95% CI, 
1.13 to 1.55) (Table 2). A combined analysis of 
rs13277113 with the use of both the U.S. and Swed-
ish samples showed P = 1×10−10, which meets the 
rigorous criterion of P<5×10−8 for the significance 
of a genomewide association.31

The SNP rs13277113 maps to the interval be-
tween two genes transcribed in opposite direc-
tions: BLK, a tyrosine kinase in the src family that 
signals downstream of the B-cell receptor, and 
C8orf13, a ubiquitously expressed gene of unknown 
function (Fig. 2). No known coding-region variants 
of BLK or C8orf13 are in linkage disequilibrium 
with rs13277113.

Common genetic variation has been shown to 
correlate with levels of cis gene expression.25,26,32 
Using a gene-expression data set generated from 
transformed B-cell lines of 210 unrelated Hap-
Map samples,25 we observed that the risk A allele 
of rs13277113 was associated with lower levels 
of messenger RNA (mRNA) expression of BLK 
(Fig. 2B). Homozygotes for the A allele had a 
level of expression that was approximately 50% 
of that of homozygotes for the G allele, and A/G 
heterozygotes had intermediate levels. The ex-
pression of the C8orf13 gene also correlated with 
the risk haplotype, but in the opposite direction. 
The A allele of rs13277113 was associated with 

Table 1. Summary of Samples from 1311 Case Subjects and 3340 Control Subjects in the Genomewide Association 
Study.* 

Series
No. of Case 

Subjects Study
No. of Control 

Subjects†
Genomic Control 
Inflation Factor‡

1 411 Autoimmune Biomarkers Collaborative Network and 
Multiple Autoimmune Disease Genetics Consortium

1047 1.015

2 595 UCSF Lupus Genetics Project 1516 1.038

3 305 University of Pittsburgh Medical Center 777 1.030

*	UCSF denotes University of California, San Francisco.
†	A total of 1783 samples from the New York Cancer Project were genotyped (559 in series 1, 802 in series 2, and 422 in 

series 3). Genotyping data from an additional 1557 control subjects were obtained from the iControlDB (study num-
bers 66 and 67), including 488 in series 1, 714 in series 2, and 355 in series 3.

‡	The genomic control inflation factor for each data set was calculated after the use of quality-control filters and correc-
tion for population stratification.
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higher expression of C8orf13 in the transformed 
lines, whereas the G allele was significantly as-
sociated with lower expression (Fig. 2C). Again, 
A/G heterozygotes showed intermediate levels of 
expression. The expression of a number of con-
trol mRNAs (e.g., beta-actin and glyceraldehyde-
3-phosphate dehydrogenase [GAPDH]) did not 
vary in the cell lines on the basis of genotype at 
rs13277113 (Table 3 of the Supplementary Ap-
pendix). Consistent allelic differences in BLK ex-
pression with statistical significance were observed 
in all HapMap populations, except the Yoruba 
population, in which the risk allele is less fre-
quent (Table 4 of the Supplementary Appendix). 
These results were confirmed by analysis of an-
other expression data set obtained from an inde-
pendent sample of 400 transformed B-cell lines.26 
In this data set, a marker in linkage disequilib-
rium with rs13277113 (rs4840568, r2 = 0.77) was 
associated with both decreased expression of 
BLK (P = 9×10−27, probe 206255_at) and increased 
expression of C8orf13 (P = 5×10−35, probe 226614_
s_at), with effect sizes similar to those observed 
in the HapMap data set.

Multiple conserved sites of transcription-factor 
binding, including motifs for interferon regula-
tory factor 1 (IRF1), peroxisome proliferator-acti-
vated receptor gamma (PPARG), and an interferon-
stimulated response element, are located in the 
5′ region of BLK and C8orf13. However, neither 
rs13277113 nor variants in linkage disequilibrium 
(r2>0.5) altered known sites of transcription-factor 
binding or other known functional nucleic acid 

motifs. We conclude that rs13277113, or a varia-
tion that is strongly associated with rs13277113, 
alters the level of mRNA expression of BLK and 
C8orf13.

ITGAM–ITGAX
Variants within a cluster of genes encoding the 
integrin alpha chains on chromosome 16 were 
also significantly associated with SLE (Table 2 
and Fig. 3). Reproducible association of the C al-
lele of rs11574637 was observed across the three 
series of SLE cases (P = 5×10−7; odds ratio, 1.30; 
95% CI, 1.17 to 1.45). The C allele of rs11574637 
showed similarly strong enrichment in the Swed-
ish replication series (P = 4×10−7; odds ratio, 1.59; 
95% CI, 1.33 to 1.91) (Table 2), and combined 
analysis showed a combined P value of 3×10−11 
(Table 2).

SNP rs11574637 is part of a block of corre-
lated SNPs that covers approximately 150 kb and 
encodes several genes, including ITGAM and the 
5′ portion of ITGAX (Fig. 3A). Both ITGAM and 
ITGAX are expressed at detectable levels in EBV-
transformed B cells, but rs11574637 was not sig-
nificantly associated with mRNA levels of either 
gene (data not shown).

Of potential interest is the observation that in 
the North American control subjects, rs11574637 
was correlated with two nonsynonymous vari-
ants of ITGAM. The first SNP, rs1143678 (r2 = 0.85), 
results in a Pro1146Ser substitution (association 
with SLE, P = 3×10−5). The C allele of rs11574637 
and the 1146Ser allele form a haplotype on 18.2% 
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of control chromosomes; the C allele is also pres-
ent on a distinct haplotype that is present on ap-
proximately 2% of chromosomes from controls 
lacking the 1146Ser allele. The second nonsyn-
onymous SNP, rs1143683 (r2 = 0.45 in HapMap 
CEU [CEPH Utah residents with ancestry from 
northern and western Europe]), results in an 
Ala858Val substitution and was not directly geno-
typed in this study. At this time it is not known 
whether the ITGAM nonsynonymous variants or 
additional alleles underlie the association within 
the ITGAM–ITGAX region.

Discussion

By studying a large number of patients with SLE 
(1311) and an even larger group of control sub-
jects (3340), we had excellent power to detect as-
sociations between SLE and genetic variants. The 
strong associations between SLE and SNPs in the 
HLA region, IRF5, and STAT4 serve as positive 
controls for the experiment and confirm that these 
loci confer susceptibility to SLE.

The src family tyrosine kinase BLK is an inter-
esting new candidate gene for SLE. Expression 
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of BLK is highly restricted to the B-cell lineage.33 
Blk expression in mice is first observed in cycling 
late pro-B cells, continues throughout B-cell de-
velopment, and is subsequently down-regulated 
in plasma B cells.34 Mice that are deficient in Blk 
have no gross phenotype,35 and we are not aware 
of studies of the function of BLK in human B cells. 
It has been hypothesized that BLK is one of the 
tyrosine kinases that transduces signals down-
stream of the B-cell receptor and that it has a 
redundant role in mice (given the lack of a phe-
notype in Blk-deficient mice). There is a prece-
dent for major species differences in the role of 
kinases associated with the B-cell receptor. For 
example, in humans, a deficiency in Bruton’s ty-
rosine kinase (BTK) leads to X-linked agamma-
globulinemia and a complete lack of B cells.36 
However, deficiency of Btk in mice is associated 
with a much milder phenotype.37

B-cell–receptor signaling is important for 
establishing the B-cell repertoire through induc-
tion of anergy, deletion, and receptor editing dur-
ing B-cell development.38,39 As our study shows, 
the risk allele at BLK is associated with reduced 
expression of BLK mRNA in transformed B-cell 
lines. We speculate that altered protein levels of 
BLK might influence tolerance mechanisms in 
B cells, predisposing persons to systemic auto-
immunity. A similar mechanism has recently 
been shown for Ly108, one of the major genetic 
loci in the NZM2410 mouse model of lupus.40 
Our data also suggest an effect of the risk haplo-
type on expression of the ubiquitously expressed 
gene C8orf13, but the function of this gene is 
currently unknown.

We identified a second locus, ITGAM–ITGAX. 
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Figure 3 (facing page). Correlation of Variants in  
ITGAM–ITGAX with Systemic Lupus Erythematosus.

Panel A shows the −log10 P values from the ITGAM– 
ITGAX region. The colors of the diamonds represent 
the r2 correlations with rs11574637. All genes in the re-
gion (from the Reference Sequence database of the 
National Center for Biotechnology Information) are 
displayed above a plot showing the linkage disequilib-
rium in the region, as determined by analysis of con-
trol chromosomes. Blocks connecting pairs of SNPs 
are shaded according to the strength of the linkage 
disequilibrium between the SNPs, from 0.0 (white) to 
1.0 (bright red), as measured by the disequilibrium co-
efficient D′. Panel B depicts the genomic structure of 
ITGAM, the conserved major protein domains, and 
the relationship between rs11574637 and two nonsyn-
onymous alleles of ITGAM.
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Although we cannot exclude ITGAX because of 
the strong linkage disequilibrium in the region 
that extends into its 5′ region, we think that 
variants of ITGAM are driving the association. 
ITGAM (also known as CD11b, Mac-1, and 
complement receptor type 3) is a well-character-
ized molecule in the integrin alpha chain family 
that is expressed by a variety of myeloid cell types, 
including dendritic cells, macrophages, mono-
cytes, and neutrophils.41-43 ITGAM forms a het-
erodimer with integrin beta-2 (ITGB2, or CD18) 
and mediates adhesion between cell types in the 
immune system and the adhesion of myeloid 
cells to endothelium.44 Mice that are deficient in 
ITGAM have enhanced disease progression and 
inflammation in several models of autoimmu-
nity,45-47 including lupus. ITGAM may suppress 
differentiation of helper T-cell type 17 (Th17),48 
a pathway that has been linked with induction 
of autoimmunity. Moreover, ITGAM expression 
has been reported to be elevated on neutrophils 
from patients with active SLE.49

In summary, we have identified two new sus-
ceptibility loci for SLE: BLK–C8orf13 on chromo-
some 8 and ITGAM–ITGAX on chromosome 16. 
The most likely candidate genes within these two 
loci are BLK and ITGAM. Further dissection of 
these genetic loci is warranted, as are investiga-
tions to determine whether the variants contrib-
ute to the risk of other autoimmune disorders.
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