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Abstract
Objective—The first genome-wide association study (GWAS) of systemic sclerosis (SSc)
demonstrated three non-major histocompatibility complex (MHC) susceptibility loci. The goal of
this study was to investigate the impact of these gene variants on survival and severity of
interstitial lung disease (ILD) in SSc.
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Methods—The authors examined 1443 Caucasian SSc patients enrolled in the Genetics versus
Environment In Scleroderma Outcome Study (GENISOS) and Scleroderma Family Registry (n =
914 – discovery cohort) and The Johns Hopkins Scleroderma Cohort (n = 529 – replication
cohort). Forced vital capacity (FVC)% predicted was used as a surrogate for ILD severity. Five
single nucleotide polymorphisms, IRF5 (rs10488631, rs12537284, rs4728142), STAT4
(rs3821236), CD247 (rs2056626) reached genome-wide significance in the SSc-GWAS and were
examined in the current study.

Results—Overall, 15.5% of the patients had died over the follow-up period of 5.5 years. The
IRF5 rs4728142 minor allele was predictive of longer survival in the discovery cohort (p = 0.021)
and in the independent replication cohort (p = 0.047) and combined group (HR: 0.75, 95% CI 0.62
to 0.90, p = 0.002). The association of this SNP with survival was independent of age at disease
onset, disease type and autoantibody profile (anticentromere and antitopoisomerase antibodies).
The minor allele frequency of IRF5 rs4728142 was 49.4%.

Moreover, IRF5 rs4728142 minor allele correlated with higher FVC% predicted at enrolment (p =
0.019). Finally, the IRF5 rs4728142 minor allele was associated with lower IRF5 transcript
expression in patients and controls (p = 0.016 and p = 0.034, respectively), suggesting that the
IRF5, rs4728142 SNP, may be functionally relevant.

Conclusion—An SNP in the IRF5 promoter region (rs4728142), associated with lower IRF5
transcript levels, was predictive of longer survival and milder ILD in patients with SSc.

INTRODUCTION
Scleroderma or systemic sclerosis (SSc) is a chronic, connective tissue disease characterised
by wide-spread fibrosis of skin and internal organs, small-vessel vasculopathy and immune
dysregulation with production of autoantibodies. SSc patients have markedly reduced
survival rates compared with the age- and sex-matched general population. The overall
pooled standardised mortality ratio of patients with SSc was 3.53 in a recently published
meta-analysis.1 This is considerably higher than the standardised mortality ratio in other
rheumatic diseases such as rheumatoid arthritis and Sjögren syndrome.2 Pulmonary
involvement, including both interstitial lung disease (ILD) and pulmonary arterial
hypertension, has become the primary cause of SSc-related death.34 Studies have shown that
low forced vital capacity (FVC), a surrogate for severity of ILD, is highly predictive of
mortality in SSc.5

Current therapies for SSc focus on treatment of specific complications while true disease-
modifying agents targeting the underlying pathogenic mechanisms are lacking. Furthermore,
the course of SSc is highly variable underscoring the need for identification of reliable
prognostic markers in SSc.

The first SSc-genome-wide association study (GWAS) identified several highly robust
susceptibility loci for SSc.6 Three non-major histocompatibility complex (MHC) loci in
IRF5, STAT4 and CD247 regions were significantly associated with SSc. IRF57 and
STAT48 had already been identified as SSc risk loci in case-control studies, whereas the
association of a CD247 polymorphism with SSc was a novel finding which has recently
been confirmed in an independent cohort.9 IRF5 belongs to a family of transcription factors
in the type I interferon (IFN) pathway. STAT4 is also an important transcription factor for
T-cell signalling and differentiation.10 Furthermore, STAT4 transduces type I IFN signals in
activated monocytes.11 CD247 encodes the T cell receptor zeta subunit, and the low
expression of this receptor can result in impaired immune responses.12 These recent
breakthroughs in understanding the genetic basis of SSc can potentially lead to identification
of novel therapeutic targets and development of prognostic biomarkers.
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In a previous study conducted in the Genetics versus ENvironment In Scleroderma Outcome
Study (GENISOS) cohort, we demonstrated that human leucocyte antigen (HLA) alleles
DRB1*0802 and DQA1*0501 are independent predictors of mortality in SSc.5 However, the
influence of the described non-MHC susceptibility loci on mortality in SSc patients has not
been investigated.

Given the pivotal importance of the IRF5, STAT4 and CD247 in SSc susceptibility, we
evaluated their associations with clinical outcomes of the disease in the current study. First,
we demonstrated that the minor allele of IRF5 rs4728142 was associated with longer
survival in two independent cohorts of SSc patients. Furthermore, this IRF5 variant was
associated with milder ILD and correlated with a lower IRF5 gene expression.

METHODS
Study population

This study included 1443 SSc patients from three sources in the USA, which makes up 97%
of US patients investigated in the first SSc-GWAS.6 The remainder of originally
investigated patients (n = 43) were enrolled at the Fred Hutchinson Cancer Research Center
and could not be included in the current study because of missing vital status information.

Subjects were categorised as discovery and replication cohorts. The discovery cohort
consisted of 914 patients enrolled from two large North American SSc cohorts: (A) the
National Institute of Health (NIH) Scleroderma Family Registry and DNA Repository, a
nationwide registry13 and (B) the GENISOS.14 The impact of susceptibility genes on
survival was further tested in the replication cohort, consisting of 529 patients with SSc
enrolled at The Johns Hopkins University Scleroderma Center. Patients were enrolled if they
met the following criteria: (1) age ≥18 years; and (2) diagnosis according to the American
College of Rheumatology (ACR; formerly, the American Rheumatism Association)
classification criteria for SSc,15 or had at least three of the five CREST (calcinosis,
Raynaud’s phenomenon, oesophageal dysmotility, sclerodactyly and telangiectasias)
features.16 All investigated patients were of self-reported white European descent. The
institutional review boards of all participating sites approved the study, and written informed
consent was obtained from all subjects, according to the declaration of Helsinki.

Demographic, clinical and serological data
Age, gender, disease type and duration, and the autoantibody profile were recorded at
enrolment. Disease type was categorised as limited or diffuse based on the extent of skin
involvement.16 Disease duration was calculated from the onset of the first non-Raynaud’s
phenomenon symptom attributable to SSc. As previously described,5 the autoantibody
determinations were conducted in the Division of Rheumatology at the University of Texas
Health Science Center, Houston, Texas, USA. Pulmonary function tests were only available
for the patients enrolled from the GENISOS cohort and Scleroderma Family Registry
(discovery cohort). Although a variety of pulmonary function tests and imaging measures
have been used to study ILD in SSc, only FVC has been validated as an outcome measure in
randomised controlled trials.17 Therefore, FVC% predicted was used as a surrogate measure
for severity of ILD. High-resolution chest CT results were not available in a large group of
patients; thus, we cannot report on the prevalence of ILD based on this imaging modality.

Gene/polymorphism selection and genotyping
In the current study, we investigated all the non-MHC susceptibility loci that were
identified/confirmed in the first large-scale GWAS in SSc.6 In this GWAS, all patients were
genotyped by the Illumina Human610-Quad BeadChip, capturing 89% of the HapMap CEU
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variation at r2 >0.8. Five single nucleotide polymorphisms (SNPs) belonging to three genes
(IRF5, STAT4 and CD247) were identified as genetic susceptibility loci for SSc. Three
SNPs (rs10488631, rs12537284 and rs4728142) were located in the IRF5 region, while the
SNP, rs3821236, was in an intronic region of STAT4, and the SNP, rs2056626, was in the
intronic region of CD247. The genotype information for the current study was obtained from
the GWAS described above.6 The linkage disequilibrium structure of the investigated IRF5
polymorphisms is shown in the online supplementary figure S1.

Vital status
The primary outcome was survival of the enrolled patients. The vital status was determined
by the National Death Index, at Centers for Disease Control and Prevention and the Social
Security Death Index. These two databases have very high sensitivity (up to 98%) for
capturing mortality cases occurring within the USA.18 The censoring date was August 2010.

Determination of IRF5 transcript levels in monocytes
Purified monocyte cells were obtained from a subgroup of SSc patients enrolled in the
GENISOS cohort and unaffected controls. The IRF5 gene expression levels in monocytes
were examined on Illumina HumanHT-12 arrays. The transcript levels of the two IRF5
probes, representing two transcript variants of this gene were examined separately in SSc
patients and controls, conditional on the three IRF5 polymorphisms (for further details on
determination of transcript levels and investigated variants, see online supplementary text).

Statistical analysis
For survival analysis, the date of disease onset was used as the starting point for our time-to-
event analysis. Using Cox proportional hazards regression models, the impact of three non-
MHC SSc-susceptibility loci, namely IRF5, STAT4 and CD247 on survival was examined
in the discovery cohort, and in the replication cohort. Finally, the association of investigated
SNPs with survival was combined in the overall cohort by the inverse variance method.
Furthermore, linear regression analysis was used to examine the effect of SSc-susceptibility
loci on the severity of ILD (FVC% predicted value as a quantitative trait). Lastly, the
correlation between the investigated IRF5 polymorphisms and IRF5 gene expression was
examined by linear regression. The best fitting model was additive genetic inheritance mode
which was used for all reported comparisons. All the statistical analyses were performed
with STATA 11 (StataCorp, College Station, Texas, USA). The hypothesis testing was two-
sided with a p ≤0.05 significance level.

RESULTS
Characteristics of the two SSc cohorts

The GWAS was conducted in 1443 white patients with SSc from the USA.6 The mean age
of onset and disease duration at baseline was 45.6 and 9.7 years, respectively. Overall,
15.5% of the patients had died over the follow-up period of 5.5 years, 15.9% in the
discovery, and 14.7% in the replication cohorts. The majority of patients (83.9%) fulfilled
the ACR classification criteria for SSc.15 Further details about the demographic and clinical
characteristics of discovery, replication and combined cohorts are provided in Table 1.

IRF5 rs4728142 susceptibility locus is associated with better survival
The impact of three SSc-susceptibility loci, namely IRF5, STAT4 and CD247 on survival
was examined. The number of minor alleles of IRF5 rs4728142 was predictive of longer
survival in both discovery (p = 0.021) and replication (p = 0.047) cohorts. This SNP also
was associated with better survival in the combined cohort (HR: 0.75, 95% CI 0.62 to 0.90,
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p = 0.002). The minor allele frequency of IRF5 rs4728142 in the combined sample was
49.4%.

The other two IRF5 SNPs, rs10488631 and rs12537284, were not consistently associated
with survival in the discovery and replication cohorts. The STAT4 rs3821236 and CD247
rs2056626 did not correlate with survival neither in the discovery nor replication cohorts
(Table 2).

To examine the independent predictive effect of IRF5 rs4728142 on survival, we conducted
multivariable Cox regression analyses. The impact of IRF5 rs4728142 on survival was
independent from the age at disease onset and gender (HR: 0.78, 95% CI 0.65 to 0.94, p =
0.008). Furthermore, we extended the analysis to include the disease type (limited versus
diffuse) and autoantibody status (antitopoisomerase I autoantibody(ATA) and
anticentromere autoantibody (ACA)) in the final model. In this multivariable model, IRF5
rs4728142 remained an independent predictor of better survival (HR: 0.8, 95% CI 0.66 to
0.98, p = 0.032) in SSc patients.

Furthermore, IRF5 rs4728142 (HR: 0.65, 95% CI 0.48 to 0.88, p = 0.006) was significantly
associated with survival in a bivariable model that included the HLA DQA1*0501.5 The
other HLA allele, DRB1*0802, previously reported to be associated with mortality, was not
present in our sample because this allele is of Amerindian origin.

IRF5 rs4728142 also remained a significant predictor of survival after exclusion of patients
who did not fulfil the ACR classification criteria (HR: 0.76, 95% CI 0.63 to 0.92, p = 0.005).
Finally, subgroup analyses of the GWAS data6 did not indicate that rs4728142A was
preferentially associated with limited and ACA subtypes of SSc (see online supplementary
text).

IRF5 rs4728142 minor allele correlates with higher FVC% predicted values
The correlation of the three non-HLA loci (IRF5, STAT4 and CD247) with severity of ILD
was investigated. Among studied SNPs, the number of the IRF5 rs4728142 minor allele (A)
associated with higher FVC% predicted value at enrolment (mean difference: 2.57, CI 0.38
to 4.76, p = 0.022). After including disease duration as a potential confounder in the model,
the correlation between FVC% predicted value and IRF5 rs4728142 ‘A’ allele became more
significant (mean difference: 2.64, CI 0.43 to 4.84, p = 0.019). The other two IRF5 SNPs,
and the investigated STAT4 and CD247 SNPs did not correlate with FVC% predicted. Table
3 shows the details of correlation between SSc-susceptibility genes and FVC% predicted
value.

The IRF5 rs4728142 minor allele correlates with lower IRF5 expression in patients and
controls

Gene expression microarray experiments were conducted in purified monocyte samples of
44 SSc patients and 15 unaffected controls. In SSc patients, the number of IRF5 rs4728142
minor alleles was associated with lower expression levels of both IRF5 transcript variants (p
= 0.034 and p = 0.016). The other investigated IRF5 polymorphisms were not associated
with differential expression of IRF5 transcripts.

Similar results were observed in unaffected controls. The IRF5 rs4728142 minor allele was
associated with lower levels of IRF5 transcripts following the additive model (p = 0.016 and
p = 0.034) while the other investigated IRF5 SNPs did not correlate with IRF5 expression in
unaffected controls (tables 4 and 5 and Figure 1).
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Association of previously described IRF5 susceptibility loci with survival or severity of ILD
The IRF5 rs2004640 has been identified as a SSc-susceptibility locus and was associated
with presence of fibrosing alveolitis on CT but not with reduced FVC in a previous study.7

In the current study, the IRF5, rs2004640, was neither significantly associated with survival
(p = 0.115) nor with severity of ILD (p = 0.195). Similarly, a previously described SSc risk
haplotype (rs3757385*C, rs2004640*T and rs10954213*A)19 that tags IRF5 CGGG
insertion/deletion polymorphism20 was neither associated with survival (p = 0.122) nor
severity of ILD (p = 0.271) in the current study (see online supplementary text).

DISCUSSION
We investigated the influence of recently described SSc-susceptibility loci on survival in
two independent, well-defined SSc cohorts. We demonstrated that an IRF5 polymorphism
was associated with survival and severity of ILD. This is the first study demonstrating a
correlation of a non-MHC locus with survival and severity of ILD in SSc. The IRF5,
rs4728142, had a high minor allele frequency of 49% in patients with SSc. This indicates
that a high percentage of patients have at least one copy of the minor allele and this
increases the likelihood that this SNP can be used as a prognostic marker.

In this study, the IRF5, rs4728142 variant which was associated with lower IRF5 transcript
levels, was predictive of longer survival and milder ILD in SSc patients. Inversely, SSc
patients with no copies of IRF5 rs4728142 minor allele had higher IRF5 expression levels
and experienced more severe ILD and shorter survival. IRF5 as a transcription factor can
affect the downstream type I IFN pathway. Presence of an IFN activation gene expression
pattern in peripheral blood cells of SSc patients has been reported by several groups.21–23 In
a follow-up study, we compared the peripheral blood gene expression profile of 72 patients
with SSc to patients with systemic lupus erythematosus. This study demonstrated significant
heterogeneity in transcriptomes of SSc patients. About 50% of SSc patients demonstrated a
‘systemic lupus erythematosus-like’ IFN activation pattern while the other half lacked this
gene expression signature.24 It is conceivable that this observed heterogeneity is in part
caused by genetic variants in the IFN pathway. However, the actual role of IRF5 in
development of SSc has not yet been elucidated. Future mechanistic studies are needed to
examine the contribution of IRF5 to the pathogenesis of SSc.

Our data suggest that higher IRF5 levels are associated with a worse prognosis in SSc,
providing further evidence for type I IFN pathways as a therapeutic target in SSc. Our
findings are supported by previous reports of deleterious effects of type I IFN in SSc. A
randomised, placebo-controlled trial of subcutaneous IFN α in patients with early SSc
showed that treatment with IFNα was significantly associated with worsening in lung
function and a trend toward skin deterioration.25 Furthermore, a type I IFN gene expression
signature in peripheral blood of patients with SSc correlated with higher modified Rodnan
skin scores.26

We examined the effect of IRF5 susceptibility SNPs on transcript levels of this gene in
purified monocyte samples from patients and matched controls. The minor allele of IRF5
rs4728142 was associated with lower IRF5 expression in patients and controls, indicating
that the influence of this SNP on IRF5 expression is not conditional on disease status. The
SNP, rs4728142, is located in the promoter region of the IRF5 gene. Further studies are
needed to investigate the interplay of IRF5 expression in monocytes with other cell types
and its overall influence on the observed IFN signature in patients with SSc.

The minor allele of IRF5, rs4728142, was associated with susceptibility to SSc.6 Our data
indicate that this susceptibility variant predisposes patients to the milder forms of disease.
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Further studies are needed to explore how various SSc-susceptibility loci interact with each
other and affect the observed heterogeneity in the gene expression profile of patients with
SSc. On the other hand, it is possible that the IRF5, rs4728142, is enriched among SSc
patients in comparison with controls secondary to survival bias, because the investigated
SSc samples with mean disease duration of 9.7 years were prevalent cohorts.

In the current study, IRF5 rs4728142 was not associated with age at disease onset.
Furthermore, the relationship between the IRF5, rs4728142, and survival remained
significant even after adjustment for age at disease onset and gender, indicting an
independent association of this SNP with survival. The IRF5, rs4728142, was also
associated with survival even after adjustment for disease type (limited versus diffuse) and
serological characteristics (ATA and ACA). This indicates an association of IRF5
rs4728142 independent of disease type and autoantibody status.

The relationship between this SNP and investigated outcomes followed the additive rather
than dominant or recessive inheritance mode. This means that the number of minor alleles
was associated with longer survival, milder ILD and lower IRF5 transcript levels, implying a
dose-response effect for this SNP.

In the current study, the IRF5, rs4728142, SNP was associated also with FVC% predicted
which is the only validated surrogate for severity of ILD in SSc.17 Specifically, the number
of IRF5 rs4728142 minor alleles was associated with higher FVC% predicted and milder
ILD. This finding may explain in part the association of this SNP with survival because
pulmonary involvement is presently the leading cause of SSc-related mortality.3–5 This
finding can have important implications for development of predictive biomarkers, as
routinely obtained demographic and clinical variables did not predict the course of ILD in a
prospective study of the GENISOS cohort.27 Further longitudinal studies are needed to
investigate whether this SNP or other genetic loci are reliably predictive of ILD course in
SSc.

Two previously described susceptibility loci (IRF5 rs2004640 and the above mentioned risk
haplotype) were not associated with survival or severity of ILD in the current study. A
different IRF5 SNP, rs2280714, was associated with SSc in a study of Japanese SSc
patients.28 This SNP was preferentially associated with diffuse and ATA-positive subtypes
of SSc. Of note, this polymorphism is in linkage disequilibrium with IRF5 rs4728142.

Our study has some limitations. The lack of sufficient clinical data or reliable clinical
instruments precluded us from investigating the association of other important organ
manifestations, such as pulmonary arterial hypertension and gastrointestinal involvement
with the susceptibility loci identified in the SSc-GWA study. Furthermore, longitudinal
studies with comprehensive collection of clinical data are needed to determine whether IRF5
rs4728142 can be included in prognostic models of survival for clinical use. Another
limitation of our study is that we did not investigate polymorphisms in the IRF5 gene in a
comprehensive manner. IRF5 rs4728142 might be tagging another polymorphism that is the
actual causal variant. Moreover, rare variants (<1%) are not investigated in GWA studies.
Given that there may be multiple risk polymorphisms within one gene, other IRF5 genetic
polymorphisms might also contribute to the severity of disease in SSc. Finally, we examined
the overall mortality because reliable data on causes of death were not available in our
sample. Future studies are needed to investigate the relationship of susceptibility loci to
specific causes of mortality in SSc.

In summary, an SNP in the IRF5 promoter region (rs4728142), associated with lower IRF5
transcript levels, was predictive of longer survival and milder ILD in patients with SSc. This
finding underscores the pivotal role of IRF5 and related type I IFN pathways in SSc that
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could lead to identification of novel therapeutic targets and development of prognostic
biomarkers.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Box plot of IRF5 variant (NM_001098629) gene expression levels in patients with
systemic sclerosis (SSc); (B) Box plot of IRF5 variant (NM_001098629) gene expression
levels in unaffected subjects; (C) Box plot of IRF5 variant (NM_032643) gene expression
levels in patients with SSc; (D) Box plot of IRF5 variant (NM_032643) gene expression
levels in unaffected subjects. AA, AG, and GG represent genotypes of IRF5 rs4728142
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Table 1

Study population characteristics

Discovery cohort
(n = 914)

Replication cohort
(n = 529)

Combined cohort
(n = 1443)

Age, mean (±SD), years 45.3 (13.6) 45.9 (13.5) 45.6 (13.6)

Gender, female (%) 88.8 85.4 87.6

Diffuse skin involvement (%) 37.1 32.9 35.6

Disease duration*, mean (±SD), years   9.7 (8.7)   9.6 (8.5)   9.7 (8.6)

Deceased (%) 15.9 14.7 15.5

Antitopoisomerase antibody (%) 17.5 15.9 17.0

Anticentromere antibody (%) 30.2 33.8 31.4

*
Disease duration at study enrolment.
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