The Genetics of Systemic Sclerosis
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The etiopathogenesis of systemic sclerosis (SSc) is unclear.
With no definitive evidence supporting an environmental
cause, recent attention has focused on genetic factors.
Familial clustering and ethnic influences have been demon-
strated. Human leukocyte antigen (HLA) associations exist
but are more related to the presence of particular autoanti-
bodies rather than to the disease. In addition, no single
major histocompatibility complex (MHC) allele predisposes
to SSc in all ethnic groups. The role of microchimerism in
SSc is a novel yet unproven hypothesis that may be related
to intergenerational HLA compatibility. Recent studies
investigating polymorphisms in genes coding for extracellu-
lar matrix proteins and cell-signaling molecules implicate
non-MHC areas in SSc pathogenesis. The data reviewed
suggest that SSc is a multigenic complex disorder.

Introduction

Despite the expanding molecular knowledge of extracellular
matrix (ECM) abnormalities, endothelial dysfunction, cyto-
kine dysregulation, and autoantibody production in sclero-
derma or systemic sclerosis (SSc), the etiopathogenesis of
this protean disease remains obscure. Multiple anecdotal
reports and case series have implicated an initiating environ-
mental event (ie, infections, hormonal manipulation, and
exposures to pesticides, silica, or organic solvents). However,
with the possible exception of estrogen replacement in post-
menopausal women contributing to a small increased risk of
disease development, there are no conclusive case-controlled
evidence indicating that any known environmental agent
causes SSc [1ee]. Therefore, increasing attention is being
focused on genetic factors in SSc.

Although no increased disease concordance has been
demonstrated consistently in monozygotic versus dyzygotic
twins [2,3], the number of twin pairs studied remains too
small to draw a definitive conclusion. The hypothesis that
genetic factors strongly influence the development and
expression of SSc is based on the following observations: the
firm demonstration of familial clustering of SS¢; frequent
observations of other autoimmune diseases and antinuclear

antibodies in relatives of patients with SSc; increased fre-
quency of major histocompatibility complex (MHC) or
human leukocyte antigen (HLA) alleles in certain subsets of
SSc; and differences in prevalence rates, clinical manifesta-
tions, and serologic features influenced by ethnic back-
ground [4-6]. Furthermore, the irrefutable presence of
disease-specific autoantibodies infers that SSc has an autoim-
mune basis and thus represents a complex genetic disorder
similar to diseases such as systemic lupus erythematosus
(SLE) and rheumatoid arthritis (RA). With the presence of
genetic abnormalities found in structural proteins of the
ECM in the tight skin mouse [7], animal models support a
genetic hypothesis. A multitude of genetic abnormalities are
being identified in patients with SSc, including polymor-
phisms in cytokines, growth factors, and constituents of the
ECM. However, it is undetermined how these genetic variants
are translated to altered cell signaling, fibroblast activation,
and endothelial cell dysfunction.

Familial Aggregation and Ethnic Influence

With the establishment of the American College of Rheu-
matology criteria for classification of scleroderma in 1980
[8], the incidence of SSc in the United States has been esti-
mated at 18.2 cases/million population. The most recent
prevalence rates have been estimated at 242 to 286 cases/
million population [9]. Disease prevalence appears to dif-
fer geographically, with European and Japanese rates for
SSc far less than those in the United States or Australia [10].
Although these geographic discrepancies may represent
methodologic differences, variations in genetic predisposi-
tion and environmental exposures may be the explanation.

Although possibly confounded by shared and poten-
tially ubiquitous environmental exposures, the increasing
number of reported cases of familial clustering suggests a
genetic contribution to the development of SSc. Many fam-
ilies have been identified with multiple cases, including
SSc or related fibrotic disorders [4,11]. In addition, several
concordant twin pairs have been presented [3]. However, a
formal study of 34 twin pairs revealed a concordance rate
of only 6.9% and no statistically significant difference
between monozygotic and dyzygotic twins [2].

A recent study from Sydney, Australia, evaluated 710
families with at least one index case of SSc and 371 age-
and gender-matched control families [12ee]. Whereas no
cases of SSc were detected in the control cohort, SSc affect-
ing a first-degree relative was validated in 10 of 710 families
(1.4%), which exceeded the point prevalence of SSc in the
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Sydney population (0.009%). Furthermore, the relative
risk for recurrence of SSc within first-degree relatives was
estimated to range from 11- to 158-fold greater than in the
general population. Similar familial prevalence rates
recently have been found in three large US cohorts (1.6%~—
1.7% in two SSc cohorts studied at the University of Texas-
Houston and 1.5% in the Michigan Scleroderma Registry)
with estimated familial relative risks of 10 to 27 [13ee].
These studies suggest that a positive family history of SSc
confers the highest relative risk yet identified for SSc.
Ethnic differences appear to influence the develop-
ment, observed manifestations, expressed autoantibodies,
and survival rates seen in patients with SSc. Laing et al. [14]
reported that black women were significantly more likely
to develop scleroderma, suffer severe systemic manifesta-
tions, and have a worse age-adjusted survival rate. Similar
findings were found in a multi-ethnic cohort in which
black and Japanese patients with SSc had higher frequen-
cies of progressive pulmonary interstitial fibrosis and lower
cumulative survival rates [6]. Correlating with these clini-
cal findings, the frequency of anticentromere antibodies
(which have been associated with limited SSc) has been
found to be significantly increased in whites versus blacks
(36% vs 4%, respectively), whereas antitopoisomerase I
antibodies (typically associated with diffuse SSc disease
and thus worse outcome) were found more frequently in
blacks versus whites (37% vs 17%, respectively) [10].
Perhaps the most compelling evidence of an ethnic sus-
ceptibility to SSc comes from the strikingly high prevalence
of scleroderma in the Choctaw American Indian popula-
tion in Oklahoma (469 cases/million population) [5].
Among the SSc cases studied there was considerable homo-
geneity of disease expression with most cases exhibiting
diffuse scleroderma, pulmonary fibrosis, and antitopoi-
somerase I antibodies. Genetic contributions to SSc in this
relatively isolated population is suggested by identifying
common ancestral founders in the 1700s, the presence of
an American Indian HLA haplotype identified in 100% of
the SSc cases versus 54% of the controls, and several other
genetic associations. The contribution of ethnicity in SSc is
multifactorial because it likely reflects genetic variances,
geographic exposures, and variations in customs.

Human Leukocyte Antigen Associations

With the demonstrated influence of racial background on
SSc, several studies have investigated variances in MHC or
HLA alleles or haplotypes among different ethnic groups.
The most consistently described associations of HLA with
SSc in American and European whites include the HLA-
DR5 haplotypes (DRB1*1101 and *1104, DQA1*0501,

DQB1*0301) and the DR3 haplotype (DRB1*0301,

DQA1*0501, DQB1*0201) [4,15]. Another study demon-
strated a strong association between DRB1 *1104 and Greek
patients with SSc [16]. However, a recent report by Reveille
et al. [17¢] that evaluated a large multi-ethnic US cohort

could not substantiate the increased frequency of any HLA-
DRBI1 allele in whites alone. Among blacks, HLA-DRB1 *08
was more common in patients with SSc versus ethnically
matched controls (27% vs 11%, respectively). In addition,
Mexican American patients with SSc were similar to whites
with an increased frequency of HLA-DRB1 *1104. The only
HLA allele that crossed ethnic lines and was associated
with SSc in all three groups was HLA-DQB1 *0301, which is
in linkage disequilibrium with HLA-DR5 (DR11) and DR4
haplotypes. In other studies, Japanese patients demon-
strated increased frequencies of two HLA-DRB1 alleles
(*1502 and *0802), and DQB1*0601, but with a stronger
concomitant association with antitopoisomerase I anti-
bodies [4,17¢]. Further evidence for a correlation between
the MHC and ethnically influenced SSc derives from a
uniquely American Indian HLA haplotype (DRBI*1602,
DQB1*0301, and DQA1*0501), which confers a strong risk
for SSc in Choctaw American Indians [5]. The HLA-
DQA1*0501 allele, a component of several SSc-associated
haplotypes (DR5 and DR3), recently was reported to be
significantly more common in men with SSc [15]. By vir-
tue of the diversity in frequencies of HLA haplotypes in the
various ethnic populations, there does not appear to be a
single MHC haplotype or allele that predisposes to SSc.
Instead, it seems likely that the MHC effects relate more to
specific immune responses, as evidenced by the strong
associations with autoantibodies found in patients with
SSc (Table 1) [4,6,17¢,18,19].

Antitopoisomerase I antibodies

Antitopoisomerase I antibodies, which are unique to SSc
and have been correlated with diffuse cutaneous involve-
ment and pulmonary fibrosis, appear to occur more fre-
quently in Mexican American, black, American Indian,
Thai, and Japanese patients with SSc [4]. Extensive vari-
ances among different ethnic populations exist, but in
whites and blacks, several reports have described increased
frequencies of HLA-DRB1*1101-*1104 [17#,18]. Among
Mexican Americans, Reveille et al. [17¢] revealed increased
frequencies of HLA-DRB1*1104 in antitopoisomerase I-
positive patients. However, it has been suggested that the
antitopoisomerase I response is determined by the pres-
ence of certain HLA-DQB1 alleles, with DQB1*0301 being
in linkage disequilibrium with the DR11 allele in most
populations [4]. Among Choctaw American Indians who
have a high frequency of antitopoisomerase I antibodies,
HLA-DQB1*0301 was found in all patients with SSc, often
in a homozygous state [5]. Among Japanese patients with
antitopoisomerase I response, there are increased frequen-
cies of HLA-DRB1 alleles (*1502 and *0802) and DQB1
alleles (*0601 and *0301), which are in linkage disequilib-
rium, respectively [4]. HLA-DPB1*1301 also has been
associated with antitopoisomerase I autoantibodies in
several populations [20-22]. Various shared amino acid
sequences within these disease-specific, autoantibody-
associated alleles have been proposed as crucial sites
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Table |I. Major human leukocyte antigen-class Il haplotypes associated with systemic sclerosis-related

autoantibodies in various ethnic groups [3,5,16]

Human leukocyte antigen haplotype
Autoantibody DRBI DQAI DQBI Ethnicity
Topoisomerase | *[101-%1104 *0501 *0301 White
*1101-%1104 *0501 *0301 Black
*1502, *0802 *0102 *0601, *0301 Japanese
*[ 104 #05011, *0401 %0301, %0402 Hispanic
*1602 0501 *0301 Choctaw
Centromere *0101, *0401 *0101 *0501, *0301 White
#0101, 0401 #0501 Hispanic
Ul -ribonucleoprotein *0401 *0302 White
*0401, *1502 *0302, *060 Japanese
PM-Scl *0301 *0501 *0201 White
Fibrillarin *1302 *0102 *0604 White
*13021 01021 06041 Black
*1302f #0102f 06041 Japanese
Th/To *1104 *0301 White
RNA polymerases | 0401 White
I 03011 02011
I 03011 02011
rend toward significance.

determining stereotactic and charge prerequisites that
influence T-cell receptor and processed antigen binding
resulting in the autoimmune response [4].

Anticentromere antibodies

Anticentromere antibodies (ACA) are found predomi-
nantly in whites and typically are associated with limited
forms of scleroderma with a good long-term prognosis.
Unlike antitopoisomerase I antibodies, ethnicity does not
appear to influence the HLA haplotypes associated with
ACA. Initial studies revealed a correlation predominantly
with HLA-DR11 but also with HLA-DR1, -DR4, and -DR8
[4,20]. More recent studies suggest that the primary suscep-
tibility to the anticentromere response correlates with
HLA-DQB1 alleles that are encoded with polar amino
acids (glycine or tyrosine) at position 26 [4]. Homozygos-
ity of this polymorphism appears to exert a powerful effect
on predisposition to the anticentromere response.

Anti-U1-RNP antibodies

Anti-U1-RNP, typically detected in blacks, Mexican Ameri-
cans, and Japanese, can occur in patients with SSc and cor-
relates with myositis and arthritis. Kuwana et al. [6]

initially reported an association with the HLA-DRB1 *1502
and DQB1*0601 haplotype in a small cohort of Japanese
patients with SSc. This was followed by a large case-control
study that revealed a correlation between anti-U1-RNP
antibodies and HLA-DRB1 *0401 and DQB1 *0302, which
are in linkage disequilibrium [18]. Among African-
Americans, Reveille et al. [17e] reported no significant HLA
association with the U1-RNP response, albeit the number
of patients studied was small.

Antinucleolar antibodies

Although relatively infrequent, several antinucleolar anti-
bodies have been described in patients with SSc and gener-
ally are found exclusive of one another.

Anti-PM-Scl antibodies, which occur in fewer than 5%
of patients with SSc, are almost uniquely detected in
whites and correlate with myositis and arthritis, and over-
lap features of SSc. Studies have shown a striking associa-
tion (nearly 100%) with the HLA-DRB1*0301,
DQA1*0501, and DQB1 *0201 haplotype [4].

Anti-U3-RNP (fibrillarin) antibodies occur in approxi-
mately 5% of all patients with SSc but are more frequently
detected in blacks versus whites and Japanese [23]. Anti-
fibrillarin antibodies have been associated with diffuse
skin involvement, gastrointestinal dysmotility, pulmonary
hypertension, and cardiac involvement. The HLA-
DRB1*1302 and DQB1 *0604 haplotype has been associ-
ated with antifibrillarin antibodies in one study [24], but
no associations were found in another study that measured
anti-U3-RNP antibodies by an alternative method [23].

Anti-Th-ribonucleoprotein (anti-Th/To) antibodies
appear specific for SSc, occur primarily in whites, and are
associated with limited skin involvement. The only HLA
association recognized thus far with anti-Th/To is with
DRBI1*1104 [25].

Autoantibodies to the RNA polymerases (anti-RNAP) I,
I1, and III have been described in approximately 20% of
whites with SSc in the United States [23]. Anti-RNAP III
has been associated with diffuse cutaneous involvement,
arthritis, and scleroderma renal crisis. Although initial
studies suggested an association with HLA-DQB1 *0201, a
cohort of 81 patients with SSc who had anti-RNAP did not
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demonstrate any significant HLA-DR or HLA-DQB1 associ-
ations [23]. Analysis of each anti-RNAP subtype revealed a
trend for correlation between anti-RNAP II and III with
HLA-DR3, whereas anti-RNAP I antibodies were associated
with an increased frequency of HLA-DR4.

Microchimerism

Recently the novel hypothesis of microchimersim has been
suggested in the pathogenesis of SSc [26,27]. The theory
suggests that allogenic hematopoietic fetal cells cross the
placenta, persist in maternal circulation as a result of HLA
class II (DRB1) compatibility, and subsequently mount a
graft-versus-host response. Supporting this hypothesis,
retained fetal cells detected using Y chromosome-specific
sequences or disparate HLA alleles have been identified in
the tissue and blood of women with SSc and have been
demonstrated to exceed that found in healthy control
patients. Although persistent fetal cells would not pertain
to the occurrence of SSc in men or nulliparous women, it
subsequently was demonstrated that HLA-disparate mater-
nal cells persist in male offspring, albeit in patients with
SSc and in healthy controls [28].

Lambert et al. [29] demonstrated that HLA-DRB1 com-
patibility between mother and child significantly increased
the risk of subsequent SSc in the mother by 2.6-fold. In
addition, a recent report demonstrated that fetal microchi-
merism among T lymphocytes was associated with
DQA1*0501 haplotypes [30]. However, no increase of
maternal HLA compatibility in male patients with SSc has
been demonstrated [15]. It cannot be concluded that
microchimerism is involved in the development of SSc.

Extracellular Matrix

Collagen

Type I collagen is the predominant protein in SSc-
associated fibrotic lesions. It is encoded by two genes,
COL1AI and COL1A2. Each type I collagen molecule con-
sists of two a1 and one a2 chains derived from these
respective genes. Control of transcription is likely the most
important regulatory mechanism determining the fibrotic
phenotype [31]. Studies of the promoter region of COL1A1
and COL1A2 demonstrate up-regulated transcription fac-
tor binding in SSc versus normal fibroblasts and increased
basal collagen mRNA levels [32,33]. Fibroblast-specific
regulatory elements in the upstream region of murine
COL1A2 appear to be present in the tight skin 1 (tskl)
mouse model of SSc [34]. Increased transcription of
COL1A2 may be controlled by the Sp1 transcription factor
in SSc fibroblasts [35,36]. Mithramycin, which specifically
inhibits the binding of Sp1 to DNA, diminishes collagen
mRNA transcription and may have some therapeutic rele-
vance in SSc. No studies have clearly documented germline
mutations that influence Sp1 transcription factor binding
in SSc fibroblasts or alterations in the COL1A1 gene that

are heritable factors important in SSc. In contrast, dinucle-
otide repeated segments in the upstream region and first
intron of COL1A2 correlating with increased gene expres-
sion were recently shown to occur more frequently in
patients with SSc [37]. The dinucleotide repeats were asso-
ciated most with male patients with SSc who had antito-
poisomerase I, anticentromere, or anti-U1-RNP
autoantibodies (Table 2) .

Progressive accumulation of collagen and other ECM
constituents could occur secondary to an alteration in the
activity or production of normally occurring degradative
enzymes such as the matrix metalloproteinases (MMPs).
Johnson et al. [38] showed that the frequency of the func-
tionally relevant genotype in the promoter of MMP1 was
unaltered in patients with SSc compared with ethnically
matched controls. Other MMP genes may be more impor-
tant contributors to SSc, or inhibitors of the degradative
enzymes’ function may exist.

Fibrillin-1, tsk1, and human scleroderma
Fibrillin-1, the predominant microfibrillar component of
elastic fibers and mutations that cause Marfan syndrome,
has numerous epidermal growth factor-like binding
domains and binds transforming growth factor-beta
(TGFB) in a latent form. A genomic duplication of exons
17-40 of the mouse fibrillin-1 gene (fbn1) has been
responsible for the scleroderma-like phenotype of the tsk1
mouse model [7,39]. Similarly, microsatellite markers near
the human fibrillin-1 gene (FBN1) on chromosome 15¢q
segregate with patients in the Choctaw cohort with SSc
[40ee]. While no gross duplications are present in FBN1
from patients with SSc on the Southern blot [40ee], spe-
cific single nucleotide polymorphisms (SNPs) and their
resultant haplotypes were shown recently to be signifi-
cantly more common in Choctaw and Japanese patients
with SSc than in ethnically matched controls [41]. Studies
of these same SNPs in other ethnic groups are in progress.

There are numerous potential functional consequences
of abnormal fibrillin-1. Abnormal mouse fibrillin-1-
containing microfibrils bind more TGFB than the wild type
protein [42]. In human SSc dermal fibroblasts, metabolic
and electron microscopic studies have suggested that
fibrillin-1 is unstable and more susceptible to degradation,
which could lead to enhanced release of bound latent TGF
and other cytokines [43]. T3k mice [44] and most patients
with SSc produce autoantibodies to fibrillin-1 [45,46¢],
which could be an effect of the unstable protein revealing
cryptic epitopes to an activated immunologic milieu and
causing an autoimmune response. Antifibrillin-1 autoanti-
bodies tend to recognize different regions of fibrillin-1
depending on ethnic background [46e]. Nonetheless, studies
have shown them to be highly specific for diffuse and limited
forms of SSc [45] and localized scleroderma [47]. Whether
they are pathogenic has yet to be determined.

Recent evaluations of the interaction between abnormal
fibrillin-1 and the immune system in the tsk mouse may
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Table 2. Genetic polymorphisms associated with systemic sclerosis

Function Association
Gene Polymorphism of polymorphism with SSc Reference
COLIA2 Repeat haplotype Increased output of Increased frequency Hata et al. [37]
type | collagen in SSc (RR 6.93-32)
FBNI SNP haplotypes Unknown Certain haplotypes Tan et al. [41]
more common in SSc
FN RFLP genotypes Unknown Certain genotypes more Avila et al. [53]
common in SSc with
fibrosing alveolitis (RR 1.99)
SPARC MM Unknown Certain markers more Zhou et dl. [54]
frequent in SSc
TGFBI Genotype Increased output Increased frequency Cirilly et dl. [60]
of TGF3 in SSc (OR 3)
TGFR2 MM Unknown Certain markers more Susol et al. [58]
frequent in SSc
TGFB3
TIMP-|
IL-4Ro Missense mutation Unknown Mutation more common Youn et al. [69]
in SSc (RR 3.3)
CXCR2 SNPs Unknown Certain mutations Renzoni et dl. [71]
more common in SSc
(OR 2.33-2.67)
TNFB RFLP genotypes Decreased output More frequent in SSc Pandey and
of TNF(3 Takeuchi [74]
TNFa MM Unknown Increased frequency Takeuchi et al. [76]

in Japanese SSc with
anti-Scl-70 antibodies

FBN I—human fibrillin-I; FN—fibronectin; IL-4Ra—interleukin-4 receptor alpha; MM—microsatellite marker; OR—odds ratio; RFLP—restriction
(enzyme) fragment length polymorphism; RR—relative risk; SNP—single nucleotide polymorphism; SPARC—secreted protein, acidic and rich in
cystein; SSc—systemic sclerosis; TGF—transforming growth factor; TIMP-|—tissue inhibitor of metalloproteinase-|; TNF—tumor necrosis factor.

provide insight into the pathogenesis of human SSc. Studies
of bone marrow transplantation from tsk mice to MHC-
matched control mice suggest that abnormal fibrillin-1
leads to a state of autoimmunity in which activated cellular
constituents of the immune system contribute significantly
to the scleroderma-like phenotype [48]. To determine which
cytokines are necessary for this process to occur, McGaha et
al. [49] developed a tsk mouse line with targeted mutations
in the interleukin-4 receptor alpha (IL-4Ra) or TGFp genes.
Both cytokine systems were implicated as inducers of fibro-
blast collagen production. The IL-4Ra knockout mice had
essentially normal skin thickness and dermal hydroxypro-
line content and negative antitopoisomerase I antibodies.
Likewise, heterozygous TGFp knockout mice did not
develop the typical tsk phenotype. Both knockout lines
developed low levels of antifibrillin-1 antibodies and pul-
monary emphysema, features of the tsk syndrome. The
authors proposed that alternative activating factors may be
present in the lung parenchyma of the mice as opposed to
the skin.

The utility of mouse models in determining the patho-
genesis of human SSc is debatable. Considerable evidence
suggests that human SSc is a disease of autoimmunity. In
addition, the bone marrow transplant studies mentioned
previously suggest that the immune system has a signifi-

cant pathogenic role in tsk. However, the tsk phenotype has
been demonstrated experimentally in the absence of a
functioning immune system [50,51], suggesting the exist-
ence of alternative sources of profibrotic cytokines such as
mastocytes or the fibroblasts.

Fibronectin

Fibronectin (FN) is a complex glycoprotein involved in
mediating the interactions between cells and their sur-
rounding ECM. In the lung, FN is secreted by macro-
phages and serves as a chemoattractant and adhesive
molecule for fibroblasts. Macrophages from patients
with idiopathic pulmonary fibrosis produce 20 times as
much FN as those from normal controls [52]. Certain FN
restriction fragment length polymorphisms of unknown
functional relevance are more common in patients with
SSc than in controls, with essentially all of the differ-
ences in genotype frequency observed in those patients
with SSc who have fibrosing alveolitis [53].

SPARC

SPARC (secreted protein, acidic and rich in cysteine) or
osteonectin is a protein secreted by endothelial cells in
response to injury that may be important in ECM remod-
eling. Highly significant differences were found in allele
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frequencies for several microsatellite markers around
SPARC between patients with SSc and controls in the
Choctaw population, although the functional relevance
of this finding is unknown [54].

Cytokines and Cell-signaling Molecules
Transforming growth factor-beta

Growth factors of the TGFf family (TGFp isoforms 1, 2,
and 3) have been implicated in the pathogenesis of SSc
and other fibrosing disorders because of their ability to
stimulate the synthesis of ECM constituents and inhibitors
of ECM degradation. Anti-TGF therapies, including mon-
oclonal antibodies [55] and the tsk mouse knockout men-
tioned previously [49], can prevent fibrosis in animal
models. The enhancing effects of TGFB on collagen types I,
III, VI, VII, and X, fibronectin, proteoglycan, and glycopro-
tein transcription may be mediated by connective tissue
growth factor (CTGF), which is also abnormally up-
regulated in response to TGF in SSc fibroblasts [56].

Several recent investigations evaluated the association
of polymorphisms in TGF( family-related genes to SSc.
No clear association was found in the Choctaw SSc cohort
between the disease and microsatellite marker polymor-
phisms near the genes for TGFB1, latent TGF31-binding
protein, TGFp receptors 1 and 2, PDGFa, or PDGF( and
their respective receptors [57]. In contrast, in the United
Kingdom, a similar study of white patients reported asso-
ciations between microsatellite markers for TGF(2,
TGFB3, and tissue inhibitor of metalloproteinase-1
(TIMP-1) and SSc [58].

Two SNPs in the TGFB1 gene have been shown to corre-
late with high TGFB1 production and to have a propensity
toward pulmonary fibrosis before and after lung transplan-
tation [59]. Crilly et al. [60] recently showed that these
same high output-associated SNPs are more common in
patients with diffuse, but not limited, SSc. Other studies
have focused on the importance of TGFpB receptors in
mediating this cytokine’s fibrosing effects in SSc. The
expression of TGFp receptors on SSc fibroblasts is up-
regulated [61], suggesting that some component of the
fibroblasts” hyperresponsiveness to TGFpB stimulation [62]
may be the result of autocrine signaling. Whether this high
expression of receptors is related to genetic mutations or
polymorphisms is unknown.

Recent work in elucidating the genetic basis of familial
primary pulmonary hypertension (PPH) may have some
relevance for SSc. Through extensive genetic mapping it
has been demonstrated that heterozygous, pleomorphic
mutations in the gene coding for bone morphogenetic pro-
tein receptor type 2 (BMPR2) are responsible for most
cases of familial and many sporadic cases of PPH
[63,64,65%¢]. BMPR?2 is a member of the TGF( type 2
receptor family. Pathologically, the vascular lesions of PPH
appear identical to those seen in the pulmonary hyperten-
sion of SSc and other connective tissue diseases. Tew et al.

(unpublished observations) recently sequenced BMPR2 in
12 patients with concomitant connective tissue diseases
and pulmonary hypertension (nine of whom had SSc) and
found no genetic abnormalities compared with ethnically
matched controls or the published sequence.

Interleukin 4

Interleukin 4 (IL-4), which is secreted by T cells, activates
and induces differentiation of B cells and promotes a Tj;2
response, which is thought to contribute to human
autoimmune disease. I1-4 also stimulates collagen produc-
tion by fibroblasts [66]. The administration of anti-I1L-4
antibodies diminishes collagen deposition in the tsk
mouse model [67]. IL-4 mRNA transcription is up-
regulated in the peripheral blood leukocytes of patients
with SSc [68]. In addition, SSc fibroblasts overexpress IL-
4Ra [62]. Several potentially functionally relevant IL-4
gene polymorphisms exist, but they have not been evalu-
ated systematically in patients with SSc. A mutation in the
IL-4 receptor that leads to a more avid T2 response than
the wild type receptor was shown recently to occur more
commonly in patients with SSc, primary Sjogren’s syn-
drome, and SLE [69].

Interleukin 8

Interleukin 8 (IL-8) is a potent chemoattractant for neutro-
phils, the accumulation of which in the lower respiratory
tract is thought to be critical in the pathogenesis of pulmo-
nary fibrosis. Bronchoalveolar lavage fluid from patients
with SSc-related fibrosing alveolitis, and those with idio-
pathic fibrosing alveolitis, demonstrates higher concentra-
tions of IL-8 compared with controls [70]. Homozygosity
for two SNPs in the 3" untranslated region of the gene cod-
ing for CXCR2, a member of the IL-8 receptor family, is
more common among patients with SSc with and without
fibrosing alveolitis compared with controls [71]. However,
CXCR2 binds chemokines besides IL-8.

Tumor necrosis factor

The genes for TNF map within the HLA complex and code
for pro-inflammatory cytokines. TNF polymorphisms
have been studied extensively in RA; promoter region and
intragenic polymorphisms have been described. An ele-
vated serum TNFa level has been associated with pulmo-
nary fibrosis in SSc [72]. The role of TNFa in other
aspects of SSc makes the implications of this observation
unclear. Studies of differential gene regulation suggest
that TNFa acts to counter the deleterious effects of TGFa
on CTGF and downstream transcription at the level of the
skin fibroblast [73]. One study evaluating the frequency
of TNFa and TNFp gene polymorphisms in SSc showed
that homozygous genotypes of the TNFB*2%2 locus were
significantly different between patients and controls [74].
The homozygous TNFB1 genotype is associated with low
levels of TNFa production and would theoretically be
protective against pulmonary fibrosis. The frequency of
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this genotype was decreased in the patients with SSc, the
frequency of TNFB2 homozygosity (associated with the
highest levels of TNFa production [75]) was increased in
patients relative to controls [74]. In a related study, the
TNFal3 microsatellite was shown to be a genetic marker
for Japanese patients with SSc who had antitopoi-
somerase | autoantibodies but not for German patients
with SSc [76]. However, TNFal3 was in positive linkage
disequilibrium with DRB1*1502, an HLA marker associ-
ated with SSc, underscoring that studies of TNF polymor-
phisms must be interpreted cautiously given the location
of TNF within the MHC complex.

Metabolic Enzymes

Two studies of enzymes involved in the metabolism of exter-
nal (organic solvents) and internal substances (products of
oxidative metabolism) proposed to be associated with SSc
pathogenesis illustrate the dichotomy of genetic effects in
this disorder. A specific cytochrome P450 allele was found
to be statistically more common among individuals who
developed SSc in the setting of organic solvent exposure as
opposed to those with sporadic SSc and normal controls.
However, the number of subjects was small, resulting in
extremely wide 95% confidence intervals for the odds ratio
associated with this allele (CYP2E1*3) [77]. In contrast, a
study of glutathione S-transferase (GST) genotypes revealed
no increased frequency of null alleles in those with SSc from
three ethnic groups compared with ethnically matched con-
trols. However, null alleles for one isotype (GST-T1) were
associated with hypertension and SSc-related pulmonary
involvement [78]. Genetic polymorphisms influence the
course of SSc without influencing one’s likelihood of devel-
oping the disease, and the converse is most likely true.

Conclusions

As in other systemic autoimmune disorders, a multitude of
genetic factors may be important in the predisposition to
or manifestations of SSc. SSc is among a select group of
autoimmune diseases in its apparent dependence on
immunologic and extracellular matrix protein abnormali-
ties for the development of its characteristic features, but
genetic similarities between SSc and other systemic
autoimmune illnesses probably exist. Genome-wide scans
show that SLE, RA, autoimmune thyroid disease, insulin-
dependent diabetes, and other diseases demonstrate
genetic linkage to similar regions of chromosomes that
likely contain genes responsible for loss of immune toler-
ance [79,80,81¢]. A genome-wide scan for SSc genes is in
progress in the Choctaw population and other US families.
A paradigm to explain how such dissimilar diseases could
share one origin would invoke elements in the remainder
of the host’s genetic background as the determinant of
which illness would develop.

The impact of genetic factors—such as those that deter-
mine how people recognize and react to their environ-
ment, how cytokines communicate among cellular
components within and outside the immune system, and
how ECM components create the materials between cells—
have been reviewed here. How powerful new technologies
to assess the workings of individual cells in diseases such
as SSc can explain pathogenesis remains to be seen. For
example, will microarray studies provide diagnostic utility,
identifying the characteristic gene activation “fingerprint”
of SSc? Will their data eventually lead to the discovery of
an underlying genetic anomaly that explains the alteration
in gene expression? The recognition of which genes are
activated or suppressed in the course of a disease does not
explain the underlying cause, but clearly such knowledge is
one step closer to the discovery of the source.
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