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ABSTRACT: Tumor necrosis factor (TNF) is involved in
the pathogenesis of systemic lupus erythematosus (SLE),
but the role of TNF polymorphisms in SLE susceptibility
remains unclear. Previous studies in different populations
report an inconsistent association of the TNF-� �308A
allele with SLE, sometimes depending on the presence of
HLA-DR3. We examined the association of polymor-
phisms in TNF-� (�308G/A, �238G/A) and TNF�
(�252A/G) in a population-based study of SLE in the
southeastern United States and considered TNF-SLE as-
sociations with respect to HLA-DR3 and DR2 and the
interleukin (IL)-1� �889C/T polymorphism, previously
linked to SLE in this population. Genotypes were ana-
lyzed for 230 recently diagnosed SLE patients who met
American College of Rheumatology classification criteria
and 276 age- and sex-matched controls, randomly selected

from driver’s license registries. Carriage of the TNF-�
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308A allele was significantly associated with SLE in
aucasians (OR � 2.3; 95% CI 1.4, 3.9), but not African
mericans. Analyses stratified by IL-1� �889 genotypes

C/C vs C/T or T/T) revealed independent associations of
LE with TNF-� �308A or HLA-DR2 and DR3. This
eflected a significant interaction of TNF and IL-1 geno-
ypes in Caucasians, and yielded a strong association (OR

8.0, p � 0.00001) for the combined “HLA-DR3,
NF-� �308A, IL-1� �889C/C” genotype. These find-

ngs provide evidence of cytokine gene epistasis in SLE
usceptibility. Human Immunology 65, 622–631 (2004).

American Society for Histocompatibility and Immu-
ogenetics, 2004. Published by Elsevier Inc.

EYWORDS: TNF; polymorphism; systemic lupus er-
thematosus; population-based; genetics
CI confidence interval
IL interleukin
LE systemic lupus erythematosus
NF tumor necrosis factor
OR odds ratio
umor necrosis factor (TNF) is well known for its role in
he regulation of inflammation and apoptosis, two pro-
esses involved in the pathogenesis of systemic lupus
rythematosus (SLE). Production of TNF is altered in
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LE patients and correlated with disease activity [1–3].
xperimental models of SLE show abnormal TNF activ-

ty [4–6], which can be manipulated to change patterns
f disease onset or severity [7, 8]. In some models,
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623Interaction of TNF and IL-1 Genotypes in SLE
enetic variation in TNF has been shown to be associated
ith differences in susceptibility [9–11]. However, the

ole of TNF polymorphisms in human SLE susceptibility
emains unresolved. The most frequently studied poly-
orphism, TNF-� �308G/A, has been inconsistently

ssociated with SLE in different populations (the �308A
llele) [12–20]. One explanation for the lack of agree-
ent among studies has been the strong linkage disequi-

ibrium between TNF-� �308A and another SLE risk
actor, HLA-DR3 (as part of the conserved ancestral
aplotype HLA-A1 B8 DR3), primarily seen in Cauca-
ians [13, 16]. Two recent case control studies, however,
ave reported a positive association between TNF-�
308A and SLE independent of the HLA-DR3 allele,

oth in African Americans [19] and in Caucasians [20,
1].

Different patterns of linkage disequilibrium of the
NF-� �308 locus and other relevant polymorphisms in
NF might also account for the apparent inconsistency
etween studies. Two other well-known polymorphisms,
NF-� �238 and TNF� �252, have not been studied
s extensively as the �308 polymorphism with respect to
LE. There is some evidence that TNF-� �238 may be
ssociated with SLE in Mexican and Italian patients [15,
2], and variation at TNF� �252 has been associated
ith SLE in patients from Germany, Korea, and China

23–26]. In addition to HLA-DR3, HLA-DR2 (which
epresents another conserved major histocompatibility
omplex [MHC] haplotype, HLA-A3 B7 DR2), is also a
isk factor for SLE in some studies [27–29]. MHC class
I molecules may regulate the production of TNF in vitro
30]; HLA-DR2 has been associated with lower produc-
ion of TNF compared with DR3 in healthy individuals
nd was also associated with both the low-producer phe-
otype and renal involvement in SLE patients [28, 31].

The debate over whether TNF polymorphisms confer
usceptibility to SLE has gained increasing relevance
ith the application of anti-TNF therapy to treat a
ariety of autoimmune and immune-mediated diseases,
ncluding rheumatoid arthritis and inflammatory bowel
isease. A substantial percentage of patients treated with
NF antagonists, such as etanercept and infliximab,
evelop antinuclear antibodies, as well as anti-DNA and
nticardiolipin antibodies, and sometimes develop an
LE-like illness [32, 33]. Thus understanding the role of
NF polymorphisms in SLE may provide insights into

he mechanisms of this anti-TNF effect in other im-
une-mediated diseases and may also help in thinking

bout the application of cytokine-based therapeutics in
he treatment of SLE [34].

We examined the role of allelic variation in TNF-�
�308 and �238) and TNF� (�252) with respect to
LE in both Caucasians and African Americans using a

opulation-based case control design. Newly diagnosed (
LE patients were enrolled from both university- and
ommunity-based rheumatology clinics. Controls were
andomly sampled from the population from which the
ases arose to minimize the effects of selection bias [35]
nd protect against bias from population stratification
36]. Analyses were also conducted to investigate
hether the association of SLE and the TNF-� �308
olymorphism was independently observed in the pres-
nce or absence of HLA-DR2 and DR3. Genetic suscep-
ibility to SLE is complex, reflecting the interrelations
etween many factors in the balance of response and
egulation of the immune system. Given that TNF and
nterleukin (IL)-1 have many similar physiologic activi-
ies [37], we also considered possible modification of the
NF-SLE association by an IL-1 genotype (IL-1�
889C/T) previously associated with SLE in both Afri-

an Americans and Caucasians in this study [38].

ATERIALS AND METHODS
tudy Sample
he Carolina Lupus Study is a population-based case
ontrol study in 60 counties of North Carolina and South
arolina. Cases were SLE patients identified and referred

hrough 30 community-based rheumatologists and four
niversity rheumatology practices. Patients were eligible
f they were diagnosed between January 1, 1995, and
uly 30, 1999; met the 1997 revised American College of
heumatology classification criteria for SLE; were �18
ears old; and lived in the study area for �6 months
efore diagnosis. Sex- and state-matched controls, iden-
ified through state driver’s license records for the 60
tudy counties, were randomly selected and frequency
atched to cases in 5-year age groups. Eligibility criteria

or controls were the same as for cases, with the exception
hat controls must not have been diagnosed with lupus.
ample selection, recruitment, and enrollment were de-
cribed previously [39]. Study protocols were approved
y the institutional review boards of the National Insti-
ute of Environmental Health Sciences and other partic-
pating institutions. The final sample consisted of 265
ases and 355 controls, with enrollment of 93% of re-
erred cases and 75% of screened and eligible controls.
inety-percent of cases were female, 60% were African-
merican, and the mean age at diagnosis was 39 years of

ge (range 15–81). Thirty percent of controls were Af-
ican-American, which reflects the racial distribution of
he study area. Matching by race can improve the effi-
iency (cost-wise) of a study, but is not necessary to
roduce unbiased estimates of association [40].

enotyping
lood specimens were used to obtain DNA from 243
92%) of cases and 298 (85%) of controls. DNA speci-
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624 C.G. Parks et al.
ens of patients and controls were typed for TNF-�
308 (G3A), TNF-� �238 (G3A), and TNF-�
252 (A3G) biallelic restriction fragment length poly-
orphisms (RFLPs), using polymerase chain reaction

PCR)-based methods previously described [41]. The
LA-DR2 and DR3 alleles were identified by restriction

ragment length polymorphism analysis of PCR-ampli-
ied products of exon 2 domain of the DRB1 gene [42].
pecimens were defined as positive for HLA-DR3 if they
ere positive for at least one copy of either the 0301 or
302 allele, or positive for DR2 if they had at least one
opy of 1501, 1502, 1601, or 1602 alleles. Equivocal
esults were interpreted as missing for three cases and
wo controls each for DR15 and DR16 genotype in
aucasians. In Caucasians, 3 cases and 1 control were
ositive for the 0302 allele, compared with 16 cases and
controls among African Americans. For DR2, only two

ases and one control were positive for the 1502 allele
nd one control was positive for 1602 in Caucasians,
ompared with six cases and one control positive for the
502 allele and five cases and two controls for the 1602
llele in African Americans. Genotypes could not be
etermined at TNF-� �252 for one African American
ase, and at HLA-DR for four cases (three African-
merican, one Caucasian) and two controls (one African-
merican, one Caucasian). Genotyping of IL-1� �889

C3T) was performed as previously described [38].

nalyses
ace-stratified analyses were conducted in parallel using
enotype results from 230 cases (144 African-American
nd 86 Caucasian) and 276 controls (73 African-Ameri-
an and 203 Caucasian). Racial differences in allele fre-
uencies and allelic association between the three TNF
olymorphisms and HLA-DR2 and DR3 alleles were
xamined among controls by bivariate analyses. For each
ocus, the chi-square statistic (or Fisher’s exact test sta-
istic for small cell size, n � 5) was calculated to compare
he frequency of genotypes in cases and controls.

Odds ratios (OR) and 95% confidence intervals (CI)
ere estimated by unconditional logistic regression, a
arametric method that allows adjustment for confound-
rs and analysis of potential interactions in diseases with
omplex genetic etiologies [43]. Single-locus regression
odels were run to estimate the effects of each of the

hree TNF polymorphisms with respect to SLE: for each
ocus we examined each genotype and carriage of the rare
llele (either heterozygous or homozygous) compared
ith the common homozygous genotype. A combined
odel was developed including all three loci, thereby

aking into account potential confounding by the effects
f adjacent polymorphisms. Including the �238 and
252 polymorphisms made little change on the �308
stimated OR; therefore, single-locus models were run to C
ssess the effects of TNF-� �308 stratified by presence
r absence of HLA-DR2 and DR3. Interactions of car-
iage of the TNF-� �308A allele and HLA-DR2 and
R3 were evaluated by including product terms in race-

tratified models. The statistical significance of interac-
ions was evaluated based on the difference in the �2 log
ikelihoods for the models with and without the inter-
ction term. Neither the TNF308*DR3 or
NF308*DR2 interactions were significant; thus, an
verall model was constructed including TNF-� �308,
LA-DR3, and HLA-DR2 to estimate their individual

ffects while controlling for all three factors. The model
ncluding TNF-� �308, HLA-DR3, and HLA-DR2 was
ubsequently run in analyses stratified by IL-1� �889
enotype (CC vs CT or TT). Interactions between IL-1
nd TNF genotypes or HLA-DR2 and DR3 were as-
essed as previously described.

Single-locus regression models were used to estimate
he association in cases between TNF polymorphisms
nd age at diagnosis, proteinuria, and anti-dsDNA anti-
odies. Proteinuria was defined as two or more urine
amples containing �3 mg/ml albumin reported in med-
cal records up to 6 months after diagnosis, and anti-
sDNA antibodies were assessed in specimens collected
t the time of participant enrollment as previously de-
cribed [44].

ESULTS
ssociation of TNF Genotype and SLE
able 1 shows the frequency of TNF-� and TNF-�
enotypes in SLE cases and controls. Genotype frequen-
ies were in Hardy-Weinberg equilibrium. Some allele
requencies differed by race: the TNF-� �238A allele
nd the TNF-� �252A alleles were significantly (p �
.05) more common in Caucasian compared with African
merican controls, but there was no difference in allele

requency at TNF-� �308. Allelic associations were also
bserved across the three loci examined: carriage of
NF-� �308A was significantly (p � 0.05) associated
ith TNF-� �238G in Caucasian controls and with
NF-� �252A in Caucasian cases and controls and
frican American cases. In Caucasians, the TNF-�
308A/G and A/A genotypes were more common in

LE patients than controls: overall, TNF-� �308 geno-
ype was associated with SLE (�2 10.8, 2 DF, p �
.0045). The TNF-� �308A/G genotype was signifi-
antly associated with SLE compared with the G/G ge-
otype (OR � 2.3; p � 0.002). The association was
omewhat stronger for the A/A genotype (OR � 3.3, p �
.05), but we observed no significant dose response for
umber of copies of the A allele. The combined A/G or
/A genotype was significantly associated with SLE in

aucasians in both single- (OR � 2.3, p � 0.001) and
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625Interaction of TNF and IL-1 Genotypes in SLE
hree-locus (OR � 2.1, p � 0.005) models. In African
mericans, the �308A/A genotype was more common

n cases (3%) than in controls (1%) (OR � 2.4, p �
.05), but there was no overall association between car-
iage of the TNF-� �308A allele and SLE (OR � 0.8).
iewed in terms of allele frequency, the �308A allele
as significantly more common in Caucasian cases than

ontrols (0.28 vs 0.17, p � 0.002), but this was not seen
n African Americans (0.14 vs 0.15). Allelic variation at
NF-� �238 and TNF� �252 was not associated with
LE in either Caucasians or African Americans. The
pparent inverse association (OR � 0.5, p � 0.058)
etween the TNF� �252 G/G genotype and SLE in
aucasians was less pronounced after adjusting for
NF-� �308 (OR � 0.7, p � 0.417).

nalyses Stratified by HLA-DR3 and
L-1 Genotype
able 2 shows the association between SLE and carriage
f the TNF-� �308A allele relative to the presence or
bsence of HLA-DR2 and DR3. In Caucasians, carriage
f TNF-� �308A was significantly associated with
LA-DR3 in both controls (OR � 6.9, p � 0.0001) and

ases (OR � 13.4, p � .0001). In contrast, HLA-DR2

ABLE 1 Frequency of TNF genotypes in African Am

Genotypes

Caucasia

Cases
n � 86

Controls
n � 203

n (%) n (%)

NF-� –308
G/G 42 (49) 140 (69)
G/A 40 (46) 59 (29)
A/A 4 (5) 4 (2)
G/A or A/A (single-locus model)
G/A or A/A (three-locus model)

NF-� –238
G/G 79 (92) 175 (86)
G/A 7 (8) 28 (14)
G/A (single-locus model)
G/A (three-locus model)

NF-� �252
A/A 15 (17) 21 (10)
A/G 43 (50) 84 (41)
G/G 28 (32) 98 (48)
A/G or G/G (single-locus model)
A/G or G/G (three-locus model)

Frequencies based on n shown except as follows for TNF-� �252, which w

OR and 95% CI were estimated using logistic regression models for each
three-locus models) as indicated.

p � 0.002.

p � 0.001.

p � 0.005.

bbreviations: CI � confidence interval; OR � odds ratio; TNF � tumor n
as not associated with TNF-� �308 genotype in Cau-
asians and neither DR2 nor DR3 was associated with
NF-� �308 genotype in African Americans. Among
aucasians, carriage of TNF-� �308A was significantly
ssociated with SLE in the absence of HLA-DR2 (OR �
.8, p � 0.0014), and nonsignificantly associated with
LE in the presence of HLA-DR3 (OR � 2.6, p � 0.05).
mong African Americans, carriage of TNF-� �308A
as not associated with SLE either in the absence of DR2

OR � 0.9) or presence of DR3 (OR � 0.5). The
tatistical interactions between HLA-DR2 or DR3 and
NF-� �308A were not significant (p � 0.20), so their

ndependent effects could be estimated in a model in-
luding all three terms.

Table 3 shows ORs for a model including TNF-�
308A, HLA-DR2, and HLA-DR3, to simultaneously

stimate their independent effects overall and in sub-
roups stratified by IL-1� �889 genotype. Overall, as-
ociations were seen between SLE and HLA-DR3 in
aucasians (OR � 2.1, p � 0.02) and HLA-DR2 in
frican Americans (OR � 2.0, p � 0.03). Stratified

nalyses in Caucasians revealed that the TNF-� 308G/A
r A/A genotypes were significantly associated with SLE
n those with the IL-1� �889C/C genotype (OR � 3.4,

� 0.013), but not in those with the C/T or T/T

ans and Caucasians in the Carolina Lupus Studya

African Americans

OR
(95% CI)b

Cases
n � 144

Controls
n � 73

OR
(95% CI)

n (%) n (%)

1.0 (referent) 108 (75) 52 (71) 1.0 (referent)
2.3 (1.3–3.9)c 31 (22) 20 (27) 0.7 (0.4–1.3)
3.3 (0.8–13.9) 5 (3) 1 (1) 2.4 (0.3–21.1)
2.3 (1.4–3.9)d 0.8 (0.4–1.6)
2.1 (1.3–3.7)e 0.9 (0.5–1.7)

1.0 (referent) 136 (94) 71 (97) 1.0 (referent)
0.5 (0.2–1.3) 8 (6) 2 (3) 2.1 (0.4–10.1)
0.5 (0.2–1.3) 2.1 (0.4–10.1)
0.7 (0.3–1.7) 2.0 (0.4–9.5)

1.0 (referent) 31 (22) 20 (27) 1.0 (referent)
0.6 (0.3–1.3) 71 (50) 32 (44) 1.4 (0.7–3.0)
0.5 (0.2–1.0) 41 (29) 21 (29) 1.5 (0.7–3.3)
0.5 (0.3–1.1) 1.4 (0.7–2.6)
0.7 (0.3–1.6) 1.2 (0.7–2.5)

ed on 143 cases in African Americans.

separately (single-locus model) and adjusting for genotypes at all three loci

s factor.
eric

n

as bas

locus

ecrosi



g
i
w
�
A
�
o
g
�
S
m
�
i

c
v
g
p
b
a
c

A
T
p
T
c

T

D

D

D

D

a

c
f
b

A

T

I

I

a

D
o
b

c

A

626 C.G. Parks et al.
enotype (OR � 1.1, p � 0.05). This reflected a signif-
cant interaction (p � 0.05). In contrast, the association
ith HLA-DR3 was only seen in Caucasians with IL-1�
889C/T or T/T genotypes (OR � 3.0, p � 0.014). In
frican Americans, the associations with HLA-DR2 (OR
2.9, p � 0.006) and DR3 (OR � 2.6, p � 0.035) were

nly seen in those with the IL-1� �889C/T or T/T
enotype. No association was seen between TNF �
308 and IL-1 � �889 genotypes among DR3-negative

LE patients (data not shown). Overall, the most com-
on combined genotype, “HLA-DR3 negative, TNF-�
308G/G, IL-1� �889C/T or T/T,” was less common

n SLE patients in both Caucasians (21% cases vs 40%

ABLE 2 Frequency of TNF-� –308A/G or A/A geno
of HLA-DR2 or DR3

Genotypes

Caucasians

Cases Controls

R2 Present n � 27 n � 51
TNF-� –308 G/A or A/A 37% 29%

R2 Absent n � 56 n � 150
TNF-� –308 G/A or A/A 55% 31%

R3 Present n � 35 n � 43
TNF-� –308 G/A or A/A 82% 65%

R3 Absent n � 49 n � 159
TNF-� –308 G/A or A/A 26% 21%

Odds ratio for TNF –308A/G or A/A versus G/G genotype estimated from l
opy of 1501, 1502, 1601, or 1602 alleles) or HLA-DR3 (at least one copy o
or four cases (three African-American and one Caucasian) and two controls (

p � 0.0014.

bbreviations: SLE � systemic lupus erythmatosus; TNF � tumor necrosis fa

ABLE 3 Association of SLE with HLA-DR and TNF
genotype

Genotype

Od

Overall

IL-1

n Caucasians 82 cases/201 controls 42 cas
HLA-DR2 present 1.5 (0.9–2.8) 1.2
HLA-DR3 present 2.1 (1.1–3.7)b 1.1
TNF-� –308G/A or
A/A

1.7 (1.0–3.2) 3.4

n African Americans 140 cases/71 controls 61 cas
HLA-DR2 present 2.0 (1.1–3.6)c 1.1
HLA-DR3 present 1.8 (0.9–3.8) 1.2
TNF-� –308G/A or
A/A

0.9 (0.4–1.6) 1.5

Odds ratios derived from logistic regression models run separately for Afric
R2 (1501, 1502, 1601, 1602), and TNF –308 (G/A or A/A). Three models w

f the IL-1� –889C/C, and IL-1� –889C/T or T/T genotypes.

p � 0.02.

p � 0.03.
bbreviations: see Table 2.
ontrols, p � 0.0025) and African Americans (28% cases
s 43% controls, p � 0.0180). In comparison, the stron-
est associations were seen for the combined “HLA-DR3
ositive, TNF-� �308A, IL-1��889C/C” genotype in
oth Caucasians (19% cases vs 4% controls; OR � 8.0)
nd African Americans (4% cases, 0% controls; OR not
alculated).

ssociations with SLE Phenotype
here was no association between TNF genotype and
roteinuria (data not shown). Caucasian cases with the
NF-� �308A allele were more likely to be older than
ases with the homozygous G/G genotype (median age

e and association with SLE in the presence or absence

African Americans

(95% CI)a Cases Controls OR (95% CI)a

n � 66 n � 22
(0.5–3.9) 25% 27% 0.9 (0.3–2.7)

n � 77 n � 49
(1.5–5.3)b 25% 28% 0.9 (0.4–2.0)

n � 37 n � 14
(0.9–7.6) 27% 43% 0.5 (0.1–1.8)

n � 104 n � 58
(0.6–2.8) 25% 25% 1.0 (0.5–2.0)

c regression models stratified by the presence or absence of DR2 (at least one
1 or 0302 alleles). HLA-DR2 and DR3 genotypes could not be determined
frican-American, one Caucasian).

–308 genotype overall and stratified by IL-1� –889

tios and 95% confidence intervalsa

Stratified by IL-1� �889 C/T polymorphism

89C/C p Value IL-1� –889C/T or T/T p Value

controls 41 cases/144 controls
–2.9) 1.9 (0.9–4.2)
–3.0) 3.0 (1.2–7.1) 0.014
–8.8) 0.013 1.1 (0.5–2.7)

controls 79 cases/53 controls
–3.4) 2.9 (1.4–6.3) 0.006
–4.3) 2.6 (1.1–6.2) 0.035
–5.8) 0.9 (0.4–1.8)

ericans and Caucasians and including three variables: DR3 (0301 or 0302),
n for each racial subgroup: one overall model, and one model each for carriers
typ

OR

1.4

2.8

2.6

1.3

ogisti
f 030

one A

ctor.
-�

ds ra

� –8

es/68
(0.5
(0.4
(1.3
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(0.4
(0.3
(0.4

an Am
ere ru



4
l
T
3
e
p
r

D
I
a
a
t
n
a
O
p
s
a
l
s
S
o
C
t
t
s
T
o
I
t
e
e
t
d
p
p
a
l
o
r
s
s
s
g
A
I
t
C

a
I
t

T
m
a
d
(
t
C
i
T
l
t
S
c
c
O
T
t
o
s
a
�
t
�
d
u
k

a
b
f
5
c
c
c
i
f
t
k
g
m
t
d
a
d
l
i
t
A

c
T
o
w
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6 years vs 34 years): older Caucasian cases were more
ikely to carry TNF-� �308A (OR � 3.7; p � 0.005).
his was not seen in African Americans (median 35 and
5.5 years, respectively). There was no association among
ither TNF, IL-1, or the combined genotypes and the
resence of anti-dsDNA antibodies in Caucasians or Af-
ican Americans (data not shown).

ISCUSSION
n this population-based case control study, we observed
n association between carriage of the TNF-� �308A
llele and SLE in Caucasians, which was seen only in
hose with the IL-1� �889 C/C genotype, providing
ew evidence of an interaction between TNF �308A and
n allelic variant in another proinflammatory cytokine.
ne explanation for the lack of agreement among the
revious studies of TNF-� �308 and SLE has been the
trong linkage disequilibrium between TNF-� �308A
nd HLA-DR3 (as part of the conserved ancestral hap-
otype HLA-A1 B8 DR3) in Caucasians [13, 16]. A few
tudies have shown an association of TNF-� �308A and
LE in the absence of an association with HLA-DR3 [17]
r otherwise independent of the HLA-DR3 allele in
aucasians [20] and African Americans [19]. We saw a

endency toward independent effects of TNF and DR3 in
he overall adjusted model in Caucasians. However, when
tratified by the IL-1� �889 genotype, the effects of
NF and HLA-DR2 or DR3 were clearly independent of
ne another, depending on the presence of the variant
L-1� �889T allele. In Caucasians, this reflected a sta-
istically significant interaction, providing evidence of
pistasis between TNF-� �308 and IL-1� �889. When
ffect modification is present, it may not be appropriate
o combine subgroups in which the effects significantly
iffer. Thus, although the overall combined models are
resented in the first column in Table 3 to enable com-
arisons with earlier studies, the stratified results more
ccurately reflect our findings with respect to the under-
ying relationships in these data. Epistasis between genes
n chromosomes 6 and 2 has also been described with
espect to the production of anticentromere antibodies in
cleroderma (HLA and KM) [45]. Interestingly, the as-
ociations with HLA-DR2 and DR3 alleles and SLE were
een primarily in those with the IL-1� �889 C/T or T/T
enotype, independent of variation at TNF-� �308.
lthough the interaction of HLA-DR2 and DR3 with

L-1� �889 was not significant, it is noteworthy that
he same pattern occurred in both African Americans and
aucasians.
There is considerable evidence linking the biologic

ctivities of TNF, IL-1, and HLA-DR. Both TNF and
L-1 can act through nuclear-factor-	B [37], and varia-

ion in one may affect activities of the other. For instance, a
NF can augment the production of IL-1� in stimulated
acrophages [46], and TNF-� �308A has been associ-

ted with increased production of IL-1� in the absence of
ifferences in TNF-� levels [14]. Anti-TNF therapies
e.g., of rheumatoid arthritis) also downregulate the sys-
emic production of IL-1 [47, 48]. The IL-1� �889�
/T polymorphism has been associated with differences

n both IL-1� and IL-1� production [49–51], with the
allele linked to increased transcription and plasma

evels. We previously reported that IL-1� �889 geno-
ype was associated with SLE in the Carolina Lupus
tudy [38], with lower frequencies of the variant allele in
ases (0.31 Caucasians, 0.37 African Americans) than
ontrols (0.39 Caucasians, 0.46 African Americans).
ther studies relate HLA-DR2 to lower production of
NF-� compared with DR3 [28], and there is evidence

hat MHC class II molecules can regulate the production
f both TNF and IL-1 in vitro [30]. In sum, our findings
uggest a plausible epistatic relationship between TNF
nd IL-1 in Caucasians whereby carriage of TNF-�
308A (associated with higher IL-1� levels [14]) con-

ributes to risk of SLE only in the context of the IL-1�
889� C/C genotype (associated with lower IL-1 pro-

uction). These observations illustrate the need to better
nderstand the complex interactions of multiple cyto-
ines that contribute to genetic susceptibility in SLE.

In experimental models of SLE, both TNF and IL-1
re important in the induction and pathology of disease,
ut their effects depend on dose, timing, and other
actors such as the relative production of IL-10 [4, 52,
3]. The role of genetic polymorphisms in SLE may be
hallenging to dissect, given the multiple genes impli-
ated in a recent microarray study that described unique
lustering of SLE patients [54]: many of the 20 genes
dentified had not previously been identified as SLE risk
actors, but include members of the TNF and IL-1 cy-
okine families. Given the network properties of cyto-
ines, it would make sense to focus future analyses on
roups of cytokines involving both pro- and anti-inflam-
atory feedback mechanisms [55]. For example, in SLE,

he role of TNF and IL-1 polymorphisms could partly
epend on allelic variation in IL-10, which has been also
ssociated with SLE [56–59]. We are examining the
istribution of IL-10 polymorphisms in the Carolina
upus study, and will consider whether racial differences
n IL-10 polymorphism could explain the different pat-
ern for TNF polymorphisms and SLE among African
mericans.
Our results do not replicate the findings of another

ase control study reporting a positive association of the
NF-� �308A allele in African Americans [19]. We
bserved a higher number of African American cases
ith the homozygous �308A/A genotype, but saw no
ssociation for the combined G/A or A/A genotype de-
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628 C.G. Parks et al.
pite having adequate statistical power to detect a min-
mum OR of 2.4 (� � 0.20, � � 0.05). We did not
bserve independent associations between SLE and the
ther two polymorphisms, TNF-� �238 and TNF�
252, which had previously been associated with SLE

15, 22–26]. The one apparent association for the TNF�
252 G/G genotype in Caucasians (OR � 0.5) was

iminished after controlling for variation at TNF-�
308 and �238.
Studies indicate that variation at both TNF-� �308

nd TNF� �252 can affect TNF production levels [60,
1], but it is not clear which polymorphisms are most
unctionally relevant [60, 62]. Within TNF-� other
olymorphisms (e.g., TNF-� �1031, �857) may be
seful in representing haplotypic diversity [63]. Another
xplanation for the racial difference in findings in the
resent study may be that TNF-� �308A is more
ightly linked to another relevant TNF polymorphism in
aucasians than in African Americans, reflecting differ-
nces in haplotype structure and diversity [63]. These
ifferences and the inconsistencies in other studies might
lso be due to linkage disequilibrium with other genes in
he MHC (e.g., complement) related to SLE susceptibility
64] or chance variation.

The results of the present study are strengthened by
ts population-based design and inclusion of only re-
ently diagnosed cases. Most patients were enrolled
ithin 20 months of diagnosis, whereas patients in other

tudies appear to have been enrolled later in the course of
heir disease [19, 20]. This could also contribute to
ifferences in findings if TNF or HLA-DR polymor-
hisms were related to survival. Although Caucasian
atients with TNF-� �308A were significantly older,
e saw no indication this allele was associated with a
arker of severity (i.e., proteinuria). Although other

tudies often enrolled patients from university clinics,
he present study also included community-based rheu-
atology practices, possibly representing a broader range

f disease [44].
Differences in genetic admixture may contribute to

nconsistency between studies if the proportion of ad-
ixture in controls does not represent the population

rom which the cases arose. Population-based sampling
f controls can help to minimize the effects of selection
ias [35] and protect against bias from population-strat-
fication [36]. Controls in the present study were ran-
omly selected from the same geographic region as the
ases, reflecting racial frequencies in the study area sim-
lar to census estimates and resulting in fewer African-
merican controls than Caucasian controls or African-
merican cases. Matching by race can improve the

fficiency (cost-wise) of a study, but is not necessary to
roduce unbiased estimates of association [40]. In a

revious study of African Americans, it was unclear
hether the controls were derived from the same popu-
ation base as cases [19]. The percent Caucasian admix-
ure in African Americans varies geographically, and may
lso be affected by sampling techniques (i.e., population-
s convenience-based). The frequency of TNF-� �308A
as considerably lower among African-American con-

rols (8%) in the previous study compared with the
resent study (15%), a study of healthy African Ameri-
ans in North Carolina (14%), and a sample of healthy

est Africans living in Gambia (19%) [19, 63, 65]. The
requency of the �308A allele in Caucasian controls
17%) was slightly higher than that reported in another
ample of Caucasians in North Carolina [65], but similar
o controls in other studies of SLE in Caucasians [13, 16,
1]. Admixture within the Caucasian population has also
een suggested as a cause of the inconsistent findings on
NF and SLE, a problem avoided in a study of Caucasian

amilies that found no significant transmission of TNF-�
308A or HLA-DR3 with respect to SLE [66]. Inter-

stingly, a TNF-� haplotype defined by variation at
1031, �863, and �857 was associated with some

linical subtypes, suggesting a role of genetic variation in
NF not captured by variation at the �308 locus.
In sum, our findings indicate that the association

etween the TNF-� �308A allele and SLE in Caucasians
s dependent on the presence of the IL-1� �889C/C
enotype. This study provides new evidence that epi-
tatic interactions are important to consider in SLE eti-
logy. The complex network of factors involved in the
alance of response and regulation of the immune system
ill certainly be reflected by complex patterns of genetic

usceptibility in SLE. Well-designed studies with suffi-
ient sample sizes will be needed to evaluate gene-gene
nd gene-environment interactions involved in the de-
elopment of SLE.
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